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This work describes a simple way to identify fiber types in living muscles by fluorescence lifetime imaging microscopy (FLIM).
We quantified the mean values of lifetimes t; and T, derived from a two-exponential fit in freshly dissected mouse flexor
digitorum brevis (FDB) and soleus muscles. While t; values changed following a bimodal behavior between muscles, the
distribution of T, is shifted to higher values in FDB. To understand the origin of this difference, we obtained maps of
autofluorescence lifetimes of flavin mononucleotide and dinucleotide (FMN/FAD) in cryosections, where excitation was set at
440 nm and emission at a bandwidth of between 500 and 570 nm, and paired them with immunofluorescence images of
myosin heavy chain isoforms, which allowed identification of fiber types. In soleus, T, was 3.16 ns for type | (SD 0.11, 97
fibers), 3.45 ns for I1A (0.10, 69), and 3.46 ns for 11X (0.12, 65). In FDB muscle, T, was 3.17 ns for type | (0.08, 22), 3.46 ns for IIA
(0.16, 48), and 3.66 ns for 11X (0.15, 43). From T, distributions, it follows that an FDB fiber with T, > 3.3 ns is expected to be of
type II, and of type | otherwise. This simple classification method has first and second kind errors estimated at 0.02 and 0.10,
which can be lowered by reducing the threshold for identification of type I and increasing it for type Il. Lifetime maps of
autofluorescence, therefore, constitute a tool to identify fiber types that, for being practical, fast, and noninvasive, can be
applied in living tissue without compromising other experimental interventions.

Introduction
Mammalian skeletal muscles are composed of heterogeneous
bundles of myofibers, classified into fiber types according to
their particular myosin heavy chain (MHC) isoform and met-
abolic activity. Slow-twitch-type I-fibers are classified as oxi-
dative, and fast-twitch-type II-fibers as a mixture of oxidative
(I1A) and glycolytic (IIB and IIX; Schiaffino et al., 1989). Each
of these fiber types is characterized by differences in
excitation-contraction coupling (ECC) properties, such as the
voltage dependence of intramembrane movement of ECC
voltage sensors (“charge movement”; Hollingworth and
Marshall, 1981), and content of the proteins that control the
kinetics of calcium transients (Baylor and Hollingworth, 2003;
Calderon-Velez et al., 2010). The sum of these characteristics
provides a specialization to each fiber type in managing in-
tracellular calcium, with consequent divergence in their calci-
um signals.

In addition to the above-mentioned functional properties, the
signature metabolic characteristics of oxidative and glycolytic
fiber types include their mitochondrial morphology, role, and
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content of metabolites (Johnson et al., 2007). In this sense, es-
sential metabolites, the flavoprotein prosthetic group flavin
adenine mononucleotide and dinucleotide (FMNH, and FADH,),
which serve important functions as metabolic electron carriers
in mitochondrial bioenergetics and subsequent ATP production,
can be used as an endogenous monitor of cellular metabolism. To
this end, metabolic imaging is based on the fact that the oxidized
forms of flavin adenine mono- and dinucleotide—FMN/FAD—
are inherently fluorescent, and have been extensively used as
markers to identify the metabolic activity of several cells in-
cluding skeletal muscle fibers (for review, see Kolenc and Quinn,
2019). A drawback of fluorescence intensity-based FMN/FAD
measurements is that these intrinsic fluorophores have a
quantum yield an order of magnitude lower than commonly
used monitors. Therefore, tracking variations of metabolic state
via imaging finds inconsistencies, because values depend on
parameters used to collect data, including excitation light in-
tensity, light scattering, and photobleaching (Periasamy and
Clegg, 2009, and examples in the Supplemental material).
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In this work, to noninvasively identify fiber types in living
muscles, we employ fluorescence lifetime imaging microscopy
(FLIM) of the fibers” autofluorescence; the approach overcomes
the limitations of fluorescence intensity-based measurement
because it can extract metabolic information independently of
fluorophore concentration, acquisition region area, and a variety
of differences in the molecular microenvironment, such as pH,
temperature, and viscosity (Lakowicz, 2006; Chen et al., 2014).

The fluorescence decay curve of FAD and related flavins
(including riboflavin and flavin mononucleotide, FMN) consists
of two exponential components of different lifetime. These
lifetime fluorescence components resemble the emission by the
principal electron donor, reduced NADH, where the short life-
time (1) is ascribed to free and the long lifetime (1) is charac-
teristic of NADH bound to a protein (Lakowicz et al., 1992;
Blinova et al., 2005). In this particular case, T, is attributed to
free FAD/FMN, and the long lifetime (t,) is characteristic of FAD
bound to a flavoprotein—largely lipoamide dehydrogenase.

In the present study, the distribution of the two lifetimes was
quantified in longitudinal and transverse sections of freshly
dissected FDB and soleus murine muscles. It was found that,
while the distribution of T, changes only slightly, that of t, dif-
fers sharply between fast and slow muscles. Hypothesizing that
the diverging lifetimes reflect different fiber-type composition,
maps of autofluorescence lifetimes were obtained in cryosections
of each of these muscles (“Maps” refer to 2-D pixel-by-pixel
representations of the autofluorescence, where the color-coded
value at each pixel is that of a lifetime parameter, rather than
the usual intensity). Individually paired lifetime maps and
immunofluorescence images of MHC isoforms revealed strik-
ing lifetime differences between fiber types. This comparison
led to a simple method to identify fiber types via a rapid,
noninvasive, label-free imaging procedure, which should help
standardize functional assays for which results are expected to
depend on fiber type.

Materials and methods

Ethical approval

Protocols on usage, care, transfection, and killing of animals
were approved by the Institutional Animal Care and Use Com-
mittee of Rush University, and were consistent with their ethical
standards, and in compliance with the guidelines of the Animal
Care and Welfare Act.

Animals

6-12-wk-old WT mice of the strain C57BL/6 were obtained from
Charles River Breeding Laboratories, Wilmington, MA. Animals
were euthanized by CO, inhalation and subsequent cervical
dislocation. FDB and soleus muscles were immediately removed
and either prepared for cryosectioning or immobilized in a
custom 3-D-printed chamber (Manno et al., 2017) for FLIM
measurements and imaging.

Solutions
PBS (in mM): 137 NaCl, 2.7 KCl, 10 Na,HPO,, and 1.8 KH,PO,.
Relaxing solution (in mM): 145 K-glutamate, 10 HEPES, 1 MgCl2,
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0.1 EGTA. pH was adjusted to 7.4 and osmolarity to 310 mOsm/
liter. A 120-mM stock of flavin adenine dinucleotide (F6625;
Sigma-Aldrich) was prepared in relaxing solution. Dilutions of
FAD were prepared at the following concentrations (in mM):
0.01, 0.1, 0.5, 1, 12, 20, and 50, using relaxing solution.

FLIM of autofluorescence

The basic technique applied here is the FLIM imaging of auto-
fluorescence in different fiber types, in vivo, in fixed muscles,
and in solutions containing FAD. The mode of lifetime imaging
used was time-correlated single photon counting, implemented
in a laser-scanning confocal imaging system (Falcon SP8; Leica
Microsystems) with continuously adjustable excitation wave-
length and high-sensitivity “HyD” hybrid detectors. The tech-
nique, which records single photons with picosecond resolution
(Fig. 1), works as a stopwatch that stores the time elapsed be-
tween the excitation pulse (A) and the recording of the emitted
photon (D, called “arrival time” or “lifetime,” a term we prefer
for brevity). The excitation pulses (the 40-MHz output from a
pulsed diode laser [PDL 800-D; PicoQuant]) provide a 25-ns
window between them for recording multiple photons and
their arrival times. A first stage in FLIM is the acquisition of
“lifetime images,” in our case arrays of 256 x 256 pixels, where
the values are pixel averages of all photon arrival times recorded
there (example in Fig. 2, A a and c). The acquisition is carried out
in scans, consisting in one excitation pulse per pixel and col-
lection of the emitted photons during the 25-ns window between
pulses. One lifetime image is usually built from 20 scans,
yielding an average of 300 photons/pixel inside most parts of
the imaged area. The objectives used to acquire large image
fields and individual fiber measurements were, respectively, HC
PL Fluotar 20x/0.55 dry and HC PL APO CS2 63x/1.2 water
(Leica).

Lifetime images (and the associated “phasor plot” [Fig. 1E],
described in the Appendix) provide a first view of the distri-
bution of photon arrival times. On the basis of these images,
further analysis consists in accumulating lifetimes from a region
of interest (ROI), rectangular in intact muscles, or circular in
muscle cross-sections, using a similar area of acquisition be-
tween fibers (Fig. 1, Ba and C a). Collected lifetimes in individual
pixels or in ROIs are plotted as histograms I(t) (where I repre-
sents photon count per unit time interval at arrival time t), also
known as fluorescence decay or fluorescence response curves
(Fig. 1E). These curves were parametrized by fitting with the
sum of multiple exponentials. The two-exponential model was
considered adequate for fitting the data (which was true in most
cases) when it yielded ¥? values <1.5:

I(t) = A, - e/ + Ay - e, (1)

Determination of myofiber type by immunofluorescence
Fiber types were identified by immunofluorescence imaging
analysis using monoclonal antibodies specific to MHC isoforms
characteristic of each cell type.

FDB and soleus cross-sections were prepared as described by
Beedle (2016). Muscles were dissected and introduced into the
Optimal Cutting Temperature compound (Thermo Fisher
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Figure 1. Methods of fluorescence lifetime imaging microscopy. (A) Laser pulses (Ex/Em 440/500-570 nm) were focused over the unstained tissue.
(B and C) FLIM and immunostaining imaging performed sequentially in fresh whole muscle or in muscle cross-sections. Acquisition of autofluorescence
lifetimes is done first, with fits of I(t) in regions marked in yellow (B a and C a), followed by immunostaining (B b and C b), so that fit parameters and im-
munologic typing can be put in correspondence. (D) Representation of time-domain FLIM; arrival times (t;) are quantified using a time-correlated single photon
counting (TCSPC) unit, by sequentially exciting a solution or tissue, and recording the time it takes for the emission of each fluorescence photon. (E) Histogram
I(t) of arrival times, defined at individual spatial location (pixels or multipixel regions). A multiexponential fit provides the unique parameters (4, T;). An ad-
ditional outcome is the number of photon counts or total emission (Te). The lower plot is the residual of a two-exponential fit. (F) Graphic implementation of
the method based on the phasor transformation.
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Figure 2. Correspondence of lifetime images with immunostaining in whole muscles. (A a and c) Autofluorescence lifetime images (see Materials and
methods). (A b and d) Immunostaining of MHC type | (red), IIA (green), or 11X (blue) in soleus or FDB as indicated. (B) Box representations of fitted t, values for
ROIs in the fiber types identified with immunostaining in soleus (a) and FDB (b). (C a) Histograms of the fast time constant 1;. (C b) Slow time constant T in

soleus (N = 4 mice; m = 179 fibers) and FDB (N = 5; m = 351).

Scientific), and subsequently transferred into isopentane,
previously cooled in liquid nitrogen for 10 min. Cryopreserved
samples were cut with a Cryostat CM1850 (Leica) as 10 pm-
thick sections transverse to the fiber axis. Frozen cross-sections
were fixed in 4% PFA for 20 min and washed in PBS. Fixed
cross-sections were incubated in 0.2% Triton X-100 (Sigma-
Aldrich) for 30 min, and then incubated in 5% goat serum
(G9023; Sigma-Aldrich) for 1 h. Incubation in primary anti-
bodies was done overnight at 4°C. Cross-sections were incu-
bated in secondary antibodies for 2 h at room temperature.

Preparation of whole muscle fibers for immunostaining:
muscles were fixed in 4% PFA for 25 min and washed with PBS.
Fixed muscles were kept in a glass chamber with acetone
(Millipore Sigma) for 20 min at -20°C. Permeabilized muscles
were incubated in 2% Triton X-100 for 30 min, then in 5% goat
serum (G9023; Sigma-Aldrich) for 1 h.

Preparation of whole muscle fibers for immunostaining:
muscles were fixed in 4% PFA for 25 min and washed with PBS.
Fixed muscles were kept in a glass chamber with acetone
(Millipore Sigma) for 20 min at ~20°C. Permeabilized muscles
were incubated in 2% Triton X-100 for 30 min, then in 5% goat
serum (G9023; Sigma-Aldrich) for 1 h.

Incubation with primary antibody was overnight at 4°C and
secondary antibodies for 2 h at room temperature.

Primary antibodies were applied at 20 ug/ml for cross-
sections and at 60 pg/ml for whole muscles as follows: type I,
BA-F8; type IIA, SC-71; and type IIX, 6H1 (all from Develop-
mental Studies Hybridoma Bank). Secondary antibodies (10 pg/
ml): type I, A-21242; type IIA, A-21121; and type IIX, A-21044
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(all from Thermo Fisher Scientific). Signals were acquired in
sequential mode, which eliminates crosstalk between emissions
at different wavelengths.

For the identification of fiber type in intact muscle prepa-
rations we used an application module supplied by Leica, which
provides an overview of large fields in immunostained whole
muscle bundles.

Statistics and presentation of replicates

The measurements compared in the present study are typically
quantitative features of N individuals (mice) with n; repli-
cations (myofibers) for individual mouse i. The total number of
replications (myofibers, images, cases) used in a study is de-
noted as m = ) n; Statistical significance of the difference
between variables was determined using hierarchical, a.k.a.
nested analysis (Sikkel et al., 2017; Lazic et al., 2018). Means
are calculated conventionally, averaging over all measure-
ments, for example:

N n N
?=Zni21‘ij Zni. (2)
-1 el i1

Then, for evaluation of statistical significance of differences,
an effective number of cases is calculated, which corrects for the
grouping or clustering of replicates from the same individual,
thus avoiding pseudoreplication (Lazic et al., 2018). The hier-
archical analysis was carried out in the programming environ-
ment R, using RStudio (https://www.rstudio.com/about/).

The illustration of comparisons between measured variables
is done with box plots, which show median (solid lines), bounds
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of box (75th to 25th percentiles), and whiskers representing 95%
in the data set.

Online supplemental material

Demonstration that intensity of autofluorescence could be useful
for myofiber typing but has significant disadvantages compared
with the evaluation of fluorescence lifetimes. Fig. S1 shows
identification of fiber types with immunostaining and FLIM
images in soleus muscle cross-sections. Fig. S2 shows FLIM pa-
rameters measured in xt-linescan mode. Supplemental text
provides parameters used to collect data, including excitation
light intensity, light scattering, and photobleaching.

Results

Correspondence between fiber type and fluorescence lifetime
Fluorescence lifetimes in intact myofibers

Fluorescence lifetime measurements were carried out on intact
fibers of freshly removed FDB and soleus muscles, stretched to
the bottom of a glass chamber, so they could be visualized under
the microscope. Fig. 2A a and c exemplify lifetime images (pixel-
by-pixel maps of photon arrival times after pulse excitation
[lifetimes], acquired as described in Materials and methods).
The histograms I(t) of lifetimes accumulated in ROIs drawn in
every fiber (a.k.a. fluorescence decay curves) were fitted with
Eq. 1. Such analysis of FLIM data provides several quantitative
outcomes, including the four best-fit parameters (4;, A,, T}, and
Ty, as shown in Fig. 1E) and the total number of photons emitted
(herein “total emission,” Te). While all of them varied with fiber
type, the change in T, was most notable.

After lifetime imaging, muscles were fixed and im-
munostained for identification of MHC isoforms. Images in
Fig. 2A b and d show immunofluorescence in the area with FLIM
measurements. Based on the immunostaining, soleus muscles
have a higher proportion of oxidative fibers of type I and IIA
(red and green, respectively); and FDB of type ITA and glycolytic
IIX (green and blue, respectively). T, values for ROIs in every
individual fiber in the images were grouped according to fiber
type and their distribution represented with box plots (Fig. 2B).
The distributions of T, and T, in multiple images of FDB and
soleus, regardless of fiber type, are represented as histograms in
Fig. 2C a and b, respectively. These histograms show that lower
lifetimes, and consequently lower values of t; and 1, are more
frequently observed in soleus compared to FDB. T, values are
distributed with two different modes in FDB muscles—a con-
founding factor for any use of the difference in lifetimes. This
was not the case for the distribution of T,; therefore, this was the
parameter considered for further comparisons.

Fluorescence lifetimes in muscle cross-sections

To further evaluate the differences in lifetime distributions
between fiber types, fibers in larger numbers were assessed by
immunostaining of muscle cross-sections (Fig. 3). In the im-
munostained sections, fibers were numbered and colorized ac-
cording to type (Fig. 3A b and d). Histograms of lifetimes I(t),
derived from ROIs covering most of the area of each fiber
(Fig. 3A a and c), were fitted with Eq. 1. Box plots in Fig. 3B a and
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b summarize the distribution of T, of fiber types I, IIA, or IIX.
Confirming the observations on live fiber images (Fig. 2B),
T, values for type I fibers were statistically significantly sepa-
rated from those of types IIA and X put together. T, differences
between IIA and IIX were not statistically significant (Fig. 3B a
and b). Statistical parameters are summarized in Table 1.

The substantial difference in the distributions of 1, between
types I and II suggested a simple, binary T, threshold criterion as
basis for determination of fiber type, according to which fibers
with a value <3.3 ns would be assigned as type I, while otherwise
fibers would be assigned as type II.

Fluorescence intensity was also tested as an alternative way
to identify fiber types. The test is discussed in the Supplemental
text. Briefly, we confirmed previous observations of a higher
autofluorescence in type I myofibers (Chagnot et al., 2015).
However, fluorescence intensity proved fickle, variable in dif-
ferent preparations, and, most problematically, highly suscep-
tible to bleaching. Hence, we abandoned this approach in favor
of the use of lifetimes.

Errors of first and second kind in the determination of

fiber types

The quality of the proposed method was quantified by estimat-
ing its errors of the first and second kind (i.e., probabilities of a
false positive or a false negative; Heumann et al., 2016). “Kind” is
used instead of the more common denomination “type” to avoid
confusion with type as fiber attribute). Let the hypothesis be:
“fiber is of type II provided that T, > 3.3”; then, the two errors
can be estimated as follows, with numbers corresponding to
measures in the soleus:

#of type I fibers with 1,>3.3 ns _

Error of the 1st kind =
rror st X #of fibers with 1,>3.3 ns

7
—=0.056
124

(5)

and

Error of the 2nd kind =

#of fibers with 17,<3.3 ns

10 _ 5100
100

(6)
Note that an alternative definition of the hypothesis: “fiber is
of type I provided that t, < 3.3” results in a simple exchange of

definitions of first and second kind errors, as clarified numeri-
cally with Table 2.

A graphical simplification of the method

Having found that the value of the “slow” time constant of the
fluorescence response establishes with reasonable certainty the
fiber type, we found a practical and fast way to locate myofibers
of different types. It uses the “phasor,” or frequency-domain
approach to FLIM (Ranjit et al., 2018). The phasor representa-
tion combined with available commercial software generates
colored masks on optical images, which map ranges of lifetime
values, thus producing an initial classification that serves as

Journal of General Physiology
https://doi.org/10.1085/jgp.202213143

#of type II fibers with 7,<3.3 ns _

5 of 10


https://doi.org/10.1085/jgp.202213143

JGP

Soleus FDB
L\fet\me

Lifetime Immunostammg

!mmumostammg

70 um
26,70 v g

50 um

Type | by FLIM

| A [IX | A X

Figure 3. Correlation of T, maps with immunostaining images in muscle fiber cross-sections. (A a and c) Autofluorescence lifetime images of soleus and
FDB as indicated. (A b and d) Consecutive cryosections immunostained for fiber types I (red), IIA (green), and 11X (blue). (B) Statistics of T, values in fibers
identified by immunostaining of cross-sections (N = 3, m = 231) for soleus; (N = 3, m = 113) for FDB.

guide for further definition of regions where the fluorescence An example of this graphic approach is illustrated in Fig. 4.
response is characterized analytically with multiexponential Fig. 4A shows lifetime images; the lifetimes recorded at every
fitting. While the approach is fast and practical, it is approxi- pixel were used to construct fluorescence decay curves I(t).

mate. An account of its basis and limitations is presented in the The phasor transform, described in the Appendix, was ap-
Appendix. plied to these time courses to obtain two variables, g and s, that

Table 1. FLIM parameters found in cross-sections

FDB Soleus

T, (ns) T, (ns) Te (counts) m, N T, (ns) T, (ns) Te (counts) m, N
Type | 0.49 3.16 317 22,3 0.46 3.16 3721 97,3
S.EM 0.007 0.03 29 0.004 0.01 17.1
p for types | vs. l1A <0.001** <0.001** <0.001** <0.001** <0.001** 0.02*
Type IIA 0.67 3.46 143 48, 3 0.58 3.44 307.2 69, 3
SEM 0.008 0.03 32.6 0.003 0.01 22.2
p for types I vs. 11X <0.001** <0.001** <0.001** <0.001** <0.001** 0.07
Type IIX 0.65 3.55 221 43,3 0.56 3.46 436 65, 3
SEM 0.01 0.02 15 0.004 0.01 30.6
p for types IIA vs. 11X 0.53 0.01* <0.001** 0.002* 0.81 0.002*

Quantitative outcomes of the analysis of FLIM data, defined in Materials and methods. The p’s are probabilities of no difference in the comparison listed,
calculated by nested analysis. Asterisks mark changes statistically significant at the <0.05 (*) and <0.001 (**) level.
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Table 2. Errors in the acceptance or rejection when recognizing a
fiber type

# typel Al First #type Al Second N, m

fiber fibers kind |1l fiber fibers kind

w/ w/ error w/ T, < w/ T, < error

>33 T,>33 33 33
FDB? 1 85 0.01 6 27 0.22 3,113
Soleus? 7 124 0.056 10 100 0.1 3,231

#typell  All First # typel Al Second N, m

fiber fibers  kind fiber fibers kind
w/Ty< w/T< error w/ w/ error
33 33 1,>33 T1,>33

FDBP 6 27 0.22 1 85 0.01 3,113
SoleusP 10 100 0.1 7 124 0.056 3,231

aWhen recognizing a fiber as type |.
bWhen recognizing a fiber as type II.

represent every pixel by a vector (phasor) in phasor space
(Fig. 4B c and d, where color corresponds to the number of pixels
with phasor in the same range).

Note that the phasors cluster near two values. The software
allows the reverse mapping, from regions within circles in
phasor space to the corresponding pixels in “lifetime space”
(Fig. 4B a and b), forming masks that overlap approximately
with individual myofibers. While fluorescence decays with dif-
ferent time courses may have similar phasors (as shown in the

A

Lifetime

FDB

30 um

Soleus

25 pym

B Phasor-mapped
FLIM image

JGP

Appendix), we have found in the present study a good corre-
spondence between phasor location and T, value. This empirical
observation is evident in the clear distinction of myofibers
corresponding to the two most intense clusters in both phasor
images (Fig. 4B c and d).

The autofluorescence originates in FAD

As a step toward understanding the chemical basis of this em-
pirical method and eventually using lifetimes as monitors of
metabolic properties, we compared spectra of fluorescence
emission of live muscle fibers and FAD containing solutions, a
study illustrated with Fig. 5.

We found that these FAD spectra, with maxima at ~525 nm,
overlapped closely with the corresponding spectra of auto-
fluorescence, which largely confirms prior observations (e.g.,
Huang et al., 2002) that largely attribute autofluorescence to
FAD. Note, however, the separation at both extremes of the
abscissa, which suggests the presence of multiple fluorescent
species (e.g., riboflavin and FMN; Surre et al., 2018). I(t) was also
acquired at multiple free flavin concentrations between 10 uM
and 20 mM (as shown in Fig. 5B, inset).

Discussion

The method described here aims to identify the type of a my-
ofiber by the value of one of the exponential decay time con-
stants of the autofluorescence response to a brief excitation. To
establish the method, paired cryosections were compared by
measuring the photon arrival time (lifetime) in the first section,

FPhasor plot

Figure 4. Identification of fiber types in longitudinal sections of live muscles. (A a and b) Lifetime images of autofluorescence in FDB and soleus. (B a and
b) Phasor maps, which display the approximate regions within fibers corresponding to a particular t value. (B ¢ and d) Phasor plots, resulting from application
of the phasor transform (described in the Appendix) to the lifetime data in A; higher values of the abscissa correspond to lower arrival times, hence lower 1.
The maps in B a and b are created by selecting the regions of high signal in the phasor plots.
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Figure 5. Fluorescence properties of FAD in solution compared with

muscle autofluorescence. (A) Emission spectrum of FAD; excitation was set
at 440 nm. Measurements were performed in vivo in soleus and FDB muscles,
and in vitro with two solutions of different free FAD concentrations. (B) In
vitro measurements of T at increasing [FAD]. The arrival time histograms or
fluorescence responses I(t) obtained at the extremes of the FAD concentra-
tion range are shown in the inset. They are well fitted by single exponentials
of time constant .

and immunostaining of MHC in the next one. On this basis, we
defined a simple binary criterion that separates types I and II
based on a threshold value, 3.3 ns, of the cell-averaged T, in the
two-exponential fit that the autofluorescence transients almost
always satisfy.

Given the major differences in protein endowment and
function between fiber types, fiber “typing” has been a long-
sought goal when interpreting functional and structural meas-
urements. This is sometimes achieved by immunological
techniques or simply by sourcing myofibers from muscles in
which one type predominates. The approach we propose here
has obvious advantages over the prior approaches: it applies to
live tissue, is nonintrusive as it requires neither exogenous
monitors nor high-intensity illumination, is fast, and can be
implemented in a practical graphic manner by transitioning
between the time and frequency (phasor) domains (as illus-
trated with Fig. 4).

The major limitation of the novel technique is that it is ap-
proximate, subject to errors for which we provided estimates.
The asymmetries in these errors are worth noting. Thus, a
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classification of a fiber as type I, based on a T, > 3.3 ns, will be in
error 1% of the time; the converse, a diagnosis of type I on the
basis of a T, < 3.3 ns, will be in error in approximately one of
every five cases (see Table 2 for clarification). These errors can
be reduced by making the criterion more stringent; for example,
lowering the threshold, in soleus muscle, for a positive classifi-
cation of type I (e.g., to 3.2 ns), would reduce the error to 2/57
(number of type II fibers with , < 3.2 ns / all fibers with T, < 3.2
ns) = 0.03. An increase in the threshold 1, value used to identify
type II fibers would correspondingly reduce errors in their
identification. These more stringent definitions would, of
course, leave some fibers in an “undetermined type” category.

Here, we showed that the emission spectrum of FAD in so-
lution is similar, albeit not identical, to that of the auto-
fluorescence observed in both soleus and FDB, which is
consistent with the dominant role attributed to flavins as sour-
ces of the autofluorescence excited by visible light in muscle
(e.g., Surre et al., 2018). Myofibers have characteristic concen-
trations of free and protein-bound flavins, which depend on fi-
ber type and activity. We show here a correspondence between
fiber type and autofluorescence lifetimes, while also demon-
strating a negative correlation between lifetime and FAD con-
centration in solutions. Jointly, the observations suggest a
tentative explanation for the difference in t, of the auto-
fluorescence: oxidized FAD levels are higher in type I than in ITA
or IIX (Chemello et al., 2011; Chagnot et al., 2015). In addition to
differences in protein bound versus free states of flavins, these
results point at differences in redox states as causes for the
observed divergence of lifetimes. Because the present meas-
urements were performed in young and healthy animals, it will
be necessary to again characterize lifetimes when applying the
procedure to a different animal model, pathophysiological con-
dition, or muscle.

Fluorescence intensity has been the commonly used variable
when measuring autofluorescence of intracellular metabolites
(for a review, see Kolenc and Quinn, 2019). Using this variable as
an alternative way to determine the types of fibers in a muscle
was tested in this work (see Fig. S1). Intensity-based measure-
ments of FAD/FMN bring some advantages, such as a better
signal-to-noise ratio than lifetime measurements. However, it
brings more limitations, as this intensive variable depends on
parameters used to collect data and, therefore, is inconsistent in
assigning a quantitative value to each fiber type. In our study,
illustrated in the Supplemental text, photobleaching proved the
most conspicuous (see Fig. S2) source of variability in
intensity—a consequence of both the susceptibility of FAD and
related molecules to bleaching and their low concentrations,
requiring high-excitation intensity. A different intrinsic fluo-
rophore, such as NADH, would be superior, as it is found at
higher concentrations than FAD. Its use, however, is limited by
the requirement for excitation in the deep UV.

In conclusion, we demonstrated the potential value of FLIM
to discriminate between fiber types I and II in two muscles with
dissimilar proportions of oxidative and glycolytic fibers. This
simple, fast, and non-invasive method should help standardize
functional assays for which results are expected to depend on
myofiber type.
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Appendix: Phasor analysis as graphic shortcut
to identification of fiber type

The appendix provides a summary description of the phasor
analysis of FLIM data, followed by a discussion of the basis and
limitations of its use for the purposes of myofiber typing.

The phasor plot

For lifetime measurements, excitation light is pulsed at a con-
stant frequency. The excitation profile can, therefore, be rep-
resented by a discrete spectrum of sinusoidal functions of time,
of frequencies that are multiples of the fundamental. The
emission response is equally decomposable into sinusoidal sig-
nals. The response of a single molecular species to each sinus-
oidal term will be the product of each term by a constant phase
vector or phasor, defined by two numbers: amplitude (m) and
phase (0), or two projections, g (= m cos ) and s (= m sin 9), on
orthogonal coordinate axes, which define a point in 2-D phasor
space (Ranjit et al., 2018; Digman et al., 2008). A simple formula
links the two components in phasor space to a time-dependent
decay I(t):

[51(t)cos(wt)dt _ [1(t)sin(wt)dt
[S1(t)dt o [Imde

where w is the fundamental angular frequency of excitation,
i.e., w = 2m/pulse interval. In other words, the phasor is the
complex weight of the Fourier transform of the temporal decay
of fluorescence at the pulsing frequency.

Fourier decomposition has the computational advantage of
removing the time dependence of signals, and leaving just a
constant vector for every component in multicomponent re-
sponses. Applied to fluorescent systems with few molecular
species, as in the present case, it produces a representation of
the system that conveys its fluorescence lifetime properties

g(w) = s(w) (7)

log[# photons/

Phasor plot
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graphically, in the phasor plot, whereby every pixel in the FLIM
image is represented by a point at the tip of its phasor (Fig. A1). If
the decay is a single exponential, I(t) = Ae~*/7, the phasor coor-
dinates are

1 wT

g(w) s(w) (8)

1+ w2t2 1+ w2t2’

therefore, the tip of the phasor describes a semicircle (known as
the universal circle; e.g., Digman et al., 2008). In this semicircle,
longer lifetimes tend to be displayed to the left and shorter ones
to the right.

When the time response can be fitted as the sum of two de-
caying exponentials (Eq. 1), the corresponding phasors will oc-
cupy points—or clusters, allowing for noise—along the segment
in phasor space that connects the two points on the circle, p; and
P2, corresponding to T; and T, via Eq. 8 (Fig. Al). Phasor locations
in this segment can also correspond to other systems with
multiexponential decays, including a biexponential with time
constants different than T, and T, as illustrated in the figure.

LASX, the analysis software provided by the instrument
supplier (Leica) for time-domain photon counting and
frequency-domain (phasor) FLIM allows mapping between the
two representational spaces, so that selecting a region of the
phasor plot that represents a particular combination of time
constants and amplitudes results in the highlight of corre-
sponding areas of the phasor-mapped FLIM image (Fig. AL; and
Fig. 4B a and b), for immediate identification of myofibers with
different properties. This method provides rapid and qualitative
visualization of groups of cells and helps identify groups of fi-
bers with characteristic fluorescence lifetimes.

Errors of the method estimated from the comparison be-
tween images in muscle fiber cross-sections. If the single life-
time threshold criterion is used, the classification is binary
(fibers are classified as either type I or type II) and the two kinds

Figure Al. Frequency-domain analysis maps
pixel fluorescence times to points in phasor
space. A Fourier transformation maps the fluo-
rescence decay (or histogram of photon arrival
times) illustrated in the legend of Fig. 1E to
points in phasor space of coordinates g and s
given by Eg. 7. Single-exponential fluorescence
decays map to points on the “universal circle”
(actually, a semicircumference, where points of
greater g value correspond to shorter time con-
stants). Multiexponential decays map to points
inside the circle. A two-component decay with
lifetimes t; and 1, will map to a point in the
segment joining the single-exponential points (p;
and p,) on the universal circle. Multiple combi-
nations of two (or more) exponential decays of
different time constants may map to the same
point in phasor space, for example, at the in-
tersection of the segments p;-p, and ps3-pa,
which corresponds to the two-exponential decay
with constants 13 andt,.
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of error trade places when identifying one type or the other.
More stringent criteria involving two threshold lifetimes, thl,
the top lifetime for type I myofibers, and th2, the minimum
lifetime for type II, will reduce errors and leave fibers, those
with lifetimes between thl and th2, without typing.
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Supplemental material

Fluorescence lifetime of autofluorescence, a novel method to determine murine skeletal muscle fiber types
This supplement demonstrates that intensity of autofluorescence could be useful for myofiber typing, but has significant dis-
advantages compared with the evaluation of fluorescence lifetimes.

Fig. S1A a, b, and c illustrate T, maps of serial cryosections, autofluorescence intensities determined together, and corresponding
immunostaining of type I and IIA fibers, respectively (as described in the FLIM of autofluorescence section of Materials and
methods). After immunostaining, an identification number was assigned to fibers chosen randomly, to subsequently compare with
corresponding lifetime values determined in the next cross-section. Lifetime and intensity values determined for type-identified
fibers were cross-plotted as illustrated in Fig. S1A c. Fluorescence intensity was highly negatively correlated with lifetime values.

Using a freshly isolated soleus muscle imaged longitudinally, fluorescence intensity was measured in regions of interest covering
the area of a myofiber. T, T, and fluorescence intensity are plotted as a function of time in Fig. S2. Lifetime signals are constant
over the 45-s acquisition period, but the fluorescence intensity decays, reflecting rapid bleaching under the excitation needed to
reveal the autofluorescence. While the intensity measured in the cross-sections is systematically higher for type II fibers, consistent
with its use for type identification, the rapid bleaching constitutes a major limitation, contrasting with the robust measure of
lifetimes over the same period.
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Figure S1. Identification of fiber types with immunostaining and FLIM images in soleus muscle cross-sections. (A) For a wider view of the sample,
arrays of several 256 x 256-pixel images were scanned and merged together to form. (A a) Autofluorescence lifetime color map. (A b) FAD fluorescence
intensity image. (A c) Immunostaining identifying fiber types I (red) and IIA (green) in a consecutive cryosection. Amplified regions of the whole muscle cross-
section, delimited by white frames, are displayed in insets a.1-c.1. After immunostaining, an identification number was assigned to fibers chosen randomly, 1-5
for type IIA (green) and 6-11 for type | (red), to subsequently match up with fibers acquired with FLIM in the next cross-section. (B) Immunostained fibers were
assigned a lifetime and intensity value, which showed that type | fibers (red symbols) correlated with high intensity and low t,, and type A fibers (green
symbols) with low intensity and higher lifetime.
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Figure S2. FLIM parameters measured in xt-linescan mode. Lifetimes 1 and 2 (A and B, respectively) remained constant when pulses of excitation at 440
nm were constantly applied for 15 s. (C) The intensity of fluorescence, on the other hand, steadily decayed as it was bleached during this period of illumination.
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