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Abstract

The green fluorescent protein (GFP) is among the most commonly used expression markers in
biology. GFP-tagged cells have played a particularly important role in studies of cell lineage.
Sensitive detection of GFP is crucially important for such studies to be successful, and problems with
detection may account for discrepancies in the literature regarding the possible fate choices of stem
cells. Here we describe a very sensitive technique for visualization of GFP. Using it we can detect
about 90% of cells of donor origin while we could only see about 50% of these cells when we employ
the methods that are in general use in other laboratories. In addition, we provide evidence that some
cells permanently silence GFP expression. In the case of the progeny of bone marrow stem cells, it
appears that the more distantly related they are to their precursors, the more likely it is that they will
turn off the lineage marker.
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Introduction

The green fluorescent protein (GFP) was discovered as a by product of isolating aequorin from
jelly fish by Shimomura et al. [1] in 1962. The importance of the discovery was not obvious
until much later; GFP proved to be an excellent protein marker molecule for gene expression
(see [2]). Gradually, immunohistochemical (IHC) detection techniques have become more and
more sensitive. We can measure and visualize proteins in amounts that were unimaginable 10
years ago. Numerous studies utilized GFP to track cell fate following bone marrow
transplantation, local injection or promoter specific expression [3—-10]. While a variety of
groups showed that GFP-expressing bone marrow cells are able to seed many tissues and
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differentiate into tissue specific cells, an equal number of papers failed to confirm those results
and stated the opposite [11,12]. One of the factors that seem to affect chimerism is the presence
or absence of tissue injury/disease. In normal, healthy tissue circulating bone marrow cells do
not seem to contribute to regeneration as much as when the tissue is in “need” [4]. Furthermore,
it was noted by several studies that the expression of GFP is variable; in many instances the
expression weakens with time or in some cases GFP becomes undetectable [13]. The possibility
that the GFP transgene can be silenced has also been raised [14—20]. The field has been plagued
by controversy mostly due to differences in techniques used by the different groups to follow
cell fate. In the last decade a new, very sensitive immunocytochemical technique became
available utilizing tyramide signal amplification [1]. Since we also noticed very faintly
fluorescence green cells in our experimental samples we decided to try the most sensitive
technique to visualize most of the GFP expressing cells. The field has been plagued by
controversy mostly due to differences in techniques used by the different groups to follow cell
fate as summarized in [21]. In the last decade a new, very sensitive technique became available
utilizing tyramide signal amplification [22,23] and its application to immunohistochemistry
was reported [1] describing dilutions of primary antibodies for optimal immunohistochemistry
[24] as well as its use in dual immunostaining techniques [25]. Since we also noticed very faint
green fluorescent cells in our experimental samples we decided to apply this technique to
attempt to visualize most of the GFP expressing cells. The use of this newly designed, sensitive
method might help to clarify the confusion in the literature.

Materials and Methods

1. Animal experiments

Female C57B mice were irradiated using 900 rad in two equal doses (irradiation time was 4
min 15 sec each time) 8 hours apart. Following the second irradiation the animals were
transplanted with bone marrow from male Z/EG (lacZ/EGFP) double reporter transgenic mice
[26] that had previously been crossed with a Creactin mouse to result in an animal which
ubiquitously and stably express the green fluorescent protein. Donor mice were euthanized by
decapitation under anesthesia and the bodies were dipped in 70% ethanol. The skin and lower
limb muscles were removed for the exposure and isolation of the femurs. In a sterile tissue
culture hood a cut was made on both ends of the bone and the marrow was flushed out with a
20G needle filled with 4 ml sterile DMEM. The cells were dissociated by sequentially passing
them through 18, 20, and 25G needles until getting a single cell suspension. For further
purification, the cells were spun at 1000 RPM for 8 min and the supernatant was discarded.
Cells were resuspended in 2 ml of DMEM and were kept on 4°C until transplantation (within
hours). The irradiated mice received a sterile bone marrow injection through the tail vein with
a sterile 27-gauge needle immediately after the second irradiation; an infrared lamp was used
to visualize the tail vein accurately. Each mouse received 5x108 cells in 0.5 ml of sterile
DMEM.

After full recovery, the mice underwent middle cerebral artery occlusion (MCAO) to induce
stroke. The distal MCA was electrocoagulated and cut with a technique [27] modified for
mouse from Tamamura [28,29]. This procedure causes a large infarct involving cortical and
subcortical zones [30]. Two months after the MCAOQ the animals were terminally anaesthetized
and perfused by 4% buffered paraformaldehyde. The brains were removed and cryoprotected
by immersion into sucrose solutions of increasing concentrations (5, 10 and 20%). Finally the
brains were quickly frozen on powdered dry ice and kept in aluminum foil at —80°C until they
were sectioned.
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2. Immunohistochemistry (IHC) to detect GFP

Tenum thin sections of perfused mouse brains were cut and placed on positively charged
microscope slides (Fisher Scientific, Pittsburg, PA Cat#12-550-15). The slides were kept at
—80°C until they were processed. At first the slides were coverslipped with Tris buffer and
pictures were taken to record the native GFP fluorescence using a Leica DMR6000B inverted
microscope with an FITC filter (L cube). The coverslips were then removed and the sections
were treated with Powerblock (Biogenex, San Ramon, CA, Cat #: HK083-5K) containing
0.25% Triton X for 10 min at RT and incubated overnight at 4°C in the primary anti-GFP rabbit
antibody at 1:2000 dilution (Molecular Probes, OR; Cat#ab13970). Following incubation with
the primary antibody we blocked endogenous peroxidase activity by incubating the slides in
3% H»0, in 1xPBS for 20 minutes. Next, GFP immunostaining and amplification were carried
out in two different ways: a.) The primary antibody was detected using a goat anti-rabbit 1gG
conjugated to Alexa Fluor 594 (1:1000, for 1 hour at RT). This was followed by an anti-goat
1gG conjugated to HRP (overnight at 4°C) visualized with a Tyramide-Alexa Fluor-350
conjugate (Molecular Probes — Invitrogen, Cat # T20937) at a dilution of 1:100 for 10 minutes.
This way, the original fluorescence stayed green, the immunostained GFP was red and the
amplified immunostained GFP was blue.

GFP — rabbit IgG

;

Goat - Anti Rabbit Alexa Fluor 594

’

Anti-Goat 1gG-HRP

;

Alexa Fluor 350-Tyramide

b.) Inanother set of sections, the primary antibody was detected with anti-rabbit IgG conjugated
to FITC (Jackson Immunologicals) applied for 1 hour at RT at a dilution of 1:100. Next an
anti-FITC conjugated HRP antibody (1:500, Roche Applied Bioscience, Indianapolis, IN
#1426346) was applied overnight at 4°C followed by a Tyramide-Alexa Fluor 594 conjugate
(Molecular Probes — Invitrogen, Cat # T20935) at a dilution of 1:200 for 10 minutes.

GFP — rabbit 1gG

Goat - Anti Rabbit 1gG-FITC

v

Anti-FITC Rabbit IgG-HRP

Alexa Fluor 594-Tyramide
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3. Combined detection of GFP by IHC and the Y chromosome by in situ hybridization (FISH)

To colocalize GFP and the Y chromosome in the same cells, sections were washed in PBS (pH:
7.4) three times for 3 min, rinsed with distilled water and incubated in 1X Powerblock for 10
min. The sections were rinsed again with distilled water and incubated in rabbit anti-GFP
antibody (1:40, 000, Molecular Probes, Eugene, OR) for 1h at room temperature. The
endogenous peroxidase activity was blocked with a 3% hydrogen peroxide solution for 15 min
followed by 4 PBS washes lasting 3 min each. The secondary antibody - an anti-rabbit HRP
polymer conjugate (SuperPicture, Zymed Laboratories Inc., South San Francisco, CA) - was
applied undiluted for 30 minutes, and the staining was subsequently visualized using a custom-
made FITC conjugated tyramide at 1:10000 for 10 minutes at RT. To perform Y chromosomal
FISH, the same sections were immersed in 10mM citric acid (pH 6.0) and microwaved in a
kitchen microwave (GE, 700W) for 5 min at 50% power after the liquid started to boil. The
water that evaporated was replaced with distilled water, and the sections were left in the solution
to cool for 2 hours at RT. Microwave treatment inactivates any HRP activity that is present in
the tissue — i.e. endogenous HRP and/or HRP incorporated in reagents used in previous steps
[31]. The Y chromosomal hybridization was performed as described earlier [7] using a 1.5-kb
RNA probe, (pY3531B) generated against a repeat sequence of the mouse Y chromosome, and
labeled with digoxigeninuridine 5'-triphosphate using the digoxigenin labeling kit
(Digoxigenin RNA Labeling Kit, Cat. # 1 175 025 - Roche Applied Sciences, Indianapolis,
IN). After the hybridization step and several washes in SSC (for details see our website: http://
intramural.nimh.nih.gov/lcmr/snge/), the digoxigenin was detected with an anti-digoxigenin
antibody that was conjugated to horseradish peroxidase (1:600, Roche Applied Sciences,
Indianapolis, IN, Cat No: 1120773391) visualized using the TSA-Plus CY3 System (1:600,
PerkinElmer Life Sciences, Boston, MA (now Invitrogen)) (Fig. 1).

Exp Cell Res. Author manuscript; available in PMC 2007 August 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

E.etal.

Page 5

GFP — rabbit 1gG

l

Anti-rabbit 1gG-Dextran-HRP
(SuperPicture)

l

FITC - Tyramide

l

Microwave treatment

l

(F)ISH (DIG labeled Y probe)

l

Rabbit - Anti-Digoxigenin —-HRP

l

CY3-Tyramide+

Finally, all sections were stained with the chromosomal stain, DAPI, (1:50000; 1 minute, RT)
to visualize nuclei. The sections were viewed in a Leica DMR6000 fluorescence microscope
and pictures were taken using a Hamamatsu camera and Volocity software (Improvision,
Lexington, MA) and. High resolution images were analyzed using NIH Image software,
Version 1.35.

4. Controls for specificity and sensitivity of the immunostaining procedures

To ensure the specificity of the immunostaining we performed the same procedures after
omitting the primary and/or secondary antibodies in each step. We used secondary antibodies
that were cross absorbed with 1gG’s of any species that were used to raise previous secondary
antibodies to make sure that non-specific binding will not occur at any step during the staining
procedure. We have used the GFP amplification sequence, including all the reagents, in brains
that were not transplanted with GFP bone marrow and did not observe any staining. We have
used several GFP antibodies that were raised against different antigenic sites of the protein and
observed similar results. We also used several different dilutions and combinations of tyramide
reagents that all resulted in similar staining patterns. We have used the technique in 20 mice
brains with similar results — 5 of which were used to do the quantitative studies.
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5. Quantitative evaluation

Results

Sections cut at the same level of 5 mouse brains were used to count the number of GFP positive
cells following the different staining protocols. The whole section was scanned and cells
counted by two independent investigators. The number of GFP positive or Y positive cells in
a section were expressed as a percentage of all cells determined by the number of all DAPI
positive cell nuclei counted. Statistical analysis was performed using the Friedman non-
parametric test and Prism (GraphPad) software.

A one step immunostaining protocol (using the primary antibody and a fluorochrome
conjugated secondary antibody) for GFP cells (Fig. 2 B) yielded higher signal intensity and a
crisper image than was seen by imaging native fluorescence (Fig. 2 A). The difference between
the two images, however, was more quantitative, then qualitative. Due to the increase in
staining intensity with IHC (depositing more fluorochrome at the antigen site) more cells were
readily detectable even with low magnification. On the other hand, the TSA signal
amplification procedure using Alexa Fluor 594-Tyramide conjugate (Fig. 2 C and D) revealed
“new” structures; i.e. cells that were not detected before and many fine processes of cells and
cell bodies vs. cell bodies alone (Fig. 2 C and D and Fig. 3). When we performed amplified
immunostaining for GFP in combination with the Y chromosome in situ hybridization (Fig. 4)
we found a number of Y chromosome positive (i.e. donor origin) cells that were not GFP
positive even when the most sensitive staining procedure was used. When we compared the
number of cells that were visible under low magnification, 40% more cells were detected with
amplified IHC than unamplified IHC (Fig. 5). ISH detected an additional 10% of cells that
were Y chromosome positive but were negative for GFP immunostaining even after
amplification (Fig. 5). The difference between the cell numbers by the different techniques
was statistically significant (difference between means p<0.0001).

Discussion

The first transgenic mouse was produced by Gordon in 1980 [32]. By constructing transgenes
that contained GFP cDNA driven by specific promoter sequences the target proteins could now
be identified by detecting the green fluorescence [33]. The use of green fluorescence protein
revolutionized the monitoring of gene expression. Many techniques were used and compared
to optimize the immunohistochemical detection of GFP using conventional [34] and confocal
microscope [35] even in paraffin embedded tissue As more and more studies relying on GFP
appeared there were hints that the transgenes might be silenced depending on age, tissue,
differentiation and many other factors. Mothe et al. [36] compared detection of GFP in
transgenic mice and rats and found that sometimes GFP has to be immunostained to be seen
and suggested the possibility of a partial silencing of the transgene after cell transplantation.
This could potentially occur because of genetic changes in the DNA or alterations in
transcription or translation. DNA methylation is the best known mechanism for silencing a
transgene at the level of DNA [37]. There are also many examples of RNAi-mediated inhibition
of translation and nonmethylation mediated transcriptional gene silencing including the
silencing of the green fluorescent protein. It is not yet known why GFP expression diminishes
or completely shuts down in transgenic animals. It is possible that as cells proliferate and
differentiate the GFP sequence will be noticed at a checkpoint during the cell cycle and marked
to be shut down [38]. Since the expression of GFP varies among cells it is likely that using
traditional detection methods we miss many GFP+ cells. The methods and problems of GFP
detection have been nicely summarized in a recent review [21]. The fact that GFP turns off
may account for many publications in the literature that state that no donor cells were detected
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when using GFP as a reporter gene to label bone marrow [39-41]. This might be a reason why
the literature is so confusing in regards to the question of plasticity and transdifferentiation.

Conclusion

Our experiments demonstrate that on the average we fail to detect half of the cells that express
GFP if we use only traditional immunostaining. It is interesting to note that the cells that are
still strongly fluorescent are microglia — which are known to be of bone marrow origin. We
suggest that the loss of GFP may be a function of differentiation, i.e. the less cells resemble
their bone marrow precursors, the less GFP is expressed. Based on our results, the maximal
GFP sensitivity can be achieved by simply using a dextran backbone secondary antibody (such
as Zymed’s SuperPicture™), which deposits multiple peroxidase sites at the antigenic site and
then visualize using a Tyramidefluorochrome (Invitrogen). This technique enables one to
detect about 90% of all donor cells present using GFP immunostaining - as shown by the Y
chromosome hybridization of gender mismatched transplants. The technique can also be used
to detect any other marker protein in the cells (using the water insoluble tyramide) and then
performing the Y chromosome hybridization to detect all donor cells. Even the number of Y
chromosome positive cells would underestimate the number of all donor-derived cells, since
there is a portion of donor cells that will not have the Y chromosome (or even the nucleus) in
the section. Increasing our detection sensitivity in such a way will hopefully result in settling
many presently unanswered questions and might help resolve the contradictions in the literature
regarding (trans)differentiation of different cell types in a variety of tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A schematic drawing to demonstrate the staining procedure when combining

immunohistochemistry with non-radioactive in situ hybridization histochemistry (ISHH).
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Fig 2.

Comparison of native GFP fluorescence (A) with one-step antibody staining using a GFP
primary and an anti-rabbit-FITC conjugated secondary antibody (B) and then an antibody to
FITC that is preconjugated with HRP and subsequently adding the high affinity substrate
Tyramide that is conjugated to Alexa Fluor 594 (C). (D) is an area enlarged from A, B and C
to demonstrate cells that were not visible before amplification. Bar: 50um (A, B and C) and
25um for (D).
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Fig 3.

Examples of GFP amplification in the brains of mice that underwent GFP bone marrow
transplantation and MCAO ligation. (A) is a field of striatum following immunostaining for
GFP using a primary antibody raised in rabbit. A biotinylated anti-rabbit IgG was then followed
by the ABC reagent and then a tyramide conjugated Alexa-350 was added as a substrate (B).
Arrows point at cells that became visible following the amplification procedure. In another
section, a similar procedure was used, but after the first immunostaining using a rabbit anti-
GFP, the staining was developed with anti-rabbit IgG-Alexa Fluor 488 raised in goat (C). Then
a biotinylated anti-goat 1gG was added followed by the ABC reagent. Finally, an Alexa-594-
Tyramide was used as a substrate that resulted in a red fluorescent deposit (D). High
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magnification image of a cell is shown in native green fluorescence (E), following a one step
immunostaining with Alexa Fluor 594 (F) and then amplified using Tyramide-350. Note the
fine arborization of the cell that was not visible in green (G). (H) shows native GFP fluorescence
followed by an immunostaining in red (1) and it is only after the amplification using 350-
Tyramide that the whole cell is recognized (J) Bar: 25um A-D and 1um (E-J).
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Fig 4.

Amplified GFP immunostaining (green) was performed in the same sections where the Y
chromosome was visualized with FISH (red) (A -D — low magnification and E-H-high
magnification). C and G show an image taken through a dual filter to reveal colocalization of
Y and GFP. D and H are overlaid images through the UV (DAPI) and the red (Y chromosome)
filter to demonstrate the nuclear localization of the Y chromosome. Arrows point at Y
chromosomes that belong to cells with no GFP staining. Bar: 100um (A-D) and 16um (E-H).
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Fig 5.

Comparison of the number of donor derived cells in the brain counted based on native
fluorescence, immunostained fluorescence, following signal amplification and the number of
Y chromosome containing nuclei. Each column represents the average of five animals; sections
were taken at the same coronal level. Median values are significanty different at p<0.0001
using the Friedman non-parametric test.
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