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using multiphoton fluorescence lifetime imaging
microscopy to characterize amyloid-beta plaques
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Abstract. We describe the implementation of a commercial fluores-
cence lifetime imaging microscopy (FLIM) instrument used in con-
junction with a commercial laser scanning multiphoton microscope.
The femtosecond-pulsed near-infrared laser is an ideal excitation
source for time-domain fluorescence lifetime measurements. With
synchronization from the x-y scanners, fluorescence lifetimes can be
acquired on a pixel-by-pixel basis, with high spatial resolution. Mul-
tiexponential curve fits for each pixel result in two-dimensional fluo-
rescence resonance energy transfer (FRET) measurements that allow
the determination of both proximity of fluorescent FRET pairs, as well
as the fraction of FRET pairs close enough for FRET to occur. Experi-
ments are described that characterize this system, as well as com-
monly used reagents valuable for FRET determinations in biological
systems. Constructs of CFP and YFP were generated to demonstrate
FRET between this pair of green fluorescent protein (GFP) color vari-
ants. The lifetime characteristics of the FRET pair fluorescein and
rhodamine, commonly used for immunohistochemistry, were also ex-
amined. Finally, these fluorophores were used to demonstrate spa-
tially resolved FRET with senile plaques obtained from transgenic
mouse brain. Together these results demonstrate that FLIM allows sen-
sitive measurements of protein–protein interactions on a spatial scale
less than 10 nm using commercially available components. © 2003
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1584442]
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1 Introduction
Immunofluorescence is a well-established and powerful tech
nique to demonstrate the spatial distribution of a protein o
interest within single cells or complex biological tissue.
Double immunofluorescence with spectrally distinct fluoro-
phores can also determine whether a pair of proteins co
localize, with a resolution limited by the wavelengths of light
used for the measurements, or approximately 0.5mm. Anti-
bodies provide very high specificity, and fluorescence mea
surements exhibit high sensitivity, with low background.
Therefore, measurements of fluorescence intensities hav
proven highly useful for characterization of the spatial local-
ization of specific proteins within biological cells or tissues.
By exploiting fluorescence resonance energy transfer~FRET!,
the spatial resolution of co-localization of two fluorophores is
increased to the scale of 5 nm.1 FRET depends on the close
physical interaction of two fluorophores, a donor and an ac
ceptor; it is dependent on the distance between them to th
sixth power and does not occur if this distance exceed
;10 nm.1 The fluorophores also need to fulfill two other re-
quirements: The emission spectrum of the donor must overla
with the excitation spectrum of the acceptor and the dipoles o
the molecules must be oriented appropriately to allow energ
transfer.1 These requirements are relatively easy to achieve
368 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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and measurements of FRET can be performed using fluo
cein as the donor and rhodamine as the acceptor.

FRET can be detected in several ways. Using stand
fluorescence intensity measures, FRET is characterized
quenching of the donor fluorescence with a correspond
emission of acceptor fluorescence, all while exciting at
donor’s absorption peak. In ideal cases, these measures w
be large and interpretable, but in reality the signals are sm
and plagued by interference from crosstalk between direct
citation of the acceptor at the donor excitation waveleng
and emission of the donor extending to the acceptor emis
wavelengths.2 The most convincing measure of FRET in sp
tially interesting biological tissues involves photobleachi
the acceptor fluorophore independently of the donor and m
suring the resultant dequenching of the donor fluoresce
that resulted from FRET.1,3,4 This technique is reliable, bu
makes spatially distinct measurements difficult and tedio
and is destructive. This technique cannot be performed
dynamic processes occurring in living cells or tissue.

An alternative to measurements of FRET based on fluo
cence intensity depends on fluorescence lifetime determ
tions. Lifetimes are the average amount of time fluoropho
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Fluorescence resonance energy transfer . . .
spend in the excited state before emitting a photon and return
ing to the ground state; they are measured in nanoseconds.1,5,6

The fluorescence lifetime of a fluorophore is affected by its
local microenvironment and by FRET. In the presence of a
suitable acceptor within a distance for FRET, the lifetime of a
donor’s fluorescence will decrease and can be measure
quantitatively.7,8 The decrease in lifetime is proportional to the
distance between the donor and the acceptor. Fluorescen
lifetime imaging microscopy~FLIM ! allows quantitative de-
terminations of the distance between a donor and an accept
fluorophore on the scale of nanometers, but with the adde
benefit of microscopic imaging within cells or tissue, to pin-
point where in a biological tissue, within the resolution of the
light microscope, the FRET is occurring. Our approach uti-
lizes FLIM measurements in the time domain, which also
permits quantifying the proportion of molecules displaying
FRET within a microscopic region.

In this report, we describe the characteristics of the com
monly used FRET pair fluorescein and rhodamine using a
commercially available multiphoton microscope and time-
correlated single-photon counting hardware and software fo
FLIM measurements. We demonstrate that FLIM measure
ments allow easy and quantifiable measures of FRET within
biological tissue with high spatial resolution. These results lay
the groundwork for quantitative FRET analysis in a variety of
immunolabeled cells or tissue. We also demonstrate that gree
fluorescent protein~GFP! color variants are amenable to
FRET measurements with FLIM using our system. After in-
vestigating some of the fundamental characteristics of th
fluorescence lifetimes of fluorophores suitable for biological
investigations, we apply double immunofluorescence to tissu
from transgenic mouse models of Alzheimer’s disease. Thi
disease is characterized by the progressive accumulation
senile plaques, composed primarily of the amyloid-b
peptide.9,10 Amyloid-b forms b-sheet structures within sub-
classes of senile plaques, and the distribution of this morpho
logical form of amyloid-b may occur on multiple spatial
scales, both between types of plaques and within individua
plaques. We demonstrate that double immunofluorescenc
with distinct anti-amyloid-b antibodies can lead to detectable
differences in co-localization of epitopes within 10 nm, de-
tectable by FRET using FLIM, possibly suggesting differ-
ences between intra- and intermolecular FRET.

2 Results
We have been using commercial multiphoton microscopes fo
in vivo imaging of senile plaques in transgenic mouse model
of Alzheimer’s disease.11–14Multiphoton microscopy depends
on pulsed near-infrared lasers with high peak power, which is
easily achieved when the pulses are;100 fs,as with Ti:sap-
phire lasers~Tsunami, 10-W Millenia Xs pump laser, Spectra
Physics!. These lasers are not inexpensive, but provide an
ideal pulsed excitation source for time-domain FLIM, with a
repetition rate at about 80 MHz. At this rate, a new pulse
occurs every 12.5 ns or so, allowing a sampling rate that i
above the Nyquist frequency for most fluorescence lifetime
applications. The laser is coupled to a commercial multipho
ton microscope~Radiance 2000, Biorad! that allows several
scanning speeds and multiple image sizes. Synchronizatio
signals from the Biorad scan head are fed directly to the high
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speed time-correlated single-photon counting~TCSPC! acqui-
sition hardware~SPC-830, Becker & Hickl!. This allows
pixel-by-pixel registration of the accumulated photons w
the laser scanning. Figure 1~see Color Plate 1! shows a sche-
matic of the optical setup. The FLIM acquisition board allow
up to409634096pixels with reduced temporal resolution, o
up to 2048 time bins at lower spatial resolution for the mo
accurate lifetime determinations. We routinely use1283128
pixels at 256 time bins per pixel(;40 psper time bin! as a
compromise among short acquisition times, good spatial re
lution, and high temporal resolution of the fluorescence
cays.

The choice of detectors is particularly important, since it
desirable to have both high sensitivity and very fast respo
times. We are using a fast photomultiplier tube with a FWH
response time of about 150 ps~PMH-100, Becker & Hickl!.
This detector is fast enough to resolve lifetimes shortened
FRET, but the detector is also rugged, reliable, inexpens
and suitable for a multiuser facility with both experienced a
inexperienced operators. The data analysis software~SPCIm-
age, Becker & Hickl! allows multiexponential curve fitting of
the acquired data on a pixel-by-pixel basis using a weigh
least-squares numerical approach.15 The sum of all time bins
is equivalent to the intensity image, and this is displayed to
image pseudocolored according to the curve-fit results. A m
trix is created with the curve-fit data for each pixel, and
pseudocolor range can be defined for the exponential de
time results. The images can be color coded to display
distribution of any one of three exponential decay times or
mean decay per pixel. Therefore each image can be ea
displayed in a meaningful way to compare lifetimes within
between other images.

In order to characterize this system for meaningful FR
results, we began with genetic constructs expressing c
variants of green fluorescent protein. We made constru
based on the established FRET pair CFP-YFP.16–18 Expres-
sion vectors for each of these fluorophores were made, as
as a fusion construct linking CFP to YFP for maximal FRE
Using these tools transfected into live cells, we imaged
lifetimes of CFP alone, YFP alone, and the fusion of CF
YFP, as shown in Fig. 2~see Color Plate 2!. Fluorescence
emission was collected using a 480-nm bandpass filter
BG39 glass for rejection of the excitation source, which w
tuned to 740 nm. This wavelength was chosen because it
cites CFP without exciting YFP, minimizing crosstalk. Th
results show that CFP alone exhibited a single fluoresce
decay of 2.960.1 ns that was homogeneously distribute
throughout each cell. When fused to YFP, however, the sin
fluorescence lifetime of CFP was shortened to1.860.1 ns.
These values were obtained by averaging the single expo
tial curve-fit results within areas of interest in groups of ce
for each condition. CFP cotransfected with YFP leads to
lifetime indistinguishable from that of CFP alone, since the
is no FRET, and YFP alone is not detected with this choice
excitation wavelength and emission filter. The absence of
nal in the cells transfected with YFP alone under these im
ing conditions suggests that autofluorescence contribute
negligible signal in the bright, CFP-transfected cells. The
results demonstrate that FRET between CFP and YFP ca
easily detected using FLIM, permitting experiments with g
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 369
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Fig. 1 Schematic representation of the FLIM acquisition system. A femtosecond pulsed Ti:sapphire laser (Tsunami, Spectra Physics) is used for
fluorescence excitation. This generates a pulse train at about 80 MHz. A commercial multiphoton microscope (Radiance 2000, Biorad) is used for
laser scanning, coupled to an upright microscope (BX50, Olympus). Fluorescence imaging is achieved either with the multiphoton acquisition
software (Lasersharp, Biorad), or with the FLIM acquisition software (SPCImage, Becker & Hickl). Fluorescence lifetimes are recorded using a
high-speed photomultiplier (PMH-100, Becker & Hickl) and a fast time-correlated single-photon counting acquisition board (SPC-830, Becker &
Hickl) that allows high temporal resolution lifetime acquisition with high spatial resolution imaging. Laser pulse synchronization signals together
with x-y scan synchronization signals allow assignment of the collected photons resulting from each laser pulse on a pixel-by-pixel basis.
Acquisition time depends on the sample, but generally requires several minutes of scanning. Fluorescence lifetimes are calculated from the raw
data with single or multiexponential curve fits through the 256 time bins within each pixel. A matrix is created with the curve fit data for each pixel,
allowing color coding by lifetime, superimposed over the intensity image.

Color Plate 1
370 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3



Fluorescence resonance energy transfer . . .
Fig. 2 CFP and YFP exhibit FRET that is detectable with FLIM. Genetic constructs were made that express CFP alone, YFP alone, or CFP-YFP as a
fusion protein. These constructs were transfected into a clonal cell line (H4), and imaged in vitro with FLIM 24 h after transfection. The cells were
maintained in Hank’s balanced salt solution (Gibco) containing 10 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) at 22 °C.
Images were acquired using a 203water immersion objective (Olympus, NA50.95), for 3 min for each sample at 5123512 pixels, at a rate of 1
frame/s. FLIM images are binned spatially to 1283128 pixels for these experiments. A bandpass filter (480/DF30-nm Chroma Technology) with
BG39 glass to block excitation wavelengths was used for image acquisition. In (a), cells expressing CFP alone have a single lifetime component of
2.960.1 ns. The images are pseuodocolored according to fluorescence lifetimes from 1.5 (blue) to 3.0 ns (red). YFP (b) is not excited with
multiphoton excitation at 740 nm. CFP cotransfected with YFP (c) yields a fluorescence lifetime indistinguishable from CFP alone-transfected cells,
2.960.1 ns, indicating that there is no FRET between these individual proteins. However, when CFP is fused to YFP in the same construct, the
fluorophores are forced into close proximity and the lifetime of CFP is reduced in these cells to 1.960.1 ns, indicative of FRET. Scale bar
520 mm.

Fig. 6 Senile plaques like those found in Alzheimer’s disease are morphologically nonuniform. Cryostat sections from 18-month-old Tg2576 mouse
brains were processed for immunohistochemistry as previously described. Directly labeled antibodies against the amyloid-b peptide were used.
FITC-labeled 10d5 was used alone in some tissue sections, and both FITC-10d5 and rhodamine-labeled 3d6 antibody were used together in other
sections. These antibodies both recognize epitopes at or near the N-terminal of amyloid-b, but do not compete with each other for binding. FLIM
acquisition was performed using a 515df30 interference filter, and a 203water immersion objective (Olympus, NA50.45). Excitation was at 800
nm, and fluorescence was acquired for 3 min per sample. Three tissue sections from three different mice were used for each sample, acquiring
images of approximately eighteen plaques for each case. As shown in (a), the fluorescence lifetime of FITC-10d5 immunolabeling is uniform across
the plaques, with a mean lifetime of 2.660.1 ns. (b) A representative example of a plaque that is doubly labeled with FITC-10d5 and rhodamine-
3d6. In this example, FRET is observed throughout the plaque, as evidenced by the reduction in the fluorescence lifetime of fluorescein to 0.9
60.1 ns. It is interestingly that the lifetimes are no longer uniform across the plaque, but show spatially distinct differences from the core of the
plaque to the periphery. The blue color in the core represents longer lifetimes and less FRET than the fringes. Scale bar520 mm.

Color Plate 2
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 371
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Fig. 3 pH dependence of fluorescein and fluorescein-labeled IgG an-
tibody. Samples of either free fluorescein or fluorescein-labeled anti-
body (10d5, Elan Pharmaceuticals) were prepared in triethanolamine-
buffered saline (TBS) supplemented with citrate, at varying
concentrations of H1. The samples were loaded into glass capillary
tubes (borosilicate, 1 mm diameter, WPI), and placed on the stage of
the multiphoton microscope. Each sample was scanned for 3 min
while fluorescence lifetimes were acquired using a 203water immer-
sion objective (Olympus, NA50.45). The FLIM images were pro-
cessed for lifetimes and summary data for each sample were obtained
by averaging the lifetimes within a large region of interest in the spa-
tially uniform field. Measurements were performed in triplicate for
each sample. The free fluorescein solutions have longer lifetimes than
the fluorescein-labeled antibody, and each shows a weak dependence
on pH, with the lifetimes higher at elevated pH.
n

e
-

e
-
y
-
s
t
o

e
s

e
s
-

ee
ach
o-

fer-

of
xis-
ay
at
ting
r in-
ay
r

to
fic
is
the
are

t on
pta-
n-
ap-
er
by

est,
and
in
n,
netically encoded functional markers based on FRET betwee
this pair of fluorophores.19,20

In previous work, we determined FRET between pairs of
antibodies targeted with appropriately labeled
antibodies.4,21–24 We sought to both confirm the validity of
FRET measurements with FLIM and to understand better th
potential conflicts from environmental factors, such as con
centration dependence, pH, and conjugation to proteins on th
fluorescence lifetimes. Figure 3 shows the pH dependence o
the lifetime of fluorescein in solution, both free and coupled
to an immunoglobulin G~IgG! antibody. Fluorescent samples
were placed in glass capillary tubes and imaged with a203
water immersion objective~Olympus!. The concentration of
fluorophore in each sample was 10mM. We found no differ-
ences in measured lifetimes from concentrations that wer
barely detectable up to about 1 mM fluorescein, where homo
FRET or inner filtering effects made measurements noticeabl
complex. Photons were acquired for 3 min per sample, in
creasing the laser intensity as necessary for low pH sample
since the quantum yield of fluorescein drops significantly a
these levels. Care was taken not to exceed the count rate
the detector, which was23106 photons/s.The resulting im-
ages accrued about13104 photons per pixel, distributed over
the 10 ns lifetime acquisition range. Average values from the
curve-fit results were determined from approximately 6000
pixels in a rectangular area of interest for each sample. Th
results demonstrate that the lifetime of fluorescein at pH 7.4 i
shortened from;3.9 to ;2.6 nswhen covalently labeled to
an antibody, and that there is a weak linear decrease in life
time with decreasing pH. Both free and labeled fluorescein
exhibit a similar dependence on pH. These results indicat
that the decrease in lifetime when the antibody is labeled i
important for interpreting FRET data, since a comparison can
372 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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not be made with established values of the lifetime of fr
fluorescein, but must be made with measured values of e
labeled antibody. The pH dependence of the lifetime of flu
rescein supports previously reported values describing dif
ent prototropic forms of fluorescein.25 In our samples, how-
ever, we did not observe complex exponential decays
fluorescein fluorescence at any pH, despite the probable e
tence of multiple lifetimes in some of the samples. This m
reflect an inability of our system to differentiate lifetimes th
are close to each other. The use of faster photon-coun
detectors, such as a microchannel plate detector and/o
creased temporal resolution of the TCSPC acquisition m
permit resolution of mixtures of fluorophores with simila
lifetimes.

A similar, popular technique for targeting fluorophores
biologically relevant molecules relies on the highly speci
and sensitive binding of biotin and streptavidin. With th
technique, biotinylated antibodies are used to target
epitopes, and fluorescently labeled streptavidin conjugates
used to target the biotin. Figure 4 demonstrates the effec
the fluorescence lifetime of fluorescein when bound to stre
vidin in the presence of either free biotin or biotinylated a
tibody. Samples buffered at pH 7.4 were placed in glass c
illary tubes and lifetime images were acquired for 3 min p
sample. The lifetimes for each sample were determined
averaging the curve-fit results in rectangular areas of inter
comprising at least 5000 pixels. Samples were prepared
imaged in triplicate. The lifetime of fluorescein streptavid
~4,6-dichlorotriazin-2-ylaminofluorescein DTAF-streptavidi
Jackson Immunologicals! is 2.660.03 ns,and is unaffected
by the presence of free biotin2.660.01 ns, but increased
slightly by the presence of biotinylated antibody~goat anti-
mouse, Jackson,2.760.03 ns, p,0.05, Student’s t-test!.

Fig. 4 Lifetime dependence of labeled streptavidin complex. Solu-
tions of DTAF-streptavidin (Jackson Immunologicals) were placed in
glass capillary tubes at 0.1 mg/ml in phosphate-buffered saline (PBS).
Fluorescence lifetime images were acquired for 3 min using 800 nm
excitation and a green emission filter (515df30, Chroma Technology).
The average values were determined from within each sample. The
streptavidin-antibody solution resulted in aggregates that precipitated
but still allowed lifetime measurements. Fluorescein-labeled strepta-
vidin with free biotin led to a slight but insignificant decrease in fluo-
rescence lifetime. In the presence of biotinylated antibody, however,
the lifetimes are modestly elevated, suggesting a dequenching of the
fluorophore (p,0.05, Student’s t-test).
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Fluorescence resonance energy transfer . . .
Within each sample, the pixel-to-pixel noise was less than 50
ps, allowing separation of the two lifetime values, but prob-
ably only within bright samples and not biological specimens.
This result indicates that the streptavidin-biotin technique for
immunofluorescence is slightly but significantly sensitive to
the direct labeling of the biotinylated antibody and is ame-
nable to FRET determinations, which is similar to the results
obtained with fluorescein-labeled antibodies.

In order to show FRET between fluorescein and rhodamin
in a controlled manner, we made peptides with either single o
double labels of fluorescein and rhodamine. An 8-amino acid
peptide was labeled either singly, at the N-terminal, or doubly
at each terminal. In the absence of any secondary structur
the N and C terminals of an 8-mer are well within the For-
ster’s distance for FRET. In fact, the fluorescence lifetime of
fluorescein decreases from3.260.1 ns in the singly-labeled
peptide to1.660.05 nsin the doubly-labeled peptide. This
result indicates that our FLIM setup is easily able to measur
FRET between this fluorescein and rhodamine. One of th
advantages of using FLIM to measure FRET, however, par
ticularly with time-domain measurements, is that it is possible
to not only measure the degree of FRET on a pixel-by-pixe
basis, but also the proportion of FRETing molecules within
each pixel. This is possible since the curve-fitting procedure
results in both a lifetime measure and an amplitude measur
so that with a multiexponential fit, the fraction of FRETing
molecules is deconvolved with the degree of FRET.

To test the sensitivity of this measure with our system, we
mixed, in varying ratios, known concentrations of singly and
doubly-labeled peptides to generate a calibration curve, a
shown in Fig. 5. Each sample has two FRETing populations
but at different proportions. By fixing the lifetimes during
curve-fitting at each of the measured lifetimes of the 0 and
100% samples, the amplitudes of the exponents become th
dependent variables. The amplitudes provide a measure of th
proportion of fluorescence lifetimes contributing to each de-
cay. The mixtures exhibit a linear response in the amplitude o
the FRET-derived fluorescence lifetime, indicating that our
experimental technique is capable of resolving both the de
gree of FRET and the proportion of FRET in a spatially re-
solved way. This result demonstrates that two lifetimes in a
mixed population can be distinguished and assigned a relativ
amplitude that is proportional to their relative concentration.
While we used a mixture of FRETing and non-FRETing fluo-
rescein in this example, this approach can be used to resolv
mixtures of fluorophores, even spectrally similar fluorophores
as long as their lifetimes are sufficiently separable.

After establishing some baseline parameters for FRET de
terminations, we evaluated our FLIM system in histological
sections. We applied directly labeled antibodies to tissue from
mouse brain. The brains were from 20-month-old Tg2576
mice, which overexpress mutant human amyloid precurso
protein ~APP!, leading to the progressive development of se-
nile plaques similar to those found in Alzheimer’s disease
tissue.26 Senile plaques occur with various morphologies, in-
cluding compact or dense-core plaques, as well as diffuse ag
gregates, all resulting from deposition of the amyloid-b pep-
tide in the brain.27,28 It is known that the amyloid-b peptides
deposit in b-pleated sheet conformation in dense-core
plaques, allowing easy detection with histological stains tha
recognizeb-sheet structures, and not necessarily amyloid-b
,

,

e
e

e
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specifically.29 Antibodies, however, recognize distinc
epitopes of the amyloid-b peptide, and can be used to targ
both dense-core and diffuse deposits. We used a fluoresc
labeled antibody~10d5, Elan Pharmaceuticals30! that recog-
nizes amino acids 3 to 6 of amyloid-b and labels all morpho-
logical types of senile plaques. The FLIM acquisition
antibody-labeled plaques revealed homogeneous lifetim

Fig. 5 Calibration curve for mixed populations of FRET and non-FRET
pairs. An 8-amino acid peptide was synthesized and labeled with
fluorophores. The peptide sequence was GKVQIVYK, which is ho-
mologous to a region of the human tau protein.35 Fluorescein was
conjugated to the N-terminal residue, and rhodamine was attached to
the C-terminal amino acid. The doubly-labeled peptide is a positive
control for FRET, since the two fluorophores are separated by only 8
amino acids, which is well within the range for FRET. Singly-labeled
peptides were also made with either fluorescein or rhodamine on the
appropriate peptide terminal. FLIM was used to characterize the three
peptides in solution at 0.1 mg/ml in ethyl alcohol (ETOH)/H2O at
70%:30% using a green bandpass filter (515/df30) to select for the
fluorescein (donor) fluorescence. No signal was obtained from the
rhodamine-alone-labeled peptide when exciting at 800 nm for multi-
photon fluorescence. The fluorescein-alone sample resulted in a ho-
mogeneous monoexponential curve fit with a mean lifetime of 3.2
60.1 ns. The doubly-labeled peptide had two lifetime components, at
3.260.1 and at 1.460.2 ns. The amplitude of each of these lifetimes
was approximately 50%, indicating that only half of the doubly-
labeled peptide was exhibiting FRET, suggesting that the peptide was a
50:50 mixture of peptide that was doubly-labeled and peptide labeled
with fluorescein alone. Mixtures of singly-labeled and doubly-labeled
peptides were made at varying ratios, corrected for the measured con-
centration of doubly-labeled peptide. These samples were placed into
glass capillary tubes and imaged using FLIM. Double exponential
curve fits were performed on the samples, fixing the fluorescence life-
times at 1.4 and 3.2 ns, and calculating the amplitude corresponding
to these lifetimes, which represent the fraction of each of these life-
times within each sample. The calibration curve plots the calculated
amplitude of the fast lifetime component as a function of the fraction
of doubly-labeled peptide in the sample mixtures. The results demon-
strate that the curve-fitting routine reliably estimates the fraction of
FRETing to non-FRETing molecules within a sample, on a pixel-by-
pixel basis. This is a significant advantage of using time-domain FLIM
for FRET measurements compared with other FRET determinations,
which cannot discriminate between weakly associating fluorophore
pairs or a mixed population of strongly associating and nonassociating
pairs.
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 373
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Bacskai et al.
within and between plaques~Fig. 6! ~see Color Plate 2!.
Double immunofluorescent labeling, however, of the same
plaques with another anti-amyloid-b antibody~3d6, recogniz-
ing amino acids 1 to 5, Elan Pharmaceuticals30! labeled with
rhodamine revealed a different pattern of fluorescence life
times. First, there was detectable FRET between the antibod
ies throughout the plaques. The fluorescence lifetimes of fluo
rescein decreased from2.660.1 ns in the fluorescein-alone
tissue, to1.960.1 nsin the doubly-labeled tissue. We have
previously shown that these two antibodies co-localize with
each other on amyloid-b deposits, despite the nearly overlap-
ping epitopes near the N-terminals of amyloid-b.13 Our FLIM
results demonstrate that the antibodies are indeed extreme
close to each other, within 10 nm. This distance is closer tha
can be determined by co-localization studies. Surprisingly, we
also observed spatially distinct profiles of FRET within indi-
vidual plaques. In dense-core plaques, there was a higher d
gree of FRET in the periphery of the plaque than in the core
This is demonstrated most effectively in the pseuodocolore
image of Fig. 6~b!. This result indicates that the amyloid-b
peptide has a different three-dimensional conformation in the
core of a plaque compared with the periphery or diffuse
plaques. It is important to note that this is not due to packing
density ~since FLIM is concentration independent31,32!, but
implies a difference in the relative conformation of the two
epitopes to one another. We expect intermolecular FRET to b
less close~hence have longer lifetimes! than intramolecular
FRET, and this therefore suggests that the core of a plaqu
may favor ab-pleated sheet-packing orientation that favors
intermolecular interactions between the N-terminals of
amyloid-b peptides. This result will be pursued further with a
range of antibodies with discrete epitopes along the sequenc
of amyloid-b.

3 Discussion
We describe the development of a time-domain FLIM system
using commercially available components. By coupling a
high-speed TCSPC acquisition board with a laser scannin
multiphoton microscope, we were able to obtain high spatia
resolution images with high temporal resolution lifetimes on a
pixel-by-pixel basis. Using this system, we characterized the
fluorescence lifetime of fluorescein conjugated to monoclona
antibodies and streptavidin reagents, which are commonl
used for immunohistochemistry. We also demonstrated FRE
between cells transfected with green fluorescent protein colo
variants, further establishing their usefulness for addressin
both static and dynamic determinations of protein
interactions.3,17,33,34 High-resolution FLIM permits detection
of FRET in doubly-labeled cells and tissue, permitting co-
localization of protein pairs with resolutions less than 10 nm.
As opposed to frequency-domain FLIM, this system permits
determinations of both degree of FRET as well as the propor
tion of molecules within a volume exhibiting FRET.

We also describe the implementation of this system for
FRET determinations in biological tissue from a transgenic
mouse model of Alzheimer’s disease. This mouse develop
senile plaques similar to those found in the human disease
and characterization of these neuropathological lesionsin
vitro or in vivo will aid in our understanding of the disease.
Our results indicate that individual senile plaques exhibit two
374 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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morphological conformations of amyloid-b peptide that are
detectable with FLIM. This may provide a clue as to the in
tial formation of senile plaques or to the maturation of
plaque over time. Further experiments with a range of a
bodies recognizing specific epitopes within the amyloidb
peptide, and transgenic mice at an age when plaques are
beginning to appear, may help elucidate these issues.

In conclusion, FLIM is a powerful spectroscopic techniq
for analyzing FRET interactions on a spatial scale of less t
10 nm. With the recent availability of commercial electroni
for high-speed detection of fluorescence lifetimes, coup
with the recent popularity of laser scanning multiphoton m
croscopes, this technique should see more widespread us
ultra-high resolution analysis of protein–protein interactio
in complex biological tissue.
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