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ABSTRACT

The potential for bone marrow—derived cells (BMDCs) to
contribute to nonhematopoietic tissues has generated con-
siderable debate in recent years. Causes for the controversies
include disparitiesin the techniquesused to track engraftment
of BMDCs, inappropriate tissue preparation, a lack of appro-
priate positive and negative controls, and basic misunder-
standings about how to properly collect and interpret images
from epifluorescent and confocal microscopes. Our labora-
tory was among the first to use bone marrow transplants from
transgenic mice constitutively expressing enhanced green flu-
orescent protein (GFP) to study the ability of BMDCs to give
rise to nonhematopoietic tissue types, a system that is now in
widespread use. During our 6 years of experience using GFP,

as well as beta-galactosidase and the Y chromosome, to track
BMDC:s in vivo, we have identified many difficulties and have
developed techniques to resolve them. We discuss several of
these methods, and, in particular, we describe ratiometric
analysis techniques for improving detection of transplanted
cells derived from genetically modified bone marrow. Finally,
to help resolve reported discrepancies regarding the fre-
quency with which BMDCs contribute to skeletal myofibers,
we demonstrate that the pattern of highly autofluorescent
myofibers in skeletal muscle is clearly distinct from that of
GFP-expressing myofibers and describe how unambigu-
ous conclusions can be drawn from such data. STEM CELLS
2005;23:1251-1265

INTRODUCTION

The extent to which bone marrow—derived stem cells (BMDCs)
contribute to nonhematopoietic tissues in vivo has been a topic of
considerable debate over the past several years [1-6]. Different
groups have reported disparate results, with some groups failing
to observe the phenomena entirely and others reporting dramati-
cally high contributions of BMDCs to various tissues. Some of the
reports of adult stem cell plasticity seem, in retrospect, to be due
to misinterpretation of microscopy results or flawed experimen-
tal design. In other cases, these failures were likely attributable
to methodological difficulties that were unrecognized before pub-
lication due to a lack of positive controls. Because contradictory
findings continue to be published, further experimentation is nec-

essary to resolve the debates. To minimize additional confusion

in the field, care must be taken in designing future experiments so
that they accommodate the distinct limitations that exist for each
of the various methods available. Our hope is that through a frank
discussion of the advantages and limitations of each technique and
the methods for optimizing their use, the number of misleading
reports will be minimized and the field will more quickly reach a
consensus regarding these exciting biological phenomena.
BMDCs have been reported to contribute to a variety of non-
hematopoietic cell types in adult mice, rats, and humans. A key
feature of such contributions is nuclear reprogramming of the
BMDC, whether it occurs in response to extracellular signals or
in response to intracellular signals after fusion. Initial findings
that BMDCs could contribute to skeletal myofibers and activate

previously silent muscle-specific promoters, albeit at a low fre-
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quency, challenged existing dogma about the restricted differen-
tiation potential of BMDCs [7, 8]. Subsequent reports confirmed
the low frequency of incorporation into most skeletal muscles but
documented that this frequency varies 1,000-fold among mus-
cles, reaches significant levels in specific muscles (5%), and is
increased after tissue damage or an extended period of exercise
(3.5%) [9, 10]. Moreover, this contribution was shown by para-
biosis not to be associated with variables such as the irradiation
inherent to the bone marrow transplant procedure used in most
studies, suggesting that it was a response to local physiological or
damage signals [11].

Several groups reported that BMDCs contribute to cardio-
myocytes at a low frequency but that the frequency can increase
after injury to the heart [12, 13]. Other groups have reported a
very high frequency (up to 68%) of BMDCs in cardiac tissue [14].
Resolution of these major discrepancies may benefit from the
techniques presented here.

BMDCs have been shown to contribute to liver hepatocytes in
both animals and humans [15-18]. This ability was most clearly
demonstrated when, after abone marrow transplant with geneti-
cally healthy cells into mice lacking fumarylacetoacetate hydro-
lase, BMDCs contributed to 30%—-50% of the liver and their
nuclei were reprogrammed to express the missing enzyme, rescu-
ing the animals from death [19].

BMDCs have also been reported to contribute to various cell
populations in the central nervous system (CNS), including cells
with protein expression patterns typical of microglia, astrocytes,
and neurons [20, 21]. Subsequently, several studies have dem-
onstrated that BMDCs contribute to Purkinje neurons in both
humans and mice by a mechanism involving cell fusion. After
fusion with a Purkinje neuron, it has been shown that the BMDC
nucleus is reprogrammed to express a Purkinje gene. It has been
suggested that such cell fusion events may be a means by which
essential and morphologically complex cells are rescued from
damage orinjury [22,23].

Our laboratory has more than 6 years of experience using
transgenic mice that constitutively express enhanced green flu-
orescent protein (GFP) as bone marrow donors in experiments
designed to track adult stem cells [21]. We demonstrated that the
expression of GFP serves as a powerful tool for following the fate
of transplanted BMDCs as they move into nonhematopoietic tis-
sues and, occasionally, adopt new programs of nonhematopoietic
gene expression [7,9, 10, 21, 23]. This “fate change” can be either
at the single-cell level or after fusion but always involves nuclear
reprogramming to express genes that were previously silent and
that are characteristic of the surrounding tissue. Before adopting
GFP as our preferred marker for cell tracking, we spent longer
than 1 year using ROSA26 mice, which constitutively express
beta-galactosidase (B-gal), as bone marrow donors for studies of
in vivo cell plasticity. We ultimately discarded the ROSA26 mice
as unsuitable for detecting rare events because of both low levels
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of endogenous B-gal activity in many cell types and rare occur-
rences of high endogenous B-gal activity in individual cells (see
B-gal section below).

Exceptionally robust and unambiguous tracking systems are
essential for monitoring rare events such as those reported for the
contribution of circulating adult stem cells to various nonhema-
topoietic tissues. A low frequency of positive events needs to be
balanced against the real possibility of an equally low frequency
of false-positive events. For example, the upregulation of endog-
enous B-gal activity in rare cells needs to be characterized in a
given tissue before using B-gal as a marker to evaluate endoge-
nous cells. In the case of mice transplanted with ROSA bone mar-
row, given the variable endogenous expression of the recipient’s
own B-gal activity, this would require a labor-intensive evalua-
tion of tissues from numerous mice transplanted with wild-type
bone marrow and subjected to the same experimental protocol.

Because increasing numbers of scientists study the plasticity
of adult stem cells in vivo using tracking markers such as GFP or
B-gal, we think it is timely to share techniques developed in our
laboratory as these tracking systems have been refined over the
last 6 years. In particular, we demonstrate here how ratiometric
imaging techniques allow the rapid and specific identification
of GFP-expressing cells in tissues that have significant autofluo-
rescence. Both GFP and B-gal have idiosyncrasies that require
careful planning and appropriate experimental controls to avoid
many of the common pitfalls that we and others have experienced
while tracking BMDCs and evaluating the associated nuclear
reprogramming.

MATERIALS AND METHODS

Bone Marrow Transplantation

Bone marrow was harvested from 8- to 10-week-old male trans-
genic mice thatubiquitously expressed GFP [24], B-gal (ROSA26
mice; Jackson Laboratory, Bar Harbor, ME, http://www.jax.org),
or wild-type C57BL/6 mice (Stanford’s in-house colony). The
marrow of 8- to 10-week-old isogeneic C57BL/6 recipient mice
was ablated by lethal irradiation (9.5 Gy), after which each mouse
received 6 x 10 nucleated unfractionated bone marrow cells by
tail vein injection. By 8 weeks after transplant, 290% of the cir-
culating, nucleated cells were BMDCs in >95% of recipient mice.
The care of all animals included in these studies was in accor-

dance with Stanford University’s institutional guidelines.

Intravascular Fixation

Recipient mice were anesthetized with 60 mg/kg Nembutol, and
the heart was surgically exposed by incision with a small scissors.
The right atrium was clipped to allow blood to exit, and the tip of a
blunted 20-gauge needle was placed in the left ventricle. A perfu-
sion pump was used to infuse 30 ml of 0°C 100-mM sodium phos-
phate buffer (PB) (pH 7.4) followed by 30 ml of 0°C 1.5% freshly
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dissolved paraformaldehyde (PF) plus 0.1% glutaraldehyde in
sodium PB at a rate of approximately 2.5 ml per minute. Lower
concentrations of PF will decrease the amount of GFP held in the
tissue, but concentrations down to 0.05% will often retain suffi-
cient GFP to allow direct visualization. The addition of 0.1% glu-
taraldehyde results in a slight reduction in the background auto-
fluorescence in several tissues, including skeletal muscle and the
CNS, butis notnecessary to hold in the GFP. Note that if additional
fixation is desired, harvested organs or pieces of tissue can be
placedin 0.5%—1.5% PF/0.1% glutaraldehyde/20% sucrose in PB
(pH 7.4) at4°C. The tissue is then fixed for 1 hour for every 2 mm of
tissue penetration needed. It is essential to maintain the solution at
or below 4°C for this entire step to prevent overfixation.

After fixation, organs and tissues were placed in 20% sucrose
in PB at 4°C for 1 hour for every 2 mm of tissue depth. The 20%-
sucrose wash provides both cryoprotection and reduces the
background, presumably by decreasing the concentration of PF
in the tissue. Tissues were then blotted firmly on paper towels to
remove excess fluid, embedded in TISSUE-TEK OCT compound
(Sakura Finetek, Torrance, CA, http://www.sakuraus.com), and
snap-frozenin a vial of isopentane suspended in liquid nitrogen.

NADH Activity Assay

The NADH activity in 12-um sections of fixed skeletal muscle
was determined by incubationin 1.5 mM NADH (N-4505; Sigma-
Aldrich, St. Louis, http://www.sigmaaldrich.com) and 1.5 mM
Nitro-blue tetrazolium (N-46876; Sigma-Aldrich) in 37°C,0.2M
Tris (Sigma-Aldrich) for 20 minutes.

Fluorescent In Situ Hybridization

The Y-chromosome fluorescent in situ hybridization (FISH)
probe (a gift from E. Gussoni) was prepared by labeling 1 pug of
plasmid DNA with digoxigenin-11-dUTP as described [25, 26].
FISH was standardized on whole nuclei isolated from a male
murine muscle cell line and on male muscle tissue sections. In situ

hybridization was performed as described [26].

Microscopic Analysis

Each GFP* cell was analyzed for GFP expression using epifluo-
rescence and/or three-dimensional, confocal laser-scanning
microscopy (Zeiss LSM 510; CarlZeiss, Jena, Germany, http://
www.zeiss.com). The filter sets used for the epifluorescent
images contained the following excitation (EX), dichroic (D),
and emission (EM) filters: GFP bandpass (BP) (EX 480/40,
D 505LP, EM 535/50), rhodamine (EX 540/25, D 565LP, EM
605/55), GFP longpass (LP) (EX 480/40, D 505SLP, EM 510LP),
and dual fluorescein isothiocyanate/tetramethylrhodamine iso-
thiocyanate BP (EX 482/20 and 545/30, D 525/55 and 570LP,
EM 520/15 and 600/40). Epifluorescent images were captured
in true color with a G5 digital camera (Canon, Tokyo, http://

WWwWw.canon.com).
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To capture the confocal images, each fluorophore wasimaged
individually with a single laser to prevent cross detection of fluo-
rophores. The confocal settings used to image the GFP channel
consisted of Argon laser excitation, EX 488, D 570, D 545, and
EM 518/13 and for the rhodamine channel consisted of 543-nm
HeNe laser excitation, EX 543, D 635, D545, and EM 588/55.

RESULTS AND DISCUSSION

Demonstration of Colocalization Requires Confocal

or Deconvolution Microscopy

Identification of a cell that has changed its fate relies on the iden-
tification of two kinds of markers: a tracking marker and an iden-
tifying marker. The tracking marker indicates the original iden-
tity of the cell. For example, a stem cell genetically engineered to
express GFP constitutively can be transplanted into a wild-type
mouse and its progeny can be detected by GFP expression, even
years later. Other tracking markers include B-gal, membrane-
binding dyes, and the Y chromosome that can be used to track
male cells transplanted into female recipients.

In addition, one or more identifying markers are needed to
determine that the nucleus of a given cell was reprogrammed to
express new nonhematopoietic genes. For example, if a GFP-
expressing BMDC s observedinthe CNS, then expression of neuro-
nal, astrocytic, or oligodendroglial proteins needs to be determined.
Most rigorously, to claim that a cell has acquired a new identity,
multiple proteins indicative of the new cell fate should be demon-
strated as well as a loss of proteins indicative of the previous cell
fate. The identifying markers are frequently proteins that are unique
to specific cell types but can also include distinctive morphologi-
cal features or functional characteristics of specific cell types. For
example, Purkinje neurons and skeletal myofibers expressing GFP
can be reasonably identified based on their distinctive morphologi-
cal features (Figs. 1A, 1B). Similarly, the identity of BMDCs as neu-
ron-like cells was bolstered by the detection of membrane depolar-
izations in response to specific neurostimuli [27].

When documenting a cell fate change, it is essential to dem-
onstrate that the tracking marker and the identifying markers are
expressedin the same cell. Cells can be arranged in morphologically
complex ways, and a close apposition of two distinct cell types may
represent a normal biological interaction. When tissue sections are
analyzed in two dimensions, such as occurs with standard micros-
copy, a cell with a tracking marker may overlie a cell with an iden-
tifying marker, resulting in the mistaken appearance of a single cell
that has changed its nuclear program or gene expression pattern.
Although such events arerare, the reported frequencies of adult stem
cells contributing to nonhematopoietic tissues are often equally rare.
Thus, methods that allow the visualization of thin optical sections
and three-dimensional reconstructions of cells in tissue sections are
required. The most common methods to accomplish this are laser-
scanning confocal microscopy and deconvolution microscopy.
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B-gal as a Tracking Marker
One of the earliest tracking markers used by many groups, includ-
ing ours, was bacterial B-gal. The ROSA26 strain of mice, which
constitutively express B-gal in most cell types, arose out of a pro-
moter-trapping experiment in embryonic stem cells [28]. Since
then, the ROSA26 promoter has been used to drive both B-gal and
GFP expression [29]. Bacterial B-gal can be detected either by
antibodies or by its ability to enzymatically cleave its substrate,
a galactoside, thereby generating an amplified chromogenic or
fluorescent product.

Antibodies specific for B-gal from Escherichia coli have
been used with mixed success to detect ROSA26 cells in tissue
sections. The bacterial B-gal antibodies work well to detect B-

gal when it is partially purified by laboratory procedures such as

GFP excitation
GFP emission
— Excitation filter
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Figure 1. Several methods have been used to track
transplanted cells, including (A, B) enhanced green
fluorescent protein (GFP), (C-F) beta-galacto-
sidase (B-gal), and (G) the Y chromosome. After a
bone marrow transplant with GFP-expressing bone
marrow into wild-type mice, GFP-expressing nuclei
contribute to both (A) skeletal myofibers and (B)
Purkinje neurons. Because GFP (greenin A, B)is a
small, soluble protein with a rapid diffusion rate, it
fully distributes throughout the cell and highlights
distinguishing morphological features such as (A)
sarcomeric banding and (B) dendritic extensions.
Compared with (C) ROSA26 mice, (D-F) wild-
type mice have decreased but still significant B-gal
(blue) activity. There is substantial heterogeneity in
the amounts of B-gal activity among cells types in
(C) the cerebellum of ROSA26 mice and in (E) the
hippocampus of wild-type mice (both stained at a pH
of 6.0). Cell groups with increased endogenous B-gal
activity include the perihypoglossal nucleus (Ph), the
vestibular nucleus (V), and the Purkinje (thick arrow)
and granular (thin arrow) layers. The B-gal activ-
ity in the choroid plexus (*¥) is relatively resistant to
increases in pH (data not shown). Even when stained
at a pH of 7.4, substantial numbers of cells in wild-
type mice continue to express significant B-gal activ-
ity in uninjured central nervous system (arrows; D)
and at the site of a central nervous system stab injury
(F). (G): Multiple male nuclei are identified by in situ
hybridization against the Y chromosome (green) in a
skeletal myofiber (red). The nuclei in the other myo-
fibers are outside of the plane of the optical section.
(H): Graph of the interaction of the excitation and
emission spectra of GFP with a standard bandpass
(BP) and longpass (LP) filter. The y-axis indicates the
percent transmittance for the filter data and the rela-
tive excitation and emission intensities for the GFP
spectral data.
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Western blots. Antibodies also effectively detect bacterial B-gal
produced at high levels in tissue sections. However, the weak B-
gal expression seen in ROSA26 mice has proven problematic for
many investigators, often yielding relatively high and variable
levels of background antibody staining in ROSA?26 tissue sec-
tions, with differences among tissues.

Several substrates are available to detect B-gal based on its
enzymatic activity. These include X-gal (5-bromo-4-chloro-
3-indolyl-p-D-galactopyranoside), which creates a blue chro-
mogenic substrate. A variety of substrates that generate a flu-
orescent signal after cleavage have also been developed, such
as fluorescein digalactoside (fluorescein di-beta-D-galacto-
pyranoside; Molecular Probes Inc., Eugene, OR, http://probes.
invitrogen.com).
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It has been known for years that a wide variety of mamma-
lian cells possess significant B-gal activity, which is expressed at
higher levels in the liver, kidney, pancreas, spleen, uterus, thyroid,
and intestines than in other tissues [30-32]. Thus, the appearance
of a chromogenic or fluorescent product of B-gal cleavage sim-
ply indicates that cleavage occurred. It does not indicate whether
the cleavage event was mediated by E. coli B-gal (i.e., the marker
in aROSA26 mouse), endogenous mammalian B-gal, or another
enzyme or pathway with this catalytic capacity. Moreover, it does
not rule out the possibility that cleavage occurred simply by an
unrestrained oxidative reaction.

Difficulties are encountered when using B-gal from ROSA26
mice as a tracking marker for two reasons. First, compared with
most experimental systems using B-gal as a marker, the expres-
sion of B-gal in ROSA26 mice is relatively weak. Consequently,
B-gal expression in ROSA26 mice can be difficult to distinguish
from endogenous, mammalian B-gal activity.

Second, when rare events or unexpected results are observed
using ROSA26 cells, it is necessary to rule out the possibility that
the observed increase in B-gal activity is not due to an unantici-
pated upregulation of endogenous B-gal activity. Rare cells occa-
sionally exhibit increased B-gal activity at a level similar to that
seen in cells from ROSA26 mice (Figs. 1C-1F). Furthermore,
some cell groups (e.g., hippocampal neurons, Purkinje cells, and
the choroid plexus in the CNS) have substantially higher endog-
enous B-gal activity than adjacent cell types (Fig. 1E). Some
groups were misled by these normal variations in endogenous
B-gal activity and first reported and then subsequently retracted
their conclusions that BMDCs had replaced large groups of CNS
neurons [32]. Thus, adiscussion of its optimal use is in order.

ROSA B-gal can be distinguished from endogenous B-gal by
two characteristics. First, the B-gal activity in cells from ROSA26
mice frequently occurs within intracellular vesicles. Although
the actual identity of these vesicles is not well characterized,
the vesicular, punctate appearance of bacterial B-gal activity in
ROSA26 cellsis distinctive.

Second, although both the mammalian and bacterial B-gal
exhibit increased enzymatic activity in acidic conditions, the
activity of mammalian B-gal is less resistant to increases in pH.
Thus, itis important for each laboratory to use both positive and
negative controls at various pH levels to determine an optimal pH.
Many laboratories find that a pH between 7 and 8 is reasonable,
but even at a pH of 7.4, there can be significant endogenous B-
gal activity depending on the tissue (Figs. 1D, 1F). Techniques
to optimize B-gal-based tracking systems in the CNS have been
reviewed recently [32].

In our personal experience, we ultimately decided that the
ROSA26 system lacked sufficient robustness to make strong
claims about rare and unexpected phenomena because the signal-
to-noise ratio was so dependent on pH and was confounded by
endogenous enzyme activity. As a consequence, we repeated all
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of our ROSA26 experimental work using GFP-labeled BMDCs
before ourinitial publication because GFP is advantageous in that
ithas no endogenous counterpartin mammals [21].

Regardless of the detection method used, proper fixation is
essential to ensure that most of the enzyme remain within the tis-
sue to maximize the signal strength. This typically involves intra-
cardiac perfusion, fixation, or immersion of the target organ in
fixative solution before sectioning. Attempts to fix ROSA tissue
after sectioning typically result in most B-gal enzyme diffusing
away from its tissue location as soon as the section is immersed
in solution. Even very concentrated solutions of cross-linking
fixatives such as PF or glutaraldehyde fail to hold most of the
enzyme within the cell expressing it. This problem is analogous
to, although not as severe as, that seen with the fixation of GFP in
tissue sections (discussed below).

As we gain a better understanding of the biology and with
careful experimental controls, the ROSA26 labeling system will
again be a reasonable approach. The biggest risk, in our opinion,
remains that of the rare cells that contain a level of endogenous B-
gal activity as high as that seen in ROSA mice. If an experimental
protocol, such as stress or ischemia, increases the frequency or
strength of this endogenous B-gal expression, the results may be
misinterpreted. For this reason, the documentation of novel cell
fate transitions or reprogramming of nuclear gene expression

using B-gal as the tracking marker will usually be suspect.

In Situ Hybridization to Track the Y Chromosome

The Y chromosome can serve as an excellent tracking marker.
The Y chromosome is typically detected by in situ hybridization
with fluorescent probes that resultin single or multiple dots of flu-
orescence over a specific region of the Y chromosome (Fig. 1G).
Under the proper conditions, both the specificity and sensitivity
of in situ probes for the Y chromosome are very high. To mini-
mize the incidence of false-positive Y-chromosome detection, it
is essential that appropriate negative controls (i.e., female tissue)
be processed and evaluated in parallel with the experimental tis-
sue. Although laborious, this is the only method described here
that allows the contribution of individual nuclei to be ascertained
because both GFP and B-gal diffuse throughout the cytoplasm.

A greater problem with the Y chromosome is that because it
lacks morphological characteristics, special care must be taken to
demonstrate that the Y chromosome is actually contained within
the cell of interest. This requires an approach that generates a
high-resolution, three-dimensional representation of the bound-
aries of the cell in question to demonstrate that the Y chromosome
is contained within that boundary.

Membrane Dyes

An additional class of tracking markers are the membrane dyes. A
large number of membrane dyes are available, but one in particular,
PKH26, has been used to track transplanted adult stem cells [33].
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A unique feature of membrane dyes compared with the other
tracking markers discussed here is that they are not encoded
within the genome and, as aresult, the amount of dye presentin a
cell diminishes by half with each cell division. Thus, if a labeled
cell gives rise to a large number of progeny, none of the progeny
may contain sufficient membrane dye to be recognized. On the
other hand, if a cell containing a membrane dye is observed to
have a new pattern of gene expression, it implies that a limited
amount of proliferation occurred.

Animportant caveat of membrane dyes is thatif an unlabeled
phagocytic cell ingests a labeled cell, a process involving mem-
brane fusion, membrane dye can be transferred to phagocyte mem-
branes [34]. The frequency with which this occurs in vivo has not
been established, and many of the studies using membrane dyes as a
tracking marker have not adequately controlled for this possibility.

Strictly speaking, phagocytosis of a cell with any tracking
marker could lead to a transient presence of that marker within
the engulfing cell. However, although membrane components of
aphagocyte and its target can merge, the remainder of the target
cell is enclosed in a phagolysosome with a proteolytic environ-
ment that should rapidly destroy the fluorescent or enzymatic
capacities of most tracking proteins [35]. This possibility has not
been experimentally excluded in many published reports.

GFP
GFP is a unique protein with several positive features that make it
an exceptional cell-tracking marker in eukaryotic cells and a few
negative features thatrequire special consideration. The green flu-
orescent protein that has made its way into common usage was orig-
inally derived from the jellyfish Aequora aequorea and was sub-
sequently modified for more rapid folding, improved stability, and
greater brightness [36]. However, the initial green fluorescent pro-
tein variants suffered from limited expression in some organisms.
To increase the expression in mammalian cells, an enhanced green
fluorescent protein gene (referred to here as GFP) was synthesized
thatincorporated 190 silent base mutations, resulting in a gene with
an open reading frame consisting only of preferred human codons.
GFPis currently the most frequently used green fluorescent protein
variant and has an excitation peak at 489 nm and an emission max-
imaat 508 nm. GFP s very stable and its fluorescent properties are
preserved at temperatures up to 65°C and uptoapH of 11 [37, 38].

Importantly, GFP does notrequire an enzymatic substrate nor
a cofactor for its fluorescent property, allowing it to be used as a
reporter in both prokaryotic and eukaryotic cells. Furthermore,
the GFP fluorophore is formed by the post-translational, autocy-
clization of Ser®, Tyrf®, and Gly®’, a process requiring only the
presence of oxygen [39]. This autocatalytic mechanism allows
GFP to fold correctly in a wide diversity of organisms.

GFP is a small, soluble protein (236 to 265 amino acids) that
distributes rapidly with diffusion rates at 37°C of 25 um? per sec-
ond in cytoplasm and 87 pm? per second in water [40]. The ability
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of GFP to rapidly diffuse aids in the assessment of cell morphol-
ogy, allowing it to fill even the thin dendritic and axonal exten-
sions of neurons (Fig. 1B).

The expression of GFP does not seem to be overtly toxic to
cells. The few reports of toxicity occurred only at very high GFP
concentrations in transfected cells and seem to be the exception
[41,42]. Most GFP applications have not resulted in overt toxicity.
Perhaps the best evidence for GFP’s low toxicity is the large num-
ber of transgenic organisms that constitutively express GFP and
yet are able to develop and breed normally. GFP has been trans-
genically expressed in Dyctyostelium and Arabidopsis thaliana
[43,44], Drosophila [45], Caenorhabditis elegans [46], zebrafish
[47,48], mice [24], rabbits [49], and monkeys [50].

In our hands, the line of GFP-expressing transgenic mice that
we use [24] work exceptionally well as cell donors for tracking
studies (hereafter referred to as Okabe GFP mice). In addition to
the Okabe GFP mice, several other lines of mice are available that
ubiquitously express GFP or a GFP variant [51, 52]. The Okabe
GFP mice seem to be physiologically healthy. They breed rela-
tively well and reach an adult weight that is similar to wild-type
C57BL/6 mice. The elements regulating GFP expression in these
mice include a chicken f-actin promoter, a cytomegalovirus
enhancer, a beta-actin intron, and a bovine globulin poly-adenyl-
ation signal [24]. Interestingly, when wild-type GFP or a vari-
ant similar to S65T was expressed using the same promoter, its
expression was limited to specific tissues, such as skeletal muscle
and pancreas, and it was never expressed in the brain or blood ves-
sels [53]. Whether this was due to the GFP variant used or to the
location of the transgenic insertion is not clear.

We have successfully used the Okabe GFP mouse line as
donors to track the fate of transplanted bone marrow cells in sev-
eral tissues. However, in our experience, this mouse line does have
a few idiosyncrasies. First, a standard UV light source induces
sufficient dermal fluorescence in newborn and adult mice to
allow rapid characterization of GFP expression. However, caution
should be used when illuminating GFP pups with the UV light
source in the presence of their mother because, in our experience,
this can increase the incidence of maternal infanticide.

Second, the level of GFP expression can vary among mice and
the expression levels can be increased or decreased with selective
breeding. Thus, based on the expression level of GFP, we rou-
tinely characterize our mice as negative, dim, moderate, or bright.
Breeding brighter males to brighter females increases the expres-
sion levels over time but eventually seems to result in reduced
breeding success (smaller newborns, decreased litter sizes,
increased incidence of still births). We suspect, but have not for-
mally tested, that too high of an intracellular GFP concentration
eventually begins to compromise normal physiology. On the other
hand, mice with lowest levels of dermal GFP expression occasion-
ally fail to express detectable GFP in all tissue types. Thus, we
suggest that colonies should be bred to maintain a moderate level
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of GFP expression. This is best accomplished by breeding moder-
ate males to moderate females because most pups resulting from
such amating will also express GFP at a moderate level.

Evaluation of GFP in Tissue Requires Fixation

Before Sectioning

As mentioned above, GFP is a small, soluble protein with a rapid
rate of diffusion in cytoplasm and water. If membrane integrity is
compromised through cryopreservation or sectioning, most GFP
will be lost within seconds of immersion of a tissue section in solu-
tion. This is true even when that solution is a concentrated fixative
such as 37% PF. It is worth noting that GFP fluorescence can be
observed directly in sectioned, unfixed tissue before immersion
in solution or mounting, a feature that serves as a useful positive
control when testing fixation protocols.

Thus, to quantitatively assess the expression of GFP, it is
essential to fix the GFP into the tissue before cryopreservation
and sectioning. Our laboratory uses standard intracardiac per-
fusion to intravascularly deliver dilute fixative throughout the
mouse. Some investigators include an anticoagulant in the initial
PB perfusion, butin our laboratory the addition of either heparin
or EDTA does not seem to improve the degree or uniformity of
fixation. Intravascular perfusion occasionally fails if the perfu-
sion rate is too rapid because this causes fluid to back up into the
lungs, where it compromises vascular integrity and allows the
perfusate to exit through the oropharynx. Once this pathway has
beeninitiated, most perfusate will travel via this route even if the
perfusion rate is decreased. If a mouse has been adequately per-
fused with fixative, it should be cold and stiff. If poor perfusion
is suspected, an additional fixation step can be performed after
harvesting, as described in Materials and Methods.

The level of fixation required to fully hold GFP in some tis-
sues can prevent the adequate penetration of antibody or in situ
probes. If tissues cannot be fixed before sectioning, slightly
higher amounts of GFP can be retained by heating the slide before
depositing a tissue section on it to minimize condensation, fol-
lowed by heat drying the cut tissue section onto the slide and then
gently adding 37% PF that has been heated to 45°C. Alternatively,
unfixed tissue containing GFP can sometimes be satisfactorily
fixed with formaldehyde fumes. However, even if great care is
taken to prevent condensation from forming on the tissue section,
the results with the fumigation method are often variable.

The use of an antibody against GFP is the most sensitive
method. Itallows the identification of cells containing lower levels
of GFP due to either insufficient fixation or a low level of expres-
sion. For example, in skeletal muscle in which each myofiber con-
tains many nuclei, the use of an antibody to detect GFP increases the
number of GFP-expressing myofibers observed by twofold to three-
fold (unpublished observations). In other words, anti-GFP antibody
allows the detection of fibers that have very weak expression of GFP
(i.e., probably contain only a few nuclei expressing GFP).

1257

Even in tissue that was fixed only after cryosectioning and
thus contains no visible GFP by direct visualization, GFP anti-
body will often detect some cells and myofibers. The frequency
of detected cells or fibers is typically decreased relative to perfu-
sion-fixed tissue, but this technique allows GFP-expressing cells
or myofibers to be identified and further analyzed with fixation-
sensitive techniques, such as immunohistochemistry with certain
antibodies. Furthermore, acompromise can be made if the mouse
is perfused with dilute fixative (0.005%-0.5% PF) and then GFP
is detected with GFP antibody. Skeletal muscle fixed by perfusion
with 0.05% PF and then washed in 20% sucrose is often very ame-
nable to antibody staining that is difficult to achieve in heavily
fixed tissue.

Thus, GFP is arobust tracking marker that is easily detected,
is genetically transmitted, and clearly delineates the morphology
of the cell in which it is expressed. Its primary limitation is its
rapid diffusionrate out of unfixed cells, a feature requiring special
consideration and methodology. In addition, even though GFP has
no endogenous counterpart, concerns have been expressed that
the excitation and emission wavelengths of GFP are similar to the
autofluorescent emissions of a few endogenous molecules such as
the flavins and NAD(P)H [36]. Because the levels of these mol-
ecules can vary substantially among cell types, this could resultin
the false identification of GFP within certain cell types. However,
it seems likely that this debate is based largely on misunderstand-
ings and misapplications of imaging technologies, and therefore a
brief discussion of imaging techniques is in order.

Primer on Imaging and Autofluorescence

The wavelengths of light typically used in routine imaging range
from approximately 350 nm (blue) to more than 750 nm (red).
Each fluorophore has one or more specific wavelength ranges
at which it absorbs or emits light energy (Fig. 1H). Although the
overall intensity of emission varies with the excitation wave-
length, the spectral distribution of emitted light is largely inde-
pendent of the excitation wavelength [54]. Thus, fluorophores can
be distinguished from each other based on their distinctive excita-
tion and emission wavelengths.

Light can be described by three criteria: hue, intensity, and
saturation. Any of these criteria can be used to distinguish emis-
sions from different fluorophores. Hue refers to the color or, more
specifically, the wavelength of the light. Intensity refers to the
quantity of light. Saturation describes how pure the color of the
lightis (e.g., how red ared light is). For example, an emission con-
sisting of a single wavelength is extremely saturated whereas an
emission made up of a broad range of wavelengths has low satura-
tion. Taken to the extreme, something with zero saturation is gray
with the shade of gray described by the intensity, and if this inten-
sity is high enough, the light appears white. In typical applica-
tions, most fluorophores emit over a narrow range of wavelengths
and thus yield a signal that appears highly saturated.
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In contrast to fluorophores, which have well-defined bands
of excitation and emission, general autofluorescence usually has
the potential to occur across the full spectrum of hues in visible
light. In other words, general autofluorescence is not specific to
any particular wavelength of light (Fig. 2A). The actual range of
emitted wavelengths for general autofluorescence is determined
by the specific excitation wavelength, in contrast to fluorophores,
for which the emission profiles are mostly independent of the
excitation wavelength. The maximum autofluorescent peak typi-
cally occurs at a wavelength 25-80 nm greater than the excitation
wavelength (Fig. 2A). Even if a single wavelength from a laser is
used as the energy source, the resulting emission profile of auto-
fluorescence is typically much broader than the emission profiles
of most fluorophores (Fig. 2A). Because autofluorescence occurs
across a wide range of wavelengths, it has a low saturation. Thus,
in general, fluorophores are distinguished from each other by the
hue and from autofluorescence by the intensity and saturation.

There are a few molecules encountered in normal tissue sec-
tions that have the potential to generate autofluorescence with
narrow emission profiles. Billinton and Knight [36] have writ-
ten an excellent review on this topic. The distinctive hue and sat-
uration of these autofluorescent molecules can resemble those
of specific fluorophores, but the intensity of emissions from
these molecules is considerably lower than that of typical fluo-
rophores. Molecules with narrower emission profiles that could
theoretically be confused with GFP include flavins (absorb 450—
490 nm, emit 500-560 nm) and NADH and NADPH (absorb
360-370 nm, emit 440—470 nm) [36]. In general, the intensity
of flavins and NAD(P)H is quite low relative to the wide-spec-
trum, fixation-induced autofluorescence seen in most tissues.
However, various experimental conditions such as fixation, pH,
and oxidative state can change the autofluorescent properties of
these molecules. As aresult, it is always essential that negative

controls be carefully evaluated.

Filters

Two primary kinds of optical filters, each using a distinctive strat-
egy, are used to view the emissions of fluorophores selectively.
Bandpass (BP) filters allow only a selected range of wavelengths
to pass. They are described by their center wavelength and band-
width. For example, a BP filter commonly used for GFP emission
isaBP540/40thatallows only wavelengths of 520—-560 nm to pass.
In contrast, longpass (LP) and shortpass (SP) filters selectively
allow only wavelengths to pass through that are, respectively, lon-
ger than or shorter than a specified wavelength (Fig. 1H).

BP filters attempt to distinguish fluorophore signals from
autofluorescence based solely on intensity differences. By selec-
tively allowing only the peak emission wavelengths from a given
fluorophore to pass, they increase the intensity of the fluorophore
signal relative to the background. On the other hand, because they

allow only a selected range of wavelengths to pass, most of the
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Figure 2. Two methods of distinguishing green fluorescent protein
(GFP)—expressing myofibers from background autofluorescence
are (A-F) spectral analysis and (G-R) hue-based discrimination.
(A-F): Myofibers in the panniculus carnosus muscle were imaged
with a Zeiss 510 Meta, three-laser, confocal microscope, which has
a dispersive grating that separates the fluorescence spectrum into
32 10.5-nm-wide channels. (B): The image in the upper right shows
the seven GFP-positive fibers (green, 1-7) and three GFP-negative
fibers (red, 8-10) that were analyzed. The GFP fibers are ordered by
GFP intensity, with 1 having the brightest GFP signal and 7 having
the lowest. (A): The graph shows the relative intensities (y-axis) for
each myofiber for every 10.5-nm-wide wavelength range (x-axis)
after excitation with a laser generating a single wavelength of light.
Each fiber was analyzed with a single Argon laser (green lines; 488
nm), 543-nm HeNe laser (red lines), or 633-nm HeNe laser (blue
lines). In other words, each individual myofiber is represented by a
single green, blue, and red line. Fibers 1, 3,4, and 6 were excluded for
clarity but had similar curves with the expected relative intensities.
The peak intensity of myofiber 1 was greater than 900 in the 515-nm
wavelengthrange after excitation with 488-nm light (data not shown).
(C-=F): The bottom row displays representative monochrome images
resulting from the excitation and emission criteria shown. There is a
clear difference in the emission intensities observed for GFP-posi-
tive myofibers compared with GFP-negative myofibers at the spec-
tral bands centered around 505-526 nm for all myofibers, and this
difference extends out to the 550-nm range for the brightest GFP-
positive myofibers. However, at emission wavelength ranges beyond
approximately 550 nm, there is no difference in the emission intensity
because this is the result of general autofluorescence. Furthermore,
the autofluorescent emission potential of all myofibers exists across
all visible wavelengths of light and occurs irrespective of the excita-
tion wavelength. GFP-expressing myofibers (arrows) in the (G=N)
tibialis anterior and the (O-R) panniculus carnosus can be rapidly
distinguished under the epifluorescent microscope using the follow-
ing distinct filter sets: (G, K, O) GFP bandpass, (H, L, P) rhodamine,
(I, M, Q) GFP longpass, or (J, N, R) dual fluorescein isothiocyanate/
tetramethylrhodamine isothiocyanate (FITC/TRITC) bandpass.
(G-R): Captured in true color using a Canon G5 digital camera. The
tissues shown in G—R all have unusually high autofluorescence or
weak GFP expression and demonstrate how difficult it can be to iden-
tify GFP-expressing myofibers in these conditions using only a GFP
bandpass filter. In contrast, both the GFP longpass and dual bandpass
filters readily allow the identification of GFP-expressing myofibers
(arrows) based on their unique hue and saturation, even in the context
of very high nonspecific autofluorescence. The filter sets used for
the epifluorescent images (G—R) contained the following excitation
(EX), dichroic (D), and emission (EM) filters: GFP bandpass (EX
480740, D 505LP, EM 535/50), thodamine (EX 540/25, D 565LP,
EM 605/55), GFP longpass (EX 480/40, D 505LP, EM 510LP), and
dual FITC/TRITC bandpass (EX 482/20 and 545/30, D 525/55 and
570LP, EM 520/15 and 600/40).

saturation and hue data are lost. In other words, for narrow BP
filters, the hue of light originating from both the fluorophore and
autofluorescence is indistinguishable because the observed hue
is determined by the BP filter. For example, white light viewed
through a BP filter for GFP appears green.

LP or SP filters take the opposite approach, relying primarily

on hue and saturation data to distinguish fluorophores from auto-
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fluorescence. Because materials emit at a higher wavelength than
they absorb, a phenomenon termed the Stokes shift, LP filters are
primarily used for emissions and SP filters are primarily used
for excitation. The autofluorescence emissions, although of low
intensity for a given wavelength, when summed over a wide range
of wavelengths, such as those passed by LP filters, can generate
a signal of relatively high intensity. This can be advantageous
becauseitallows aninvestigator to clearly see the tissue surround-
ing a cell of interest. On the other hand, because the use of data
from LP filters requires the ability to discriminate signals based
on the hue and saturation, this limits their utility as this capability
is lacking in many laboratory imaging devices.

Because LP filters require hue and saturation data to discrim-
inate signal from background, they are less effective for direct
visualization at higher wavelengths since the end of the visible
spectrum effectively turns them into a BP filter. Thus, LP filters
work well for blue or green fluorophores but become ineffective
forimaging red wavelengths of light.

The use of BP or LP filters is often most effective when car-
ried to the extremes. Just as an ideal BP filter is narrowly focused
over the peak emission wavelengths, an ideal LP filter needs
to capture a wide enough range of hues so that they can be ade-
quately distinguished. The worst case is the use of wide BP filters
of approximately 100 nm in width. They do not capture a suffi-
cient width of the spectrum to easily distinguish hues but they do
greatly increase the intensity of background autofluorescence,
resulting in an almost monochrome image with high background.
However, in some cases, such wide BP filters may be necessary to
capture enough light to detect a signal. In this case, special tech-

niques [36] must be used to reduce background signal.

Instrumentation

Image-capture devices can be categorized into instruments that
collect either monochrome or color images. Most electronic
instruments used for fluorescent imaging such as laser-scanning
confocal microscopes and low-light digital cameras capture only
amonochromic image. Although such devices do generate a color
image,itis actually afalsely colored image. Consequently, the hue
and saturation are arbitrarily determined and constant through-
out the image. The only wavelength or color information available
comes from knowledge of the filter sets used to select the wave-
lengths of light reaching the CCD or PMT sensor.

Because only intensity values are recorded, the strategy used
for monochrome image-capture devices is to use BP filters to
select a wavelength range that maximizes the fluorophore signal
relative to the combination of background autofluorescence and
detector noise. However, because only monochrome intensity val-
ues are collected, negative controls lacking the fluorophore signal
are required to ensure that the monochrome image is due to the
desired signal instead of an aberrant background artifact. Because
narrow BP filters discard hue and saturation data, the cautions
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and controls required for any type of monochrome imaging apply.
This key pointis ignored by many investigators. To repeat, the use
of narrow BP filters is a form of monochrome imaging. This is
true even when viewed with the best hue discriminator available,
the human eye.

The most advanced approach of using BP filters with mono-
chrome sensors involves spectral analysis. Spectral analysis
uses a dispersive grating to separate an emission signal into dis-
crete wavelength ranges (typically ~10 nm wide). Each spectral
component is then individually quantified by a detector and the
monochrome intensities are plotted for each spectral component
(Fig. 2A). The generated curves can be compared directly, as
was done in Figure 2A, or spectral signatures can be calculated
for each fluorophore and the fluorescence emissions can be sep-
arated computationally.

In contrast to monochrome imaging, traditional color film
and some newer digital cameras capture accurate hue and satura-
tion as well as intensity data from fluorescent samples. This dis-
tinction is important to consider when documenting fluorescence
signals. The example that follows illustrates how an underappre-
ciation of this distinction has resulted in confusion regarding the
detection of GFP.

A Subset of Highly Autofluorescent Skeletal Myofibers
Can Mistakenly Be Interpreted to Express GFP

Over the past several years, numerous investigators have reported
that BMDCs are able to contribute to a wide variety of nonhema-
topoietic tissues in vivo. Many other investigators have failed to
observe such events, and, thus, these findings have been the sub-
jectof considerable debate.

In addition to several reports documenting the contribution of
BMDC:s to the CNS, we recently reported that after a bone mar-
row transplant, GFP-expressing BMDC incorporates into skele-
tal myofibers throughout the body [10]. We find that most skeletal
muscles have a low frequency of GFP-expressing skeletal myo-
fibers (0.0022%-0.26%), in agreement with previous reports.
However, in one muscle, the panniculus carnosus, up to 5% of
skeletal myofibers expressed GFP without any perturbation to the
muscle. The panniculus carnosus is a thin, subcutaneous muscle
that surrounds the trunk of hairy mammals and may be involved
in thermoregulation. Thus, we observed, remarkably, that the
frequency with which BMDC incorporated into skeletal muscle
differed over 1,000-fold among different muscles, suggesting that
there are physiologic differences in the uptake of BMDCs.

Using a similar bone marrow transplant model, our labo-
ratory demonstrated that the BMDC contribution to skeletal
myofibers occurs via a satellite cell intermediate [9], a finding
recently replicated [55]. In the course of this study we also found
that after 6 months of exercise, 3.5% of myofibers in the tibialis
anterior expressed GFP, a 20-fold increase compared with non-

exercised controls.
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The recent article by Jackson et al. [56] that highlights the
risks of interpreting the autofluorescent properties of certain
types of skeletal muscle fibers as indicative of the presence of
GFP is worthy of discussion. Skeletal myofibers contain both
flavins and NADH, and thus concerns that the emissions from
these molecules could be mistaken for GFP emission are theo-
retically sound. Furthermore, compared with glycolytic myo-
fibers, oxidative myofibers have higher levels of flavins and
NAD(P)H and, after fixation in PF, demonstrate greater auto-
fluorescent emissions compared with glycolytic myofibers
(Fig. 3). These characteristics result in considerable heteroge-
neity in the autofluorescent intensities of skeletal myofibers in
some muscle groups (Figs. 2, 3). However, in fixed tissue, this
autofluorescence signal is broad, covering the entire visible
spectrum, and is more than two to three orders of magnitude
brighter than the flavin-based, green hue-specific autofluores-
cence that can mimic GFP (Fig. 2A). Furthermore, the pattern
of highly autofluorescent fibers is distinct from that of GFP-
expressing myofibers in muscle with mixed fiber types (Fig. 3),
which makes it unlikely that the highly autofluorescent myofi-
bers were mistaken for GFP-expressing myofibers in previous
studies [9, 10, 57].

However, if fixed skeletal muscle sections are imaged using
improper techniques, the subset of oxidative myofibers can
appear to be GFP-positive. This risk is particularly significant
when narrow BP filters are used to evaluate fluorescent signals
because, as discussed above, this form of monochromic imag-
ing discards critical spectral data. This common mistake was
illustrated by Jackson et al. [56] when they reported that “nor-
mal GFP-negative mice . . . displayed a distinct subset of muscle
fibers that were similarly bright green, with the clear appear-
ance of GFP expression.” In fact, this autofluorescence is only
green when viewed through a green BP filter (Figs. 2G, 2K, 20).
For example, if Jackson et al. [56] had viewed the same tissue
through ared or blue filter, they would have discovered red or
blue autofluorescence, respectively (Figs. 2H, 2L, 2P). In fact,
the autofluorescent emissions of the fixed skeletal myofibers in
question, like most autofluorescence, occur over the full range
of hues in the visible light spectrum (Fig. 2A).

Jackson et al. [56] conclude that BP filters that pass emis-
sion wavelengths from approximately 510 to 530 nm are the best
approach to distinguish GFP from autofluorescence. They apply
this observation to both confocal imaging (a monochrome device)
and epifluorescence imaging (a color device). However, Jackson
et al. [56] failed to make a critical distinction between these two
different types of imaging modalities.

Because the autofluorescence from fixed skeletal muscle
can be considerable (Figs. 2, 3), narrow BP filters, in our experi-
ence, often cannot discriminate conclusively between GFP and
autofluorescence. Thus, when epifluorescence can be evaluated
in true color, LP filters will more unequivocally distinguish GFP

1261

from background based onits distinctive hue and color saturation.
In our own studies of skeletal muscle, we have selected our LP
filter (SI0LP; Chroma set 41012) over several BP filters to which
we have access. The images resulting from an LP compared with
aBPfilter are shown in Figure 2. With the LP filter, the muscle tis-
sue is yellow because it is comprised roughly equally of all visible
wavelengths greater than 510 nm.

A major hidden challenge in monochrome imaging tech-
niques is to capture an image of appropriate intensity. Mono-
chrome imaging relies solely on differences in intensity to dis-
tinguish signal from background, and, conversely, the intensity
of an image is determined by user-controlled settings. However,
many experienced scientists routinely collect data with overex-
posed images because they look brighter. The primary reason
for this is that even when an area of the monochrome image is
fully exposed (i.e., every pixel is at maximum intensity, which is
255 for an 8-bit image), the application of a false color to it by
the instrument results in an image in which the area of maximum
intensity is represented by a fully saturated color. In contrast, if
traditional film is overexposed, it becomes progressively less sat-
urated until all color is lost and that part of the image turns white.
Thus, most investigators associate a bright saturated color with
correct exposure. In reality, all monochrome imaging devices
should aim to collect data that average middle gray in tone (i.e.,
of moderate intensity) and that may look somewhat grayish and
dull when combined with a false color. In general, it is much easier
to determine the correct exposure of grayscale images, so many
experienced users do not apply the false color until after images
have been captured.

Overexposed images are the result of a too-lengthy detec-
tion period, too much excitation energy, or having the gain or
amplifier on the detector turned up too high. Improperly adjusted
electronic imaging devices can obtain bright images from any
normal nonfluorescent tissue, and that image will display com-
plex variances in intensity that to the untrained eye resemble true
fluorophore emissions (Fig. 3B; supplemental online Fig. 1). For
example, Jackson et al. [56] clearly demonstrated how images of
normal skeletal muscle could appear similar to those contain-
ing GFP when overexposure is combined with false coloring of
monochrome images.

As always, the most important aspect of the detection of any
specific signal in a tissue is the use of appropriate negative con-
trols to evaluate potential confounding factors. For example,
when documenting GFP-positive myofibers after a transplant
with GFP-expressing bone marrow, an analysis of the skeletal
myofibers of mice transplanted with wild-type bone marrow is
an essential negative control. We have never seen any autofluores-
cence in our fixed negative controls that had the hue characteris-
tics of GFP. The fixation necessary to hold GFP into skeletal mus-
cleincreases the broad-spectrum autofluorescence sufficiently to
overwhelm any flavin- or NADH-based fluorescence.
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1)

Figure 3. Images of the (A-G, K-N) tibialis anterior and (H-J) panniculus carnosus captured using a laser-scanning confocal microscope with
channels optimized for green fluorescent protein (GFP) (greenin A-C, F, G, H, J, K, N), rhodamine (red in C, E, G, M, N) or transmitted light
D,F,LJ,L).(C,F,G,J,N): The result of computationally merging single channels. (B): A severely overexposed image of the same field as (A),
which is correctly exposed. The tissues shown in (B, E, M) demonstrate the heterogeneity that exists in the autofluorescent intensities among dif-
ferent types of skeletal myofibers. (B): This heterogeneity can confuse analysis when only single bandpass filters are used, particularly when an
image is overexposed. (B): Because all confocal and most digital cameras used for fluorescent imaging capture a monochrome image and then
apply a false color, overexposure can result in the appearance of GFP-expressing myofibers. (C): However, even if an image is severely overex-
posed, asinimage B, it can be computationally combined with ared colored image of the tissue autofluorescence for the unequivocal identification
of the GFP-expressing myofibers. The fibers with the highest autofluorescence are oxidative myofibers expressing higher levels of NADH dehy-
drogenase activity (darker myofibersin D, F, I, J, L). (K-N): Outside of the panniculus carnosus, most GFP-expressing myofibers are glycolytic
fibers (>95%) that lack high NADH expression, although exceptions are seen. Interestingly, in the panniculus carnosus, where a higher proportion
of GFP-expressing myofibers is observed, all of the myofibers have homogenously high levels of both autofluorescence and NADH activity.

Ratiometric Analysis Techniques dard confocal microscopy. Alternatively, GFP can be readily dis-
Jacksonetal. [56] propose that single-laser spectral analysis is the tinguished from autofluorescence with a simple ratiometric analy-
best method to distinguish GFP from autofluorescence. However, sis comparing emissions in the GFP range to emissions ata higher
spectral imaging requires specialized and expensive equipment, wavelength that represents general autofluorescence (Figs. 2G—

is time consuming, and generates poorer quality images than stan- 2R,3A-3N). This can be achieved by two distinct approaches.
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In the first approach, ratiometric analysis can be achieved
visually and in real time by using either an LP filter or a dual BP
filter on an epifluorescent microscope (Figs. 2G-2R). Thisis a
simple and rapid technique to visually identify GFP-expressing
cells based on hue discrimination. The caveat, however, is that
documentation of the visual field created by these filters requires
atrue color-imaging instrument.

In the second approach, ratiometric analysis can be achieved
computationally by merging two (or more) monochromic images,
each of which is falsely colored with a single hue representing a pri-
mary color (Figs. 3A-3N). If these monochromic images are com-
bined, then more than two hues can be created by the interactions of
different intensity levels for each hue. For example, monochromic
digital images are frequently represented by 8 bits, which allows
them to distinguish 256 intensity levels. If two 8-bit monochromic
images are combined and each is a different primary color (red,
green, or blue), then more than 65,000 theoretical colors result.
This approach can be routinely performed on many monochromic
imaging devices and often clearly identifies the presence of a fluo-
rophore that was not apparent in a single monochromic image.

For example, we routinely image GFP-expressing myofibers
by collecting and merging two channels of monochromic data on
our confocal microscope. The first channel is designed to maxi-
mize GFP emission and minimize autofluorescence (Argon laser
excitation, 488-nm excitation filter, emissions selected by 570
dichroic, 545 dichroic, and 505- to 530-BP filter). The second
channel is one that is typically used to image red fluorochromes
butis used here to evaluate the relative autofluorescence of indi-
vidual skeletal myofibers (543-nm HeNe laser excitation, 543-nm
excitation filter, emissions selected by 635 dichroic, 545 dichroic,
and 560- to 615-BP filter).

In this example of the second approach, channel 1 is falsely
colored green and channel 2 is falsely colored red. When the two
images are combined, the autofluorescence in each channel is
closely proportional and thus all of the non—GFP-expressing tis-
sue yields a homogeneous hue. However, wherever GFP is pres-
ent, the green intensity is proportionally higher than the red inten-
sity and a hue shift results. Thus, this method serves as a means to
rapidly distinguish the presence of a fluorophore in the presence
of substantial background autofluorescence, requires only a stan-
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dard confocal, and simultaneously generates high-quality images
of the tissue.

Thus, dual-band, ratiometric techniques are based on a com-
parison of two wavelength bands, one that includes autofluores-
cence and fluorophore signals and one that includes only auto-
fluorescence. Such techniques are rapid, visually obvious, do
not require expensive equipment, and unequivocally distinguish

fluorophores from background autofluorescence.

CONCLUSIONS
The field of adult stem cell plasticity has generated numerous con-
flicting reports and debates in recent years. Many of these debates
have an origin in inadequate preparation of tissues, inappropriate
choice of a tracking marker, or a lack of appropriate positive or
negative controls or occurred as aresult of poor methods forimag-
ing experimental tissue. As demonstrated here, one of the areas of
debate has centered on the frequency with which GFP-express-
ing BMDCs contribute to skeletal myofibers. For example, due
to the heterogeneous pattern of autofluorescence in some skeletal
muscles, particular careis required to distinguish GFP from auto-
fluorescence emissions. A powerful and efficient technique to do
this is ratiometric analysis performed either directly with filters
or by computationally merging multiple images of distinct colors.
Many advances in imaging technology have occurred in the
past decade, and, consequently, image data of improved quality
can be collected faster and more easily. However, an understand-
ing of the limitations of these new devices is essential to ensure
that the image on the screen or printed in a publication be repre-

sentative of the biology being documented.
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