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Imaging of gene expression in living cells and tissues
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Abstract. It is possible to observe gene expression within single cells
using a tetracycline inducible promoter for activation. Transcription
can be observed by using a fluorescent fusion protein to bind nascent
RNA. Ultimately, it is desirable to activate a reporter gene within a
single cell with only photons. This is achieved by preparing a chemi-
cally altered transcription factor that is functionally unable to activate
a reporter gene until it is exposed to photon excitation. We apply
two-photon imaging to visualize tumor cells expressing a transgene
and ultimately this approach will provide the means to activate a
specific gene within a single cell within any tissue to ultimately ob-
serve its functional significance in situ. © 2005 Society of Photo-Optical Instru-
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1 Introduction
It has long been a dream of molecular biologists to study
events in living cells in real time. The ultimate version of this
dream would be to visualize these events within a living or-
ganism so that all the specialized cells could be interrogated
for their unique and diverse molecular interactions. Only
when this dream becomes a possibility will we really under-
stand the factors controlling such diverse processes as gene
expression, intercellular signaling, and cell and tissue remod-
eling, and ultimately the molecular basis of disease.

How then can we begin to approach this goal technologi-
cally? One method is to label genes with reporters so that the
process of gene expression can be visualized by the use of
fluorescent proteins.1 In this scenario, the fluorescent protein
binds to a specific tag on the RNA that is transcribed from the
reporter gene. When the gene is expressed, many nascent
RNA transcripts at the site of the gene cause the gene to light
up as a bright spot in the nucleus indicating that the gene is
“on.” Eventually as the gene transcribes more and more RNA
molecules at the site of the gene, the completed messenger
RNAs �mRNAs� can be seen to leave the site and move out of
the nucleus into the cytoplasm, where they make proteins.2 If
the proteins they make are fused to a fluorescent protein of a
different color from the RNA, the protein and the RNA can be
seen independently. Furthermore, if the gene itself can be
marked with a tag that identifies its location in the nucleus,
the gene, the RNA transcribed from this gene, and the protein
translated from the RNA can all be observed in the living cell
simultaneously.3 This has been accomplished by labeling the
DNA with a protein, Lac I that binds to a specific DNA se-
quence inserted at the site of the gene. The Lac I protein is
fused to red fluorescent protein �RFP� so that the gene locus is
marked with a red spot in the nucleus. We can also insert a
regulatory element that responds to the antibiotic tetracycline
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that enables us to turn on this gene at will. When the gene is
activated to express RNA, the gene turns green, therefore lo-
cating both the red and the green spot coincidently in the
nucleus.4 When the RNA translates the protein after traveling
to the cytoplasm, it makes a fusion protein that is blue and is
targeted to peroxisomes so that it concentrates in discrete
structures and is easy to observe. Therefore, these cells repre-
sent a model system for living cells that can be induced to
display to the microscopist a particular molecular process—
gene expression.

Recent developments have made it possible to observe
such molecular events in tissue cells of live animals. The two-
photon microscope can operate at wavelengths that enable us
to visualize multiple fluorescent proteins.5 Invasion in breast
tumors have been analyzed at subcellular resolution in rat and
in mouse adenocarcinoma that grows in a tumor in the mam-
mary fat pad.6 Single cells within the tumor tissue can then be
observed using an inverted microscope with a high-
magnification objective through which the two-photon beam
is directed. In principle, the cell reporter system described
here can be introduced into tumor cells and tissue culture and
those cells in tumors introduced into the animal to form tumor
tissue.7 The gene could be observed to express when the in-
ducer tetracycline has been fed to the mouse. Ultimately, the
reporter system could be introduced into a mouse so that na-
tive cells could be observed expressing this particular gene.

What would be ultimately desirable would be to turn on a
gene in a cell independent of the other cells surrounding it. In
this way, the effect of expressing the gene could be observed
in the affected cell compared to unaffected cells around it.
This would be a profound way to investigate the effect of
specific genes on cells and their neighbors. For instance, if a
cancer gene were activated in a cell, how would it affect the
cell’s behavior and that of the cells around it? We would be
able to investigate near-term effects if we know the exact time
the gene was activated. Such technology is now within our
1083-3668/2005/10�5�/051406/9/$22.00 © 2005 SPIE
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grasp—the ability to turn on a specific gene in a specific cell
using a beam of light. In this scheme, we have been able to
construct an inactive transcription factor with a chemical
blocking group that can be cleaved with a particular wave-
length of light. Therefore this makes it technically possible to
activate a specific gene in a specific cell. This would enable us
to activate only those cells that are exposed to the wavelength
that we require. If a transgenic mouse contains these compo-
nents, we would be able to activate a single gene in a single
cell anywhere in the animal and then observe the downstream
consequences of this intervention. The power of this tech-
nique would provide a means to determine the function of any
gene anywhere in the animal.

The work presented here details our progress toward
achieving this goal of noninvasive activation and monitoring
of gene expression.

2 Observing Gene Expression in Living Cells
2.1 Cell Line
A stably transfected cell line was established in which an
inducible gene was integrated. The gene contained MS2 stem-
loop sequences in the RNA and Lac operator repeat sequences
in the DNA. The fusion proteins YFP-MS2 �binds to the stem-
loops in the RNA� and CFP-Lac repressor protein �binds to
the Lac operator and repeats in the DNA� were driven by the
weak L30 ribosomal protein promoter so that the free levels
of the fusion proteins in the nucleus were low, to enhance
contrast when they are bound to their iterated targets. The
YFPs that bind to the 24� MS2 sites and the CFP that binds
the DNA repeats were then visible above a homogenous back-
ground of unbound fusion protein �Fig. 1�.

The reporter gene contains an inducible promoter, “Tet
on,” that enables us to turn on the gene at will. The induction
enables us to detect the trafficking of RNA from its site of
synthesis out of the nucleus. The single integration site pro-
vides a focal point for the transcription. Importantly, we have
put the Laci repeats into the gene, upstream from the initiation
site, so that the gene can be detected independent of the RNA
�see Fig. 1�. We demonstrated the robustness of the system by
inducing the reporter and observing transcription by real-time

Fig. 1 Construct used to visualize transcription in living cells. The
construct contains Lac O repeats to identify the gene, a tet trans-
activator driving a CMV minimal promoter, a transcription unit coding
for CFP with a peroxisome targeting sequence, and 24� MS2 sites in
the 3� UTR, followed by a splice site. The Lac O CFP fusion protein
binds the Lac O sites and the MS2-YFP binds the MS2 sites on the
RNA when the gene is induced by doxycycline. �Adapted from Jan-
icki, et al.3�
microscopy �Fig. 2�.
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2.2 Induction of Transcription and Subsequent
Kinetics

The Laci repeats identify the site of the integration. With the
activation of transcription, we observe the decondensation of
the Laci locus, concomitant with the appearance of the YFP-
MS2 binding to the RNA MS2 sites in the nucleus �see Fig.
2�. The transcription site increases in intensity as the poly-
merases load on the gene and begin translocating. After an
amount of time consistent with the gene size, individual tran-
scripts are released from the site �Fig. 3�. The movement of
individual transcripts within the nucleoplasm can be followed
with time. We were able to demonstrate that the particles seen
in the nucleoplasm in fixed cells contain the amount of signal
expected for single RNA molecules, using the identical tech-
nology demonstrated in Fusco et al.2 �Fig. 4�. We then were
able to use 2-D imaging in live cells to visualize the move-
ment of these single mRNAs in real time. By tracking path-
ways of individual nuclear particles we have determined that
these RNAs follow a diffusive pattern of movement �Fig. 5�.
Diffusion coefficients ranged from 0.01 to 0.09 m2/s with
average velocities of 0.3 to 0.8 m/s.

3 Light-Initiated Ecdysteroid-Inducible Gene
Expression System

Although it is now possible to visually observe gene expres-
sion in real time in a living cell, this technology does not
provide one with the ability to control where and when tran-
scription occurs. Temporal and spatial control is conceptually
possible through the application of light in combination with
an appropriately designed photoactivatable �“caged”� mol-
ecule that induces gene expression. However, the require-
ments for the latter molecule are stringent. First, it must in-
fluence only the expression of the gene of interest, preferably
a transgene, since the insertion of the latter is relatively
straightforward. As a corollary, this strategy requires that the
small molecule inducer of gene expression have little or no
effect on mammalian physiology, to simplify interpretation of
the biological consequences of transgene activation. Second,
the compound must be cell permeable. Third, the compound
must contain a key functional group that, upon covalent modi-
fication, results in the loss of biological activity. This key
parameter enables one to render the compound inactive using
a photosensitive moiety. Upon subsequent exposure to a high-
intensity light source, the structure of the original molecule is
restored as is its ability to switch on gene expression.

Ecdysone �1�, and related ecdysteroids, such as ponaster-
one A �2� �Fig. 6� are insect molting hormones that have little
effect on mammalian physiology. The corpus cardiacum in the
insect brain releases a hormone, at various stages of develop-
ment, that signals the prothoracic gland to produce and release
ecdysone. The latter enters cells and induces the formation of
a heterodimer between the ecdysone receptor �EcR� and the
product of the ultraspiracle gene �USP�. The latter complex
subsequently binds to the ecdysone response element in the
promoter region of targeted genes, which in turn, induces ex-
pression and subsequent molting. In 1996, No et al. recog-
nized that this system could be introduced into a mammalian
animal model to elicit the expression of any given transgene
at any point during the life of the organism.9 Albanese et al.

subsequently reported an ecdysone-sensitive mouse model as
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well.10 In these constructs, the animal constitutively expresses
EcR as well as the mammalian homologue of USP �RXR,
retinoid X receptor�. The transgene is not expressed until the
animal is exposed to ecdysone, or its more potent plant ana-
logue, ponasterone A. The ecdysone-inducible mouse fur-
nishes a solution to the problem of temporal control. How-
ever, even with use of tissue-specific promoters, this system is
unable to provide fine spatial control in which the expression
of a specific transgene is activated in one or a few cells sur-
rounded by otherwise nonexpressing cells. The latter is par-

Fig. 2 Induction of gene expression. After a few minutes of exposure t
synthesis turns on at the transcription site �middle row�. Translation
nucleus and is being translated. �Adapted from Janicki, et al.3�

Fig. 3 Single particles of RNA fill the nucleoplasm. The bright tran-
scription site is at the edge of the nucleus. Single RNAs diffuse
throughout the nucleoplasm, presumably until they encounter nuclear

4
pores. �Adapted from: Shav-Tal, et al. �
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ticularly important in the onset of certain disease states, such
as breast cancer. For example, most breast cancers arise via
the oncogenic transformation of epithelial cells that line the
mammary ducts followed by clonal expansion. Although tu-
morigenesis likely proceeds via the transformation of specific

cycline, the gene can be seen to decondense �top row�, and the RNA
protein can be seen after 30 min, indicating the RNA is exiting the

Fig. 4 Particles of GFP in the nucleus are single RNA molecules. Us-
ing methods for detecting single molecules in the cytoplasm,2,8 quan-
tification of nuclear particles reveals that most particles contain single

2

o doxy
of the
RNA molecules. �Adapted from Fusco, et al. �.
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individual cell types in anatomically well defined regions, the
relative tumorigenic potential of different mammary precursor
cells remains a mystery.

In addition to the ecdysone-inducible gene expression sys-
tem described above, several other strategies have been de-
vised to date, including glucocorticoid-, IPTG-, tetracycline-,
and FK1012-dependent systems. However, none of these offer
the fine spatial control that is required to explore the relation-
ship between the array of possible precursor cell types and the
pathogenesis of breast cancer.11 In more general terms, these
inducible gene expression strategies do not enable one to as-
sess the phenotypic consequences of protein expression as a
function of tissue microenvironment. One approach to cir-
cumvent this limitation is the use of light to control when and
where gene activation/protein expression transpires. Cam-
bridge et al. were the first to describe light-induced gene tran-
scription via the preparation of a caged polypeptide transcrip-
tion factor.12 Cruz et al. subsequently reported a caged form of
estradiol, which was used to drive the expression of an
estrogen-response-element-controlled gene.13 Given the previ-
ously described advantages associated with the ecdysone
system,11 we prepared a caged form of ecdysone.14

The family of naturally occurring ecdysteroids enjoys an
illustrious molecular history of several decades of
research.15,16 A wide variety of semisynthetic derivatives have
been prepared and their biological activity surveyed. In gen-
eral, the free hydroxyl groups in ecdysone are important for
biological activity, particularly the hydroxyl moiety at C-2, in
Fig. 6, see 1 and 215,16. Consequently, it occurred to us that
derivatization of this position with a light-sensitive moiety
should produce an inactive ecdysone whose activity can be
subsequently restored on exposure to high-intensity light. One
strategy would be to selectivity acylate the C-2 position,
thereby producing an ester moiety. However, we were con-

Fig. 5 Particle tracking of single RNA molecules released from the
through successive frames of the 2-D images with time. This data were
displacement versus time�.
Fig. 6 Ecdysone �1� and ponasterone A �2�.
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cerned that the ester moiety might be susceptible to hydrolysis
potentially by nonspecific esterases. An alternative approach,
namely, alkylation of the C-2 hydroxyl, would furnish a more
robust ether moiety. However, although a wide variety of acy-
lated ecdysteroids have been described in the literature, we
knew of no example of an alkylated ecdysteroid. Alkylation
reactions generally require more vigorous conditions than the
corresponding acylations, a potential problem given the
known susceptibility of ecdysteroids to dehydration. Indeed,
we found that a wide variety of reaction conditions resulted in
the formation of various ecdysteroid decomposition products.
We ultimately examined an extremely mild method for gen-
erating ethers that has been extensively employed in sugar
chemistry.14 The chemistry takes advantage of the presence of
the C-2/C-3 diol pair positioned on the A ring of the ecdys-
teroid �the corresponding vicinal diol at C-20/C-22 is less
reactive�. The stannylene acetal of 1 �compound 3� was gen-
erated in situ and subsequently alkylated with 4 to produce the
caged ecdysteroid 5 in 90% yield.14 Monoalkylation occurred
specifically at the desired C-2 position, as assessed by a com-
bination of double-quantum filtered-correlated spectroscopy
�DQF-COSY�, heteronuclear single-quantum correlation
�HSQC�, and heteronuclear multiple-bond correlation
�HMBC� nuclear magnetic resonance �NMR� spectroscopies.
Reassuringly, exposure of 5 to illumination from a Hg arc
lamp, using a low-wavelength cutoff filter
��348 nm� and an IR filter, regenerated the uncaged biologi-

iption site. An algorithm was designed to follow an RNA molecule
sed to show4 that the movement fit diffusion equations �mean squared

Fig. 7 Preparation of caged ecdysone 5 and its subsequent photolysis
transcr
then u
to active ecdysteroid.
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cally active ecdysone 1 �60% conversion�.
We transiently transfected the 293T cell line with two

plasmids.14 The first codes for constitutively expressed EcR,
whereas the second contains a luciferase gene that is coupled
to a promoter with an embedded ecdysone response element.
The caged ecdysone 5 was added to the transfected 293T cells
and the induction of luciferase activity in the presence and
absence of light was noted �Fig. 8�. Cells exposed to ecdysone
1 display a nearly 100-fold induction of luciferase. As ex-
pected, the caged analog 5 is essentially inactive. However,
compound 5, in combination with a 1-min exposure to a high-
intensity light source, induces a dramatic enhancement in lu-
ciferase production, which is approximately 60% of the ex-
pression the bioactive ecdysone 1. The latter is consistent with
our observation that a 1-min photolysis time window converts
approximately 60% of the caged derivative 5 into its bioactive
counterpart 1. Finally, photolysis in the absence of the caged
ecdysone fails to induce luciferase production. As an aside,
ponasterone A is significantly more potent as an inducing
agent than ecdysone, generating gene expression levels that
are as much as 100-fold higher10 �i.e., 10,000-fold versus un-
treated sample�. Consequently, we expect the corresponding
caged analogue of 2 to exhibit properties that are even more

Fig. 9 Activation of the caged ecdysone by light: �A� transfected 293
expression; �B� transfected 293T cells were exposed to 5, spot illumin
�C� the experiment as described in �B� outside of the region of illumina

14

Fig. 8 Luciferase expression in 293T-treated cells transiently trans-
fected with plasmids that code for constitutively expressed EcR/RXR
and inducibly expressed �with ecdysone� luciferase. Cells exposed to
�a� Buffer alone �containing 2% MeOH�, �b� 100-�M ecdysone �2%
MeOH�, �c� 100-�M caged ecdysone �2% MeOH�, �d� 100-�M
caged ecdysone �2% MeOH�+1 min h�, and �e� 2% MeOH
+1 min h�.
Lin, et al. �
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dramatic than 5. Furthermore, although relatively long illumi-
nation times �several minutes� are often required for photoun-
caging purposes in large cell populations in culture, light ex-
posure times can be reduced to a few seconds or less when
compounds in individual cells are photouncaged under the
microscope. The latter is simply a consequence of the high
photon flux that is generated under microscopic conditions
through a relatively narrow spatial window. Consequently, our
expectations are that single cell uncaging in vivo using the
proper caged ecdysteroid should require only a brief pulse of
light to generate a robust response.

The results outlined in Fig. 8 reveal that gene expression
can be induced at any time of our choosing. However, addi-
tional temporal questions remained, namely, the time depen-
dence of expression. To address the latter, we preincubated the
293T cells with the caged ecdysone 5 for 16 h, photolyzed for
1 min, and subsequently lysed at various time points follow-
ing photolysis.14 Maximal gene expression was observed after
16 h. An especially important question concerned whether
photouncaging occurs inside cells. If photouncaging tran-
spired only in the extracellular environment, then fine spatial
control might be lost. Cells were preincubated with 5 and the
media subsequently removed. Following washing of the cells
with phosphate buffered saline, an ecdysone-free media was
added. Cells were photolysed, incubated to various time
points, and tested for luciferase activity. An increase in ex-
pression levels as a function of time was observed, which is
consistent with the notion that that caged ecdysone 5 is intra-
cellularly liberated.

Although the light-activated ecdysteroid gene expression
system has the potential to furnish a more finely tuned tem-
poral control over gene expression than the corresponding
standard ecdysteroid system, it is in the area of spatial control
that caged transcription factors enjoy the greatest potential.
We explored the latter possibility by examining whether the
combination of 5 and spot illumination generates spatially dis-
crete gene activation in a multicellular environment14 �Fig. 9�.
A series of experiments were conducted to compare and con-
trast the level of spatial control available with the light-
activated system versus its conventional counterpart. The as-
say simply involved the exposure of transiently transfected
293T cells to ecdysone or its caged counterpart, followed by
washing to remove extracellular ecdysteroid. Cells were then
either illuminated for 10 s or kept in the dark and then incu-
bated for 16 h. Finally, the cells were fixed, permeabilized,
exposed to a luciferase antibody, and stained with an Alexa-

s were exposed to ecdysone and subsequently probed for luciferase
�0.25 mm2� for 10 s, and then probed for luciferase expression; and

lympus IX-70 at 10�; numerical apeture �NA� of 0.3�. �Adapted from
T cell
ated �
tion. �O
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labeled secondary antibody. Luciferase expression was ob-
served throughout the general cell population on exposure to
ecdsyone �Fig. 9�A��. By contrast, cells incubated with the
caged analog 5 under identical conditions failed to exhibit
detectable luicferase expression. However, luciferase expres-
sion was induced in a spatially specific fashion by exposing
the entire cell culture to 5, subsequently replacing the media
with fresh media to remove extracellular 5, and spot illumi-
nating the ��0.25 mm2� culture dish. Only those regions ex-
posed to UV light display luciferase production �Figs. 9�B�
and 9�C��, which validates the notion that gene expression can
be spatially controlled in a multicellular environment.

4 Toward a Two-Photon Sensitive Ecdysteroid
System

One of the difficulties associated with the use of one-photon
uncaging in whole animals is that illumination with 300- to
400-nm light has poor tissue penetration due to the presence
of endogenous absorbing chromophores. Furthermore, con-
ventional photolytic uncaging requires excitation throughout
the bulk of the sample. Although both confocal imaging and
computer deconvolution can be effective in virtually eliminat-
ing out-of-focus light from thick objects, which is necessary
for intravital imaging, these techniques do nothing to alleviate
another major problem of intravital imaging, excitation of the
entire axial volume of irradiation causing excessive uncaging
and phototoxicity. Multiphoton technology represents an el-
egant solution to the difficulties associated with single photon
uncaging. Excitation is confined to only the optical section
being observed.17 Under multiphoton conditions, a sample is
illuminated at a wavelength approximately twice �or three
times� the wavelength normally absorbed by the
chromophore.18 If a chromophore absorbs two �or more� pho-
tons within 1 fs, then the energies associated with these pho-
tons are combined and absorbed by the chromophore. Conse-
quently, the absorption of two photons of long wavelength is
equivalent to the absorption of one photon at half the wave-
length. In the case of green fluorescent protein �GFP�, which
has an absorption peak at approximately 480 nm, 960-nm
light can be used for excitation. Essentially no excitation of
the fluorophore will occur at the 960-nm wavelength out of
the plane of focus because this wavelength is so far removed
from the GFP peak excitation wavelength and the photon den-
sity is too low for multiphoton excitation. In addition, neither
bleaching nor uncaging will occur, nor will phototoxic prod-
ucts be generated in the bulk of the sample. A high-peak-
power laser source is used to deliver pulses that are shorter
than a picosecond so that the peak-mean-power levels are
moderate and do not damage the specimen. One of the clear
advantages associated with the use of long-wavelength light is

Fig. 10 The coumain-based derivatives 6 �where X=-O2CR,
-O2P�OR�2, or -O2CNHR are sensitive to photolysis whereas 7 is not.
significantly deeper tissue penetration. For example,
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multiphoton-generated cerebral cortex images of live rats
were collected at depths of �0.6 mm below the surface pia—
hundreds of m deeper than previously imaged using confocal
microscopy.19 With this source, the photon density only at the
point of focus will be sufficiently high for significant numbers
of two- and three-photon events to occur to generate fluores-
cence. Similar arguments apply to the use of the multiphoton
light path in uncaging that localizes the uncaging reaction to a
single optical plane thinner than the dimensions of a single
cell.

With the preceding comments in mind, it is clear that the
single-photon-sensitive ortho-nitrobenzyl moiety used to cage
ecdysone �i.e., 5� is less than suitable for live animal studies.
A photolabile-protecting group containing a large two-photon
absorbance cross section was recently introduced as a caging
agent �6� �Fig. 10�.20 Although 6 holds significant promise for
in vivo studies, it has been used to cage only a limited number
of functional groups �e.g., carboxylate �6a, X=—O2CR�,
phosphate �6b, X=—O2P�OR�2�, and carbamate �6c, X
=—O2CNHR�. By contrast, aliphatic alcohols fail to undergo
photocleavage when caged with the coumarin moiety �e.g., 7�.
Photoliberation likely proceeds via an SN1 mechanism, which
would limit cleavage to functionality that are good leaving
groups21 �e.g., 6a to 6c�. We reasoned that it should be pos-
sible to promote the photodeprotection of a coumarin-caged
aliphatic alcohol if the latter were to lie adjacent to an
electron-rich center that could assist the cleavage process. In-
deed, we found that aliphatic ethers, when present as a com-
ponent of 1,2- and 1,4-acetals, undergo light-initiated
cleavage.22 A possible mechanism of photocleavage is pre-
sented in scheme 2 �Fig. 11�. Ecdysone and ponasterone A
possess 1,2-diols as well. Consequently, we anticipate that the
corresponding acetals of 1 and 2, respectively, should be sen-
sitive to uncaging by two-photon technology as well. How-
ever, unlike the ether linkage in compound 5, acetals are po-
tentially susceptible to decomposition. This could result in the
adventitious formation of active ecdysteroid and thereby gen-
erate a high background in the absence of light. Indeed, even
simple esters are susceptible to decomposition. For example,
an o-nitrobenzyl-caged ester derivative of glutamic acid dis-
plays a half-life of less than 20 h in the absence of light.20 The
corresponding coumarin-caged ester analog of glutamic acid
suffers 50% hydrolysis within20 2 days. By contrast, we are

Fig. 11 The coumarin acetal 8 undergoes photo-uncaging via an SN1
mechanism.
unable to observe any hydrolysis of the 1,2- and 1,4-acetal
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ring systems under physiological conditions after 2 weeks. In
short, the acetal caging system is hydrolytically inert at neu-
tral pH, bears a large two-photon absorbance cross section,
and is applicable to the 1,2-diol structural arrangement
present in ecdysteroids.

5 Theoretical Considerations
For two-photon illumination, the number of atoms N uncaged
following photoexcitation can be determined from23,24

N �
�I2N�T

F�
,

where � is the two-photon absorption cross section measured;
I is the intensity; N� is the number of caged molecules that are
excited by the two-photon illumination; and T is the dwell
time of the exciting pulse that is characterized by pulse width
� and delivered with a repetition frequency F. It is useful to
obtain an order of magnitude estimate for the release of atoms
from a cage that has a relatively large two-photon absorption
cross section equal to 1 GM �1 GM, Göppert-Mayer equals
10−50 cm4 s /photon�. Assuming an excitation wavelength of
500 nm focused by a diffraction-limited microscope objective
with an NA of 1.4, then the cross-sectional area and axial
extent of the beam calculated from the FWHM �full width
half maximum� is approximately A=��0.141 �m�2 and
0.337 �m, respectively, yielding25 an excitation volume ap-
proximately equal to 2�10−17 l ��0.02 fl�. For a beam in-
tensity of 5 mW at the sample, the intensity becomes I�2
�1017 photons/ �s �m2�. The number of caged molecules ex-
cited within this volume is N�=C�1�107�molecules l, where
C is the concentration of caged molecules. For a pulsed
Ti:sapphire laser, the repetition frequency F and pulse width
� are approximately 80 MHz and 100 fs; with a scanning
microscope, the dwell time per pixel might be approximately
T=20 �s. Finally, if we assume an intracellular concentration
of caged molecules, C=100 �M, then the number of uncaged
atoms is of order N=12,000. For a cage with a smaller ab-
sorption cross section, for example, 0.01 GM, then the num-
ber of atoms would be of the order of 120.

Although these atoms are liberated within the focused
beam, they will quickly diffuse from the excitation beam. In
addition to the loss of these molecules, caged molecules will
diffuse into the region and subsequently become uncaged. It is
possible to model this process by solving diffusion-reaction
equations.23

With two-photon excitation, it is possible to limit the pho-
tolysis to within the nuclear volume of single cell. For ex-
ample, Echevarria et al. photolyzed NPE-caged InsP3 within26

the nucleus of SKHep1 cells �1- to 5-mM NPE-caged InsP3
was microinjected into cells with diameter equal to 12 �m�.
Using two-photon uncaging combined with confocal imaging,
they were able to show significant nuclear Ca2+ increase as-
sociated with the photorelease of InsP3 in this region of
the cell. By contrast, changes in cytosolic Ca2+ levels were
negligible.

To produce a high concentration of free PonA in the focal
volume of the illuminating laser, a series of short pulses must
be delivered to photolyze the caged PonA. Following a single

pulse of duration 	t, the ratio of liberated �uncaged� PonA to
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caged PonA will increase as a function of time as 1−exp
�−Rq	t�, where R is the average photoexcitation rate per mol-
ecule �R is proportional to the intensity for one photon exci-
tation and to the intensity squared for two-photons�, and q is
the quantum yield for the release. Assuming that excitation
saturation is negligible, a continuous train of pulses may be
used to build up a steady state concentration of free PonA.

Following liberation from the cage, free PonA will diffuse
from the focal volume �approximately a femtoliter for two-
photon excitation at moderate numerical aperture�. The con-
centration gradient C produced should be analogous to that
produced from a pipette that is injecting x molecules/s for a
time 
t �N=x 
t� with a diffusion constant D as given by the
following equation:

C�r,t� =
N

�4�Dt�3/2exp�−
r2

4Dt
� .

Therefore, the maximum pulse of PonA at a distance r from
the center of the focal volume will be delivered at a time
t=r2 /6D and is equal to C=0.07 N /r3. Following this maxi-
mum pulse, the concentration decreases as an error function.

Compared with uncaging in the nucleus, where we antici-
pate very rapid diffusion to the Lac I target, uncaging in the
cytoplasm will not have as extremely rapid an effect. Because
of the lipophilic nature of steroid hormones, if the uncaging
beam is focused in the cytoplasm, free PonA will readily enter
the nucleus through the nuclear pores by simple diffusion.
Once in the nucleus, PonA will bind27 to form a nuclear het-
erodimer complex with USP �PonA binds with high affinity
KD�1 nM�. Although free PonA will diffuse across the
nuclear envelope, we assume the nuclear envelope is rela-
tively impermeable to the heterodimer complex. Therefore, it
will ultimately associate with the ecdysone responsive ele-
ment and subsequently drive gene expression.

6 Intravital Imaging: A Comparison of Confocal
and Multiphoton Microscopes

We described a method for providing a detailed characteriza-
tion of the behavior of cells within intact normal tissue and
primary tumors in live animals using advanced multiphoton
imaging.6,28 The method is direct and inherently quantitative,
enabling the direct quantification of behavior parameters such
as directionality of cell movement toward histological land-
marks, velocity and persistence of cell motility in vivo, and
the motion of particles inside cells in vivo. A comparison of
the laser scanning confocal microscope with the multiphoton
microscope for imaging of primary mammary tumors was
done in live anesthetized rats with 2.5-week-old mammary
tumors induced by injecting the GFP-expressing cells into the
mammary fat pad.29 The nonmetastatic and metastatic tumor
cell lines used in these experiments were the MTC and
MTLn3 lines, respectively. These cell lines represent a well-
characterized cell pair that were derived from the same tumor
and that retain their relative metastatic phenotypes after pro-
longed culture.30,31 These cell lines were each prepared to
constitutively express GFP. On subcutaneous injection of
these cells into the mammary fat pad of female Fischer 344
rats, primary tumors form that fluoresce when excited with

7
488-nm light, enabling the observation of single cells.
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In both imaging light paths shown in Fig. 12, the live
animal was under anesthesia, on either a laser scanning con-
focal microscope or a multiphoton microscope.28 Figure
12�A� shows two series of optical sections obtained by step-
ping at 12-�m intervals through a primary tumor in a live
animal. The left series was obtained with the conventional
confocal microscope, and the series on the right was obtained
with the multiphoton microscope using a commercial
Ti:sapphire laser and an external detector to avoid the con-
focal pinhole. A comparison of these two z series demon-
strates the superiority of the multiphoton microscope in pen-
etrating deep within the live tissue to generate high-resolution
confocal images. The greater depth of imaging of the multi-
photon microscope compared to the confocal microscope is
impressive when one considers that the z series obtained with
the multiphoton was started 36 �m inside of the primary tu-

Fig. 12 Comparison of single- and multiphoton microscopy. �A� Depth
�shown in each panel� were obtained with the confocal �left� and mu
�arrows�, and collagen and elastin matrix is seen as multiphoton-exci
microscope only. �B� Photobleaching in live tumors. A second identi
relative bleaching of GFP fluorescence in the live primary tumor. The
multiphoton images suffered no perceptible bleaching.29 Magnificatio
mor and not at the surface, the point at which the signal from
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the confocal has fallen away. Hence, while the deepest useful
image possible with the conventional confocal was �40 �m,
we obtained high-resolution images from depths greater than
300 �m with the multiphoton microscope. In addition, the
SNR does not fall off significantly throughout the z series
obtained with the multiphoton microscope.

Figure 12�B� shows two series of optical sections identical
to those in Fig. 12�A�, but repeated to demonstrate the relative
amount of bleaching occurring on reexposure of the same
optical planes to laser light. The confocal z series on the left is
significantly bleached by repeated imaging while the multi-
photon z series on the right has a usable SNR at all depths.
Therefore, the bleach rate is much less in the multiphoton
microscope. In addition, these results demonstrate that, with
the imaging conditions used to document cell behavior in this
study, bleaching does not affect the interpretation of the

ging in live tumors. Two z series of optical sections at 12-�m intervals
n �right� microscopes. Individual cells are seen as GFP-positive cells

ofluorescent fibers �double arrow�, the latter seen in the multiphoton
eries of the same field shown in �A� was performed to evaluate the
f the confocal images is unacceptable at all levels, while that of the

30 �m. �Adapted from Wang, et al.28�
of ima
ltiphoto
ted aut
cal z s
SNR o
images.

September/October 2005 � Vol. 10�5�8



Singer et al.: Imaging of gene expression in living cells …
This experiment illustrates the advantages of using the
multiphoton microscope compared to conventional confocal
�and therefore epifluorescence� microscopy in the excitation
and emission light paths and therefore the uncaging light path.
Excitation and emission of CFP, GFP, and second-harmonic
scattered light of 450 nm �from extracellular matrix� is rou-
tinely performed with the laser in this light path in whole
tissue in live animals with 1-�m z-dimensional resolution.
Scan rates of two full fields per second are possible.

7 Conclusion
We described an RNA reporter system and gene-marking
technology that could be capable of activating and following
RNA synthesis in real time. We also designed and synthesized
a light-activatable form of ecdysone and showed its suitability
for the light-dependent control of gene expression in cultured
cells. Finally, we performed an array of intravital imaging
experiments using multiphoton excitation that demonstrates
its ability to image deeper and with less phototoxicity versus
conventional confocal systems. All of the technologies �caged
ecdysteroids, engineering of cells, and multiphoton intravital
imaging/illumination� are now in place to assess the feasibil-
ity of spatially discrete, light-driven, gene activation in cells
and in tissues of whole animals.
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