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commercial availability of multiphoton microscope systems has nur-
tured the growth of intravital microscopy as a powerful technique for
evaluating cell biology in the relevant context of living animals. In
parallel, new fluorescent protein (FP) biosensors have become avail-
able that enable studies of the function of a wide range of proteins in
living cells. Biosensor probes that exploit Forster resonance energy
transfer (FRET) are among the most sensitive indicators of an array of
cellular processes. However, differences between one-photon and
two-photon excitation (2PE) microscopy are such that measuring
FRET by 2PE in the intravital setting remains challenging. Here, we
describe an approach that simplifies the use of FRET-based biosensors
in intravital 2PE microscopy. Based on a systematic comparison of
many different FPs, we identified the monomeric (m) FPs mTurquoise
and mVenus as particularly well suited for intravital 2PE FRET
studies, enabling the ratiometric measurements from linked FRET
probes using a pair of experimental images collected simultaneously.
The behavior of the FPs is validated by fluorescence lifetime and
sensitized emission measurements of a set of FRET standards. The
approach is demonstrated using a modified version of the AKAR
protein kinase A biosensor, first in cells in culture, and then in
hepatocytes in the liver of living mice. The approach is compatible
with the most common 2PE microscope configurations and should be
applicable to a variety of different FRET probes.

two-photon excitation; Forster resonance energy transfer; fluorescent
proteins; intravital microscopy; biosensor probe; PKA activity

THE IMAGING OF CELLULAR ACTIVITIES Within the tissues of live
animals using 2-photon excitation (2PE) microscopy has be-
come a powerful tool for determining how cells function in
their natural environment (43, 11, 6). Since measurements of
cellular activities obtained by intravital microscopy (IVM) are
made in the context of intact tissue within the living organism,
they can provide a unique perspective on disease processes and
the evaluation of therapeutic strategies. The use of exogenous
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fluorophores, including the fluorescent proteins (FPs), to gen-
erate image contrast has greatly enhanced the utility of IVM
(25). Of particular interest are the genetically encoded fluores-
cent reporters, known as biosensor proteins, which allow non-
invasive monitoring of the spatial and temporal regulation of
cell signaling or metabolic events in situ. The biosensor pro-
teins combine reporter modules containing the FPs with sens-
ing units that are designed to detect specific cell events, such as
the activity of kinases, or the binding of small molecules or
protein ligands. Many of these biosensor probes rely on Forster
resonance energy transfer (FRET) to report the changes in
protein conformation or spatial orientation that accompanies
the targeted cellular event (5, 19, 37, 39, 40).

These FRET-based biosensor proteins have been exploited
extensively in 1-photon excitation (1PE) microscopy but have
failed to gain traction in 2PE IVM for several reasons. First,
some FPs commonly used in 1PE studies are only weakly
excited by 2PE, particularly over the wavelengths provided by
the titanium-sapphire lasers used in the vast majority of 2PE
microscope systems. Second, many FPs exhibit complex be-
haviors under multiphoton excitation, and these are often
difficult to predict (3, 14, 23). Third, the utility of FRET-based
biosensors is confounded by the broad 2PE absorption spectra
of FPs (6), which makes it difficult to selectively excite the
donor FP of the FRET pair. The resulting spectral cross talk
complicates the measurements of FRET by sensitized emission
and requires cross talk correction methods specifically devel-
oped for 2PE (24). For example, the quantification of FRET
from independently produced donor and acceptor probes re-
quires systems equipped with two separate infrared lasers and
elaborate cross talk correction methods involving collection of
multiple images (24). This problem is partially mitigated when
using the linked biosensor probes, since the ratio of the donor
to the acceptor is fixed, and the cross talk background is
constant.

The use of 2PE creates additional challenges for other
methods that are commonly used in 1PE microscopy to deter-
mine FRET efficiency. For example, the approach of acceptor
photobleaching under 2PE is challenging since it is not possi-
ble to selectively excite and bleach only the acceptor FP. The
problems of spectral cross talk can be avoided by measuring
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the changes in the donor fluorophore lifetime that result from
FRET (38), but few investigators have access to a time-
resolved 2PE microscopy system. Finally, each of these ap-
proaches is time-consuming, requiring extended integration, or
collection of multiple images, making them susceptible to
motion-induced artifacts in [IVM. What is needed for practical
2PE measurements of biosensor activity is a FP pairing with
optimal behavior, but with minimal 2PE cross talk. This would
allow ratiometric measurements from images collected by IVM
using a single 2PE wavelength and also permit a straightfor-
ward cross talk correction to determine of the FRET efficiency.

The cyan and yellow FPs have long been favored for
FRET-based imaging studies because of their strong spectral
overlap. Previous studies characterizing these probes for mul-
tiphoton FRET experiments clearly demonstrated that wave-
lengths near 800 nm were best for selective excitation of CFP
over YFP (43). The early versions of the enhanced cyan and
yellow FPs (ECFP and EYFP), however, had a number of
deficiencies that limited their use for quantitative live-cell
imaging approaches (31). Efforts to improve the photophysical
characteristics of ECFP by directed mutagenesis yielded a
brighter variant called mCerulean (28). Similar approaches
were also used to address the deficiencies of EYFP, yielding
mVenus (20) and mCitrine (9). Studies of the 2PE character-
istics of mCerulean and mVenus showed that excitation at 820
nm reduced the cross talk excitation of mVenus (29). However,
mCerulean still has problems associated with photostability
(32) and photo-switching behavior (32, 17). To address these
shortcomings, mutagenesis was used to substitute residues that
influence the planarity of the chromophore, yielding new cyan
FPs called mCerulean3 (17) and mTurquoise (7). These cyan
FPs are brighter and more photostable than mCerulean and
have single-component fluorescence lifetimes (4). These newer
generation cyan and yellow FPs share the spectral overlap
required for efficient energy transfer, and the improved photo-
physical characteristics make them most useful for the mea-
surement of FRET.

Here, we systematically evaluate and characterize a number
of different FPs for their 2PE characteristics and their suitabil-
ity when paired for FRET-based biosensor probe applications.
Our studies demonstrate that the optimized monomeric (m)
Turquoise (7), and mVenus (20) share regions of minimal
overlap in their 2PE spectra, making them suitable candidates
for 2PE FRET probes. To validate the use of these probes for
IVM, a series of linked FRET standards were developed and
the FRET measurements by 2PE were confirmed by fluores-
cence lifetime and acceptor photobleaching methods. These
studies demonstrated that FRET probes based on mTurquoise
and mVenus enable a simple and robust method for measuring
FRET activities in living animals, based on ratiometric mea-
surements obtained from a two-channel 2PE image collected
with a single excitation wavelength. We demonstrate that this
approach allows the noninvasive and spatiotemporal detection
of FRET-based biosensor activities in intact mice using a
standard multiphoton microscope system.!

! This article is the topic of an Editorial Focus by Randall Lindquist and
Raluca Niesner (15a).
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MATERIALS AND METHODS

Plasmid DNAs and viral vectors. The cDNA sequences encoding
the mT-Sapphire, mCerulean, mCerulean3, mTurquoise, mTur-
quoise2, mTFP1, mVenus, mNeonGreen, Clover, mKO2, and
mRuby?2 proteins are in the Clontech C1 or N1 plasmid vectors. When
expressed individually, the N1 versions with the termination codon at
the immediate end of the FP were used. The plasmids encoding the
mCerulean-mVenus FRET standards were obtained from Dr. Steven
Vogel (National Institutes of Health, Bethesda, MD) and are available
from Addgene (Cambridge, MA). Dr. Jin Zhang (Johns Hopkins
University) provided the A-kinase activity reporter 4 (AKAR4) plas-
mid. Recombinant DNA methods were used to replace the sequence
encoding mCerulean with that for mTurquoise in the FRET standards
and in AKARA4. All plasmid inserts were confirmed by direct sequenc-
ing.

The adenovirus (Ad) CMV-Turq-AKAR4 vector was made using
the AdEasy system (16). Briefly, sequence encoding Turq-AKAR4
gene was inserted into the pShuttle-CMV vector, which contains some
portions of Ad DNA. The resulting pShuttle-CMV-Turqg-AKAR4
vector was linearized with Pmel and recombined with AdEasyl in
BJ5183 bacterial cells via homologous recombination. The recombi-
nant Ad DNA harboring Turq-AKAR4 gene was digested with Pacl
to expose inverted terminal repeats of Ad, and then propagated in
human embryonic kidney (HEK)293 cells for generation of Ad-CMV-
Turq-AKAR4 vector. The Ad-CMV-Turq-AKAR4 vector was puri-
fied by two rounds of CsCl density centrifugation, dialyzed, and
stored at —70°C in PBS buffer containing 10% glycerol. The virus
titer (1.28 X 10'? particles/ml) was determined by measurement of
optical density at 260 nm and by counting the fluorescence-positive
cells post infection (1 X 10! infectious U/ml).

Cell culture and transfections. HEK293 cells were maintained in
monolayer culture and harvested at 80% confluence. The cells were
transfected either using X-tremeGene HP DNA transfection reagent
(Roche Diagnostics) or by electroporation. Mouse fetal cardiomyo-
cytes were isolated from hearts harvested from day 15 embryos by
enzymatic digestion with 0.2% collagenase type II in PBS. The
enzymatic digestion was stopped after 75 min by diluting the cell
suspension with culture medium (DMEM supplemented with 10%
FBS, 5 mM Na-pyruvate, 50 pg/ml streptomycin and 50 U/ml
penicillin). The cells were maintained in four-well Lab-Tek II cham-
bered coverglass (1.5 borosilicate glass; Thermo Fisher Scientific,
Waltham, MA) and incubated in 5% C0,-95% O, at 37°C.

Two-photon microscopy. Nearly all microscopy studies were con-
ducted using an Olympus FV1000 inverted IX 81 spectral type laser
scanning confocal microscope modified for two-photon excitation
with the addition of a MaiTai Ti-sapphire laser (Spectra-Physics,
Santa Clara, CA), a Pockels cell electro-optical attenuator (Conoptics,
Danbury, CT), a Keplerian collimator/beam expander, and three
gallium arsenide phosphide detectors (Hamamatsu, Middlesex, NJ).
Some of the spectral scanning studies (Fig. 1) were conducted using
an Olympus FV1000 MPE inverted IX 81 spectral type laser scanning
confocal/multiphoton microscope system equipped with a MaiTai
DeepSee Ti-sapphire laser (Spectra-Physics). Fluorescence was col-
lected via descanned detectors, using emission filters optimized for
each fluorescent protein. Purified FPs (in PBS plus 0.1% BSA solu-
tion) or transfected cells (in DMEM-F12 without phenol red) were
imaged in Lab-Tek II 2-well chambered coverglasses using an Olym-
pus X60, 1.2 numerical aperture (NA) water immersion objective.
The 2PE fluorescence excitation spectra were obtained by measuring
fluorescence emissions over a range of excitation wavelengths using a
constant detector gain. The laser power was measured at the specimen
plane for each excitation wavelength using a PM100D power meter
with \ correction (Thorlabs, Newton, NJ), and adjusted to a constant
value.

Intravital microscopy. IVM was conducted as previously described
(30) using the modified Olympus FV1000 system described above
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with a X25, NA 1.05 XLPN water immersion objective. Studies were
conducted using 11- to 12-wk-old C57BL/6 mice, obtained from
Jackson Laboratories (Bar Harbor, ME). In vivo expression of
AKAR4.1 was accomplished by viral transduction, via tail vein
injection of the Ad-CMV-Turq-AKAR4 vector (4.8 X 10'° viral
particles in 200 wl saline per mouse). Seven days after adenovirus
injection, mice were fasted for 3 h, anesthetized with isoflurane, and
surgically prepared for intravital microscopy. A 2-cm ventral incision
was placed just 1 cm below the rib cage to expose the liver, and a
small section of PE5S0 tubing was secured in the abdominal cavity for
intraperitoneal injection of glucagon on the stage of the microscope.
The left lateral lobe of the liver was carefully lifted and secured to a
glass-bottom plate. The mouse was then placed ventral side down on
a heated microscope stage and covered with a warming blanket. After
identifying an appropriate field of fluorescent cells, a series of image
volumes (10 focal planes spaced 1 wm apart) were collected contin-
uously just before and for 15 min following the intraperitoneal
injection of 200 wg/kg glucagon, using a heated Olympus X20, NA
0.95 objective. All studies were approved by the Institutional Animal
Care and Use Committee of Indiana University School of Medicine
and conformed to the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health (NIH Publica-
tion No. 85-23, Revised 1996).

Digital image analysis. Quantitative image analysis was carried out
using MetaMorph image processing software (Molecular Devices,
Sunnyvale, CA). The relative 2-photon excitation spectra were con-
structed from the average fluorescence intensity values at the various
wavelengths for the purified FPs or for the selected regions of interest
(ROI) within the imaged cells. To quantify the average fluorescence
intensity, the images collected in channel I and channel 2 were
assembled to separate stacks in MetaMorph. The image planes in a
given stack were aligned, and background fluorescence of each plane
was measured in a random field outside of cells and subtracted from
the corresponding plan for all plans. Then, ROIs with relatively
uniform fluorescence within a given cell were selected, and the
average fluorescence intensity within these regions was quantified.
The same regions were used for both channel I and channel 2. The
normalized average fluorescence intensity values were calculated for
each selected region and then pooled and averaged with those derived
from other cells. All the FRET quantifications including FRET effi-
ciency (Errer) calculations are based on background-subtracted im-
ages without any further processing.

Here, the cells expressing the individual FPs or the FRET standards
are used to characterize 2PE spectral cross talk components for the
donor (mTurquoise) and acceptor (Venus) excitation at 810 nm. The
B and A correction factors for the Turquoise emission cross talk and
the Venus direct excitation cross talk, respectively, allow the deter-
mination of the corrected FRET signal (2).

FRET,,, = FRET,,, — ASBT — DSBT ()

corr

which is related to the intensity (/) signal as:
FRET o = Iprer — A * Iprer — B * 1 Turq )

Using 810 nm 2PE of cells expressing mTurquoise alone allowed
determination of the B correction factor (0.295 = 0.002). Similarly,
cells expressing only mVenus were measured at both 810 nm and 960
nm, and acceptor cross talk component was determined to be 0.030 =
0.001. Next, the FRET standards (Fig. 2), as well as cells expressing
a mixture of mTurquoise and mVenus, were used to determine the
average Iven-s10/lven-960 Of 0.344 = 0.046. From this, the correction
for acceptor intensity at 810 nm was determined to be 2.91 * 0.39.
Thus, the correction factor A is 2.91 X 0.03 = 0.087 %= 0.01 and the
FRET .. can be defined as:

FRET o = Ipggr — 0.087 * Ipggy — 0.295 * Ipyq 3
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Visualization of FRET signals in images, subsequent processing,
FRET image analysis, and generation of ratio images of FRET/
Turquoise were performed as described by Broussard (2). The cor-
rected FRET signal is determined using Eg. 3 in RESULTS. The ratio
image of FRET/Turquoise is calculated from the equation:

FRET/Turquoise
= [FRET oy * 1, 000/ Iy crrer,, 3/ Trs10 * 1 000/ Inay (1810 | * 100
4

Both the numerator (FRET,.) and denominator (/1.g10) are normal-
ized to the corresponding maximum gray values (Imax). Since the pixel
values of nonfloating point images are integers, the factor of 100 is
included in the resultant ratio images to avoid fractional pixel values
in 8-bit images for visualization.

The 2PE FRET efficiency is calculated as previously described (24,
26, 2) using the equation:

E= Dlosl/Dlolal = D]ost/(Dlosl + Dremains) (5)

where
D]ost = FRETcorr * (QYd/QYa) * (Sd/sa) * (Gd/Ga)’ and Dremains
= ITurq—810 (6)

QY4 and QY, denote the quantum yields of the donor and acceptor,
respectively, where the quantum yield ratio for Turquoise and Venus
is 1.474 (7, 20). Sq4 and S, denote the spectral sensitivities of the donor
and acceptor channels. The Sq4/S, ratio is approximated by the band-
width ratio of channel 1 and channel 2, which is set to 2/3. G4 and G,
are the detector gains for the donor and acceptor emission channel.

FLIM measurements. The fluorescence lifetime measurements are
made using the ISS Alba FastFLIM system (ISS, Champagne, IL)
coupled to an Olympus IX71 microscope equipped with a X60, 1.2
NA water immersion objective lens. A Pathology Devices (Pathology
Devices) stage top environmental control system maintains the tem-
perature at 36°C and CO, at 5%. For FD FLIM using the cyan and
yellow FPs the 5 mW 440 nm diode laser is modulated by the Alba
FastFLIM system at a fundamental frequency of 10 MHz, with
additional measurements at 13 sinusoidal harmonics (10-140 MHz).
The modulated laser is coupled to the confocal scanning system,
which is controlled by the VistaVision software (ISS). The fluores-
cence signals emitted from the specimen are routed by a 495 nm long
pass beam splitter through the 530/43 nm (acceptor emission) and
480/40 (donor emission) band-pass emission filters, and the signals
are detected using two identical avalanche photodiodes. The phase
delays and modulation ratios of the emission relative to the excitation
are measured at each pixel of an image for each frequency. The most
accurate lifetime determinations are obtained by analyzing the first 12
frequencies (10—-120 MHz), with the quality of the fit judged by the
reduced x? values for the multifrequency response curves (4). The
ratio of the donor lifetimes determined in the absence (Tp) and in
the presence of the acceptor (Tpa) provides a direct estimate of FRET
efﬁciency (EFRET) by

Epggr = (1 - TDA/TD) (7)
RESULTS

Identification of optimal FPs for 2PE biosensor probes. To
identify FPs with properties that are optimal for 2PE IVM
measurement of FRET-based biosensor activities, we charac-
terized a series of blue to green FPs as potential donor fluoro-
phores for these probes (Fig. 1A). Although the titanium
sapphire lasers used in most current 2PE microscope systems
are capable of providing emissions over a range of approxi-
mately 700 nm to 1,050 nm, optimal power is found in the
range between 800 and 900 nm. Accordingly, we focused on
donor fluorophores with 2PE in this range. Acceptor fluoro-

AJP-Cell Physiol - doi:10.1152/ajpcell.00182.2015 - www.ajpcell.org

/102 ‘o€ Arenuer uo #'££°02z 0T Aq /Bio*ABojoisAyd-|j@adle/:dny woiy papeojumoq



http://ajpcell.physiology.org/

Methods In Cell Physiology

MONITORING FRET-BASED BIOSENSORS IN LIVING ANIMALS C727

—e—mCerulean mTFP1 mVenus

-=—-mCerulean3 EGFP mKO2

—e—mTurquoise Clover —— MRuby2

A T-Sapphire NeonGrn
=107 e 1¢ 410
£ y
& R
o8 74 » ; Jos
- XY *-o.
(6]
& .
506 \\ 1t {06
z
3 Y
[} s
N 04 \ R 404
T
15

*
2 0% 1 1t 402
¥
I * —t—t—s

L.
020 740760 780 500 820 540 860 580 900 920 940 9
Wavelength (nm)

w

—o— Channel 1

mTurquoise
Channel 2

o

o
oo
T

Normalized Averaged Intensity

o
o

0 1
720 740760 780 800 820 840 860 880900 920 940 960

Wavelength (nm)
C Channel 1 (454 - 510 nm)
- e -..
hannel 2
> 10l Channel
B
c
K]
< o8} ...
el
(5]
(o))
©
>
< Channel 2 (520 - 580 nm
o
(5]
(]
£
o
=Z 02t
oo 3 i_ o oo 0—0—"°
720 740760 780 800 820 840 860 880 900 920 940 960 ...
Wavelength (nm)

phores were identified based on 1P spectral overlap with donor
fluorophores and the absence of untoward effects of excitation
at wavelengths near 800 nm. For example, some FPs showed a
discrete band of very strong emission with illumination near
720 nm, which corresponds to excitation into higher energy
electronic levels (6) (see Fig. 1A) and results in rapid and
irreversible photobleaching at these wavelengths (our unpub-
lished observations).

These criteria narrowed the potential group of donor and
acceptor FPs suitable for the IVM approach described here to

L
720 740760 780 800 820 840 860 880900 920 940 96

Wavelength (nm)
Channel 1 (454 - 510 nm)

Fig. 1. A: two-photon excitation (2PE) spectral scan-
ning of the indicated fluorescent proteins (FPs) ex-
pressed individually in living cells. B and C: the
relative 2PE spectral scans for monomeric (m) Tur-
quoise (B) and mVenus (C), each expressed individ-
ually in living cells. The emission signals at the
different excitation wavelengths were simultane-
ously detected in channel I (cyan, 454510 nm) and
channel 2 (yellow, 520-580 nm), and the images
were acquired at each wavelength step (scale bar, 10
pm). Red bar indicates excitation at 810 nm.

the newer cyan and yellow FPs, and some of the long stokes
shift FPs. Since many existing FRET-based biosensor probes
were developed with earlier variants of the cyan and yellow
FPs, most imaging systems are set up for the detection of these
probes, offering additional advantages to investigators who
wish to utilize them for IVM. Spectral scanning showed that
the spectral characteristics for each of the cyan variants were
similar (Fig. 1A4), with peak excitation at 860 nm falling to
minimal excitation at 960 nm, and there was no enhanced
excitation at wavelengths below 780 nm. The improved quan-
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tum yield and photostability of mCerulean3 (17), mTurquoise
(7), and mTurquoise2 (8) make them attractive donor fluoro-
phores for the development of new biosensor probes, espe-
cially when paired with well-characterized acceptors, such as
Venus (20) or Citrine (9).

The relative 2PE spectra of mTurquoise and mVenus are
shown in Fig. 1, B and C. The emission signals at the different
excitation wavelengths were simultaneously detected in chan-
nel 1 (cyan, 454-510 nm) and channel 2 (yellow, 520-580
nm) to allow efficient determination of spectral bleed under
conditions where there is no FRET. The comparison of the
relative 2PE spectra for mTurquoise and mVenus, determined
from either the purified proteins in solution, or from each
protein expressed independently in living cells, demonstrates a
clear nadir in the 2PE for mVenus between 800 nm and 820 nm
(~3% of its 960 nm maxima), while these wavelengths are
near the peak 2PE of mTurquoise (Fig. 1, B and C). Thus, when
mTurquoise and mVenus are used as FRET pair, the combi-
nation of their 2PE spectral characteristics permit efficient
excitation of the donor using wavelengths within the 800—820
nm range, while minimizing the direct excitation of the accep-
tor, as previously observed for other cyan and yellow FP
variants (29, 43). Our subsequent studies with biosensor probes
using mTurquoise and mVenus exploit this selective excitation
at 810 nm.

Characterization of 2PE FRET measurements. To validate
mTurquoise and mVenus as fluorophores for FRET-based
measurements using IVM, we adopted the “FRET standard”
approach (13, 34). For the FRET standards, and subsequent
biosensor measurements, the emission signals at the different
excitation wavelengths were simultaneously detected in chan-
nel 1 (cyan, 454—494 nm) and channel 2 (yellow, 520-580
nm), or a bandwidth ratio of 2/3. Fusion proteins with high
FRET efficiency were generated by coupling mTurquoise to
mVenus through short peptide linkers of 5 or 10 amino acids
(AA; see Fig. 2A). In contrast, a fusion protein with low FRET
efficiency was generated by linking mTurquoise to mVenus
through the 229-AA tumor necrosis factor receptor-associated
factor 2 (TRAF2) domain (22, 34). In addition, as a control for
environmental effects on the donor FP, another fusion protein
was generated using a mutant variant of mVenus called Amber.
Amber is a nonfluorescent form of mVenus, where the chro-
mophore tyrosine is converted to a cysteine (Y67C), producing
a protein that folds correctly, but does not act as a FRET
acceptor (13).

In principle, since biosensor probe measurements are of
intramolecular FRET between a donor and an acceptor that are
always at a 1:1 ratio, it is not necessary to correct for spectral
cross talk. However, because the 2PE cross talk components
can be substantial, removing the cross talk signals from the
FRET measurement will improve the sensitivity and reproduc-
ibility of the measurements (2, 26). An additional constraint for
our IVM approach is that current technology makes it imprac-
tical to rapidly switch and calibrate 2PE wavelengths for each
time point. Therefore, we developed an approach for spectral
cross talk correction of biosensor probe measurements that
uses a single 2PE wavelength.

The spectral bleedthrough (SBT) components that contami-
nate the FRET signal result from the donor (mTurquoise)
emission that bleeds into the acceptor detection channel
(DSBT), and from the direct excitation of the acceptor (mVe-

MONITORING FRET-BASED BIOSENSORS IN LIVING ANIMALS

nus) at the donor excitation wavelength (ASBT). The corrected
FRET signal (FRET.oy) is determined by subtracting the cross
talk components from the raw FRET signal (donor excitation,
acceptor emission). The correction factors A and B that define
the direct excitation of Venus (acceptor) and the Turquoise
(donor) emission cross talk into the FRET channel are deter-
mined from measurements of cells that express each FP alone,
and are specific to the microscope system (see MATERIALS AND
METHODS).

Measurements of the FRET standards using 2PE. Here,
control cells expressing either a mixture of mTurquoise and
mVenus or the mTurquoise-based FRET standards (Fig. 2) are
used to verify FRET measurements by sensitized emission.
The results are then corroborated using both fluorescence
lifetime imaging microscopy (FLIM) and acceptor photo-
bleaching measurements (Table 1). The 2PE spectral charac-
teristics of FRET standards were determined using 2PE at 810
nm (Fig. 2B). As expected, the sensitized emission measure-
ments demonstrated that there was very little energy transfer
between the unlinked FPs, and this was confirmed by both the
FLIM and acceptor photobleaching measurements (Table 1).
The 2PE measurements for cells expressing low FRET effi-
ciency standard mTurquoise-TRAF-mVenus revealed 2PE
spectral profiles similar to those of the unlinked mTurquoise
and mVenus mixture (Fig. 2B, compare fop right and bottom
right). The 2PE ratiometric method demonstrated a low Eprgr
of 5.2% for mTurquoise-TRAF-mVenus, which was again
comparable to that made by the FLIM measurements (Table 1).
In contrast, measurements from the cells expressing the high
efficiency FRET standard, mTurquoise-SAA-Venus, showed
significant quenching of the donor signal (channel 1, Fig. 2B)
with concomitant increase in sensitized acceptor emission
(channel 2). The FRET measurements using 2PE at 8§10 nm
demonstrated a FRET efficiency (Egrer) of 47.3%, and a
similar Eprpr was determined with FLIM and verified by
acceptor photobleaching (Table 1).

To demonstrate the sensitivity of the 2PE ratiometric ap-
proach, a second FRET standard with a longer linker, mTur-
quoise-10AA-Venus, was also measured. The 2PE ratiometric
method demonstrated that increasing the linker length by SAA
resulted in an Eprpr of 36.2%, a decrease of 11.1%, compared
with the FRET standard with the shorter linker (Table 1).
Again, these results were verified by the FLIM measurements
(Table 1). Representative FRET ratio images obtained from
cells expressing the different FRET standard fusion proteins
are shown in Fig. 2C. Together, these results demonstrate a
simple and robust 2PE ratiometric method that can be used to
obtain accurate measurements of Errgr with high sensitivity
from the linked probes expressed in living cells.

Measurements of the FRET-based biosensor probe activities
using 2PE. To demonstrate that the 2PE ratiometric method
can be applied to the measurements of cellular activity with a
biosensor probe, we next examined the activity of the protein
kinase A (PKA) pathway using the well-characterized A-ki-
nase activity reporter (AKAR) (39, 42). The latest iteration of
the AKAR probe, AKAR4, consists of Cerulean coupled to a
circular permuted Venus through a linker containing the low-
affinity phosphorylated substrate binding domain, FHA1, and
the PKA-specific substrate sequence (LRRA*TLVD). The
AKAR4 probe has increased the dynamic range compared with
earlier variants (42). Since mTurquoise has the desired 2PE
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Fig. 2. A: schematic representation of the Forster resonance energy transfer (FRET) standard probes and the A-kinase activity reporter (AKAR) 4.1 probe used
in this study. B: the relative 2PE spectral scans obtained from cells expressing the indicated FRET standard probes excited by illumination at 810 nm. C:
representative donor intensity [channel (Ch) 1, 454—494 nm; scale bar, 10 pm], acceptor intensity (Ch 2, 520-580 nm), and FRET ratio images obtained from
cells expressing the indicated FRET standard probes.

characteristics, improved brightness and photostability, and a 580 nm) channels. The baseline emission signals were deter-
single-component lifetime, we replaced the Cerulean FP in mined, and forskolin (Fsk) was then added to a final
AKAR4 with mTurquoise (AKAR4.1; Fig. 2A). concentration of 24 pM (Fig. 3). Upon addition of Fsk, there

HEK?293 cells expressing the AKAR4.1 reporter were illu-  was an increase in the emission detected in the Venus channel,
minated at 810 nm, and the emission signals were simultane- with a concomitant decrease in the signal detected in the cyan
ously monitored in the cyan (454—-494 nm) and yellow (520— channel over a 2.5-min time frame, yielding a 1.4-fold change
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Table 1. Comparison of FRET efficiencies determined by 2PE radiometric method and FLIM for different FRET standards

2PE Ratiometric

2-Component

FRET Standard® Erret® (% + SD) Lifetime (Fraction)
Cerulean-5AA-Amber ND 2.2 ns (0.66)
4.6 ns (0.34)
Cerulean-5AA-Venus ND 3.0 ns (0.55)
1.2 ns (0.45)
Turquoise + Venus mix 20=x1.1 3.9 ns (0.99)
Turquoise-5AA-Amber -19*+09 3.8 ns (0.99)
Turquoise-5AA-Venus 47.3 £ 6.1 3.3 ns (0.69)
1.3 ns (0.31)
Turquoise-10AA-Venus 36.2 £4.0 3.3 ns (0.74)
1.6 ns (0.27)
Turquoise-TRAF-Venus 5.0=*3.6 3.6 ns (0.99)

Lifetime
Tau(f)c = SD Tau(a)? = SD Errer® (% = SD) Acceptor Photobleach
3.0 £0.05 NA 0 ND
NA 1.8 £0.07 41.1 =24 ND
3.9 *£0.07 NA 0 Pre: 3.9 = 0.07
Post: 3.9 = 0.04
3.8 £0.04 NA 0 NA
NA 2.3 £0.08 40.8 = 1.8 Pre: 2.2 = 0.05
Post: 3.8 = 0.04
NA 2.4 *+0.07 365+ 24 Pre: 2.4 = 0.04
Post: 3.7 = 0.03
3.6 = 0.04 NA 73 £ 1.0 Pre: 3.6 = 0.04

Post: 3.7 = 0.03

#Produced in cells at 37°, n = 3 or more cells. "Determined by the formula devised in this study (see RESULTS and MATERIALS AND METHODS). “Tau(f) is the
average lifetime. 9Tau() is the amplitude-weighted lifetime. “Determined by: Errer = (1 — Tpa/7p). FRET, Forster resonance energy transfer; 2PE, two-photon
excitation; Errer, FRET efficiency; TRAF, TNF receptor-associated factor; ND, not detected; NA, not applicable.

in emission ratio of Ven/Turq (n = 11 cells). Significantly, the
change in the Ven/Turq ratio is only observed in the cytosolic
compartment, with no change in the AKAR signal from the
nuclear compartment (Fig. 3B). This is consistent with the slow
translocation of the catalytic subunit of PKA into the nucleus
after its dissociation from the regulatory subunits in the cyto-
plasm upon cAMP elevation (21). These results were con-
firmed and extended using frequency domain FLIM measure-
ments of the AKAR4.1 probe activity. Lifetime measurements,
acquired prior to addition of Fsk, demonstrated that, under
basal conditions, the probe population adopts conformations
that result in an average Errer of 38%. Upon addition of Fsk
there was a rapid decrease in the mTurquoise lifetime, corre-
sponding to a 12% increase in Errgr (Fig. 3C). The changing
cytosolic, but not nuclear, PKA activity, is demonstrated by the
ratio imaging (Fig. 3B) and the fluorescence lifetime maps
(Fig. 3D).

To demonstrate that the 2PE ratiometric method can be
applied to more physiologically relevant models, the intracel-
lular PKA activities in response to Fsk were measured using
the AKAR4.1 biosensor in isolated primary mouse fetal cardi-
omyocytes. Freshly isolated primary cardiomyocytes were
transfected with plasmids encoding either the AKAR4.1 or the
mTurquoise-10AA-Venus FRET standard (Fig. 4). The 2PE
FRET imaging demonstrated that the addition of Fsk to cells
expressing AKARA4.1 resulted in a rapid increase in emission
ratio of Ven/Turq over a 3-min time frame. In contrast, the
emission ratio of Ven/Turq in cells expressing mTurquoise-
10AA-Venus did not change with Fsk treatment during this
same time frame (Fig. 4). This indicates that the detected
change in FRET signals in cells expressing AKAR4.1 biosen-
sor is specific, reflecting the changes in intracellular PKA
activity in the cardiomyocytes in response to Fsk. The range of
emission ratios determined for individual cardiomyocytes ex-
pressing AKAR4.1 from two independent experiments that
included a total of 12 cells was 1.13 to 1.647.

Monitoring FRET-based biosensor probe activities using
IVM. We next applied our 2PE ratiometric method to measure
the effect of glucagon on PKA activity in cells in the intact
mouse liver, using IVM to monitor the changes in the

AKARA4.1 signal. Treatment of fasted mice with glucagon has
been shown to rapidly stimulate both cAMP and PKA in the
cells of the liver in situ (18). The AKAR4.1 biosensor was
introduced into mice by tail vein injection of an adenoviral
vector, resulting in extensive expression in the mouse liver
after 7 days. Prior to imaging by IVM the mice were fasted for
3 h. The left lateral lobe of the liver was then externalized and
imaged by IVM through a glass-bottom plate using methods
previously described (30). Using the same microscope settings
described above, three-dimensional image volumes (10 planes
spanning 10 wm) were collected over time prior to and follow-
ing intraperitoneal injection of glucagon (200 pg/kg). Each
volume was then summed, and background-corrected mean
Ven/Turq ratios were determined for ROIs in the cytosol or
nuclei for several cells in the field (Fig. 5). The results
demonstrate a rapid and significant increase in the emission in
the Venus channel with a concomitant decrease of the cyan
fluorescence within 1.5 min of glucagon administration, indi-
cating a rapid and sustained activation of PKA. As with the
results obtained with HEK293 cells, glucagon-induced activa-
tion of PKA was restricted to the cytosol of hepatocytes in vivo
because of the slow translocation of the catalytic subunit of
PKA into the nucleus (Fig. 5). The responses of individual
hepatocytes to glucagon stimulation were variable, as is ex-
pected for the heterogeneous cellular components of the liver.
The range of emission ratios determined for individual hepa-
tocytes expressing AKAR4.1 from three independent experi-
ments that included a total of 32 cells was 1.14 to 1.827. Taken
together, the results demonstrate a simple and robust method
using single-wavelength 2PE to monitor the activity of a
FRET-based biosensor in an intact animal by IVM.

DISCUSSION

The imaging of fluorescent probes in cells in the tissues of
intact organisms using IVM is being increasingly applied in
many fields of biology and has become a method of choice for
a wide variety of applications. 2PE is used in most applications
of IVM, owing to its relative immunity to the effects of light
scatter in tissue. However, the use of 2PE to monitor FRET-
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Fig. 3. A: ratiometric measurements of the response of the AKAR4.1 probe to forskolin (Fsk) treatment in living cells. HEK293 cells expressing the AKAR4.1
reporter were illuminated at 810 nm, and the emission signals were simultaneously monitored in the donor (454—494 nm) and acceptor (520-580 nm) channels.
The Ven/Turq ratio was determined as described in RESULTS. B: FRET ratio images of cells prior to and 3 min after Fsk treatment. C: the change in AKAR4.1
FRET efficiency (Errer) upon Fsk treatment was determined by lifetime measurements using Eq. 4 for the regions of interest (ROI) indicated in D. D: intensity
images and lifetime maps for a cell prior to and 8.5 min after Fsk treatment (scale bar, 10 wm).

based biosensor probe activities in intact animals has remained
challenging because of poorly characterized 2PE probe char-
acteristics, the requirements for using two separate excitation
wavelengths, and the potential need to collect multiple images
at each time point. Here, we developed a practical 2PE ap-
proach to monitor biosensor activity in living animals from a
single, two-channel image collected in vivo.

The systematic analysis of the 2PE characteristics of
potential FP pairs for IVM revealed that mTurquoise and
mVenus are well suited for FRET-based biosensor probes
for 2PE IVM. There are distinct advantages of this FP
pairing for IVM biosensor probes compared with the other
FPs tested. First, the cyan FPs are optimally excited near the
power maximum of the titanium-sapphire lasers typically
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Fig. 4. A: ratiometric measurements of the
response of the AKAR4.1 probe to forskolin
(Fsk) in isolated primary mouse fetal cardi-
omyocytes. Freshly isolated primary cardio-
myocytes were transfected with either the
plasmid encoding AKAR4.1 or the mTur-
quoise-10AA-Venus FRET standard. There
was a rapid increase in the Ven/Turq ratio
for the cells expressing AKAR4.1, but not

Normalized Ven/Turq Emission Ratio

Turg-10aa-Venus (+ SE)

the FRET standard over a 3-min time frame.

The results for AKAR4.1 are from the 9
individual cells (= SE). B: ratio images of a
single cardiomyocyte at the indicated time B Time 0

points (scale bar, 10 wm).

used for 2PE microscopy. While the usefulness of the earlier
variants of the cyan FPs was limited by poor brightness and
photostability, and unfavorable photoswitching behavior,
the newer versions of these probes, including mTurquoise,
have largely overcome these problems (7, 8, 17, 32). Sec-
ond, mVenus is an efficient FRET acceptor for mTurquoise,
but it is minimally excited between 800 nm and 820 nm.
This reduces the fluorescence cross talk caused by the direct
excitation of mVenus at the wavelengths used to excite
mTurquoise. Finally, many existing FRET-based biosensor
probes were developed with earlier variants of the cyan and
yellow FPs, so most imaging systems are already designed
for the detection of these probes.

Here, the FRET standard approach was used to substantiate
mTurquoise and mVenus for 2PE ratiometric measurements.
Furthermore, this approach enabled the development of a
simple and robust correction method to obtain accurate deter-
minations of Eprgr with high sensitivity from two-channel
images of the biosensor probes expressed in cells of intact
animals. It is important to point out that the cross talk correc-
tions we identified are specific to our system and must be
determined for each microscope. Here, we provided a straight-
forward method for this evaluation. We demonstrated that 2PE
measurements for cells expressing each of the FRET standards
produced the expected FRET efficiency (Errer), as validated
by FLIM and verified by acceptor photobleaching. The sensi-
tivity of the approach was demonstrated in the direct compar-
ison of the FRET standards with linker lengths of SAA and
10AA. Measurements using the 2PE approach clearly distin-
guished an 11% decrease in Eprgr for the standard with the

1 1 1 1 1 1 1 1
180 240 300 360 420 480 540 600
Time (s)

longer linker—a difference that was verified by the FLIM. This
demonstrates that the approach can be used to obtain accurate
measurements of Erger with high sensitivity from the linked
probes expressed in living cells.

The approach was validated for biosensor probes using
AKARA4.1 to detect changes in the activity of PKA. The single
2PE wavelength ratiometric measurement detected rapid and
specific changes in cytoplasmic PKA activity in cultured
HEK?293 cells and primary cardiomyocytes in response to
treatment with forskolin and in hepatocytes in the liver of
living mice upon stimulation with glucagon. These results
demonstrate that this simple approach, using a standard mul-
tiphoton microscope system, can enable the noninvasive de-
tection of FRET-based biosensor activities in intact mice at
high spatiotemporal resolution. A similar 2PE ratiometric ap-
proach was used earlier to detect calpain or caspase-3 protease
activity in vivo (1, 12, 33). The linkers separating the FPs in
the sensing units of these biosensors contain the substrate for a
specific protease, with the cleavage of the linker reporting
protease activity that is typically associated with the onset of
cell death. The resulting “on-off” FRET signal can be a
powerful tool in studies of responses to therapeutic strategies
(12). In contrast, the conformational biosensors such as AKAR
detect the dynamic response to cellular signaling events, with
ratiometric measurements of biosensor activity reporting the
changing spatiotemporal landscape of cell signaling (5, 19, 37,
39, 40, 42).

It is important to recognize that measurements collected at
greater depth in vivo will have a higher detection threshold
because of signal attenuation at depth (10). Furthermore, there
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Fig. 5. A: intravital microscopy (IVM) mea-
surements of the response of the AKAR4.1
probe to glucagon in hepatocytes in the intact
mouse liver. The AKAR4.1 biosensor was
introduced into mice by tail vein injection of
an adenoviral vector encoding AKAR4.1, re-
sulting in extensive expression in the liver 7
days later. Mice were fasted for 3 h prior to
imaging by IVM, and three-dimensional im-
age volumes (10 planes spanning 10 pm)
were collected over time prior to and follow-
ing intraperitoneal injection of glucagon (200
rg/kg). Each volume was then summed, and
background-corrected Ven/Turq ratios were
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are wavelength-dependent differences in scattering that could
introduce depth-dependent effects on ratiometric measure-
ments collected in biological tissues. While we found no
evidence of a significant effect of depth on our measurements,
the studies of Radbruch et al. (26) did indicate minor effects of
depth on ratiometric FRET measurements. Therefore, studies
collected over a large range of depths should be evaluated for
systematic effects of depth on ratiometric measures. In addi-
tion, differences in the susceptibility of the donor and acceptor
to photobleaching could affect the measured ratios. The effects
of photobleaching can be minimized by careful control of
illumination levels (26).

Some of the problems associated with 2PE ratiometric
imaging can be mitigated by using the FRET-FLIM ap-
proach. FLIM measurements are made only in the donor
channel, and they quantify the change in donor lifetime that
occurs as the result of FRET. Since the measurements are
made in the time domain, they are unaffected by variations
in probe concentration or by changes in the excitation
intensity (4). The FRET-FLIM approach was used for intra-
vital measurements of neuronal calcium fluctuations in re-
sponse to chronic inflammation in the central nervous sys-
tem of living mice (27, 26). This approach, however, re-
quires the collection of enough photons to accurately assign
lifetimes, which can be limiting for deep-tissue imaging,
and may require long acquisition times that would limit
dynamic measurements.

The approach described here could be improved in two
respects. First, we recognize that the use of an optical
parametric oscillator (OPO) for tuneable excitation from
~1,100 nm to 1,300 nm would greatly expand the useful
FPs available for 2PE FRET studies (41). For example, the

1 1
480 540 600 determined for ROIs in the cytosol or nuclei

for several cells in the field. The results for
165 s AKARA4.1 are from the 10 individual cells (=
R : SE). B: ratio images from a single image
plane in mouse liver at the indicated time
points (scale bar, 10 wm).

use of green and red FPs for intravital FRET measurements
reduces light scatter at depth, and there are improved FPs for
this application (15, 38). The continued development of red
and near infrared FPs will greatly expand this approach.
OPO, however, adds to an already complex and expensive
microscope system (36). Second, because of equipment
limitations, we collected the fluorescence emissions using
descanned spectral detectors. Since scattered fluorescence
emissions can be better captured using nondescanned detec-
tors, more efficient collection of images from tissue at depth
could be accomplished using nondescanned detectors,
equipped with optical filters optimized for the emission
spectra of mTurquoise and mVenus. Third, our approach
was predicated on the need to rapidly collect images using
a single excitation wavelength. Multiphoton microscope
systems are increasingly deployed with multiple lasers, or
single lasers providing multiple emission lines. Such sys-
tems would support rapid collection of fluorescence stimu-
lated at different excitation wavelengths and would not be
limited to ratiometric measurements of linked probes.

Here, we have demonstrated a straightforward and sensi-
tive 2PE method for monitoring FRET-based biosensor
activities at high spatiotemporal resolution in cells in living
animals. Although demonstrated for the AKAR4.1 probe,
we expect that the mTurquoise/mVenus pair could be ap-
plied to a variety of different FRET-based biosensors. Thus,
the approach described here could be used to translate many
of the kinds of studies currently conducted in cultured cells
to the in situ context of the living animal, supporting
powerful and exciting new studies of cellular biochemistry
and signaling in vivo.
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