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Skeletal Muscle NAD(P)H Two-Photon Fluorescence Microscopy In Vivo:
Topology and Optical Inner Filters
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ABSTRACT Two-photon excitation fluorescence microscopy (TPEFM) permits the investigation of the topology of intercellular
events within living animals. TPEFM was used to monitor the distribution of mitochondrial reduced nicotinamide adenine
dinucleotide (NAD(P)H) in murine skeletal muscle in vivo. NAD(P)H fluorescence emission was monitored (~460 nm) using
710-720 nm excitation. High-resolution TPEFM images were collected up to a depth of 150 um from the surface of the tibialis
anterior muscle. The NAD(P)H fluorescence images revealed subcellular structures consistent with subsarcolemmal, peri-
vascular, intersarcomeric, and paranuclear mitochondria. In vivo fiber typing between 1IB and IIA/D fibers was possible using
the distribution and content of mitochondria from the NAD(P)H fluorescence signal. The intersarcomeric mitochondria concen-
trated at the Z-line in the IIB fiber types resulting in a periodic pattern with a spacing of one sarcomere (2.34 = 0.17 um). The
primary inner filter effects were nearly equivalent to water, however, the secondary inner filter effects were highly significant and
dynamically affected the observed emission frequency and amplitude of the NAD(P)H fluorescence signal. These data dem-
onstrate the feasibility, and highlight the complexity, of using NAD(P)H TPEFM in skeletal muscle to characterize the topology
and metabolic function of mitochondria within the living mouse.

INTRODUCTION

Two-photon excitation fluorescence microscopy (TPEFM)
(Denk et al., 1990) permits the monitoring of subcellular
events in thick samples (Denk et al., 1994; Kasischke et al.,
2004; Zipfel et al., 2003) as well as living animals (for
review see Cahalan et al., 2002). Using this approach, many
investigators have been able to monitor processes under in
vivo conditions, which previously could be examined only
in isolated cells (Chen et al., 2000; Dunn et al., 2002;
Helmchen et al., 1999; Kleinfeld et al., 1998; Larson et al.,
2003; Levene et al., 2004; Masters et al., 1997; Squirrell
etal., 1999; Svoboda et al., 1997). In this study, we explored
the use of TPEFM to evaluate murine skeletal muscle
morphology and energetics using reduced nicotinamide
adenine dinucleotide (NAD(P)H) fluorescence. NAD(P)H
has been previously shown to have an adequate two-photon
cross-sectional area for TPEFM studies (Huang et al., 2002;
Kierdaszuk et al., 1996). We hypothesized that the NAD
(P)H signal would be primarily from mitochondria and
would thus provide an intrinsic marker of their distribu-
tion as well as provide specific information on their redox
state.

Mitochondria are organized in skeletal muscle in patterns
that may facilitate metabolic or signaling functions. Ex-
tensive characterization of skeletal muscle structure has been
performed over the years and mitochondrial distribution in
fixed tissue samples is well understood (Hamalainen and
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Pette, 1993; Hoppeler et al., 1973; Leeson and Leeson, 1969;
Stenger et al., 1962). There are four major pools of
mitochondria in skeletal muscle: subsarcolemmal, perivas-
cular, intersarcomeric, and paranuclear. The plasticity of
skeletal muscle mitochondria content is evident in the
adaptation to alterations in activity levels and environmental
factors such as microgravity, hypoxia, and strength training
(Hoppeler and Fluck, 2003). For example, endurance
training (Hoppeler et al., 1973), unlike strength training
(Chilibeck et al., 1999), has been shown to increase the
volume of intersarcomeric mitochondria. Although different
functions and characteristics have been ascribed to these
different pools of mitochondria, via differential isolation
techniques (for review see Hoppeler and Fluck, 2003), the
role of these different compartments of mitochondria is still
poorly defined. In addition to the intercellular distribution of
mitochondria, their overall concentration generally decreases
along the fiber type continuum from slow to fast (i.e., Type I,
IIA, IID/X, 1IB). Previous ultrastructural studies of human
tissue have shown that slow twitch Type I fibers have more
intersarcomeric mitochondria that align more along the
Z-line as the fibers tend toward fast twitch Type IIB fibers
(Ogata and Yamasaki, 1997). This distribution is consistent
with the more aerobic activity of Type I fibers. In the mouse,
skeletal muscle contains predominantly the fast muscle
Types IIA, IID, and IIB (Hamalainen and Pette, 1993;
Sartorius et al., 1998). For the purposes of this study, we
have grossly classified the fiber types commonly seen in
mouse skeletal muscle into Type 1IB and Type IIA/D fibers,
with fiber Type IIB containing less mitochondria, as previ-
ously confirmed using NADH tetraxolium reductase activity
(Hamalainen and Pette, 1993). The differential distribution
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of mitochondria in these fiber types suggests that mitochon-
drial NAD(P)H fluorescence could be used to assign skeletal
muscle fiber type noninvasively in vivo.

When excited in the ultraviolet (UV), tissue NAD(P)H
emits a blue fluorescence in the 440 nm region (Chance and
Baltscheffsky, 1958) that is influenced by its microenviron-
ment (Avi-Dor et al., 1963; Blinova et al., 2004; Chance et al.,
1962; Estabrook, 1962). As originally demonstrated by
Chance and colleagues, endogenous NAD(P)H fluorescence
is a useful marker for mitochondrial distribution in cells as
well as a redox marker of their metabolic state (Chance et al.,
1962). In many tissues it has been demonstrated that the
mitochondrial NAD(P)H pool dominates the emission signal
due to its high concentration and enhanced lifetime (Chance
etal., 1962; Eng et al., 1989; Koretsky et al., 1987; Nuutinen,
1984). However, the nature of the NAD(P)H emission signal
in murine skeletal muscle has not been well defined in vivo.
TPEFM has the distinct advantage of monitoring NAD(P)H
deep in tissues because infrared light is used for excitation
rather than ultraviolet light (Piston et al., 1995). This mini-
mizes, but does not eliminate, the scattering and primary inner
filter effects on the excitation light, but the secondary filter
effects on the emitted light can be significant microns deep
into the tissue (Brandes et al., 1994; Chance et al., 1962; Fralix
etal., 1990; Koretsky et al., 1987). Thus, to interpret TPEFM,
care must be taken to compensate for signal changes resulting
from secondary filtering by the tissue.

The purpose of this study was to image the distribution of
NAD(P)H in intact murine muscles using TPEFM. The
distribution of the NAD(P)H signal was evaluated as to
whether it was consistent with a mitochondrial origin,
whether the different intracellular pools of mitochondria
were distinguishable and whether the NAD(P)H signal can be
used for fiber typing in vivo. Finally, the ability to
qualitatively follow the NAD(P)H redox state using TPEFM
through the primary and secondary inner filters of the skeletal
muscle was assessed using spectrafluorometric approaches.

MATERIALS AND METHODS
Light and electron microscopy histology

The mouse (CD-1) tibialis anterior (TA) was fixed with 2.5% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.4) for 1 h and was then postfixed with 1%
osmium tetroxide in phosphate buffer for 1 h at 4°C. After dehydration with
graded ethanol, the tissue was embedded in EMbed 812. One-micron
sections were cut and stained with toluidene blue and analyzed with a light
microscope. Ultrathin sections were then cut, stained with 3% uranyl acetate
and 2% lead citrate, and examined in a transmission electron microscope
(EM) (JEOL 1200 EX) (JEOL USA, Peabody, MA).

In vivo mouse preparation

For initial induction of anesthesia, each mouse (CD-1 strain) was placed in
a mouse anesthesia box (VetEquip, Pleasanton, CA) aired with 2.5%
isoflurane and 30% oxygen. Once anesthetized, the mouse was removed
from the box and anesthesia was administered as 2.5% isoflurane and 30%
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oxygen through a nose cone to the mouse. The TA was exposed by first
removing the fur with shaving and treatment with the depilatory Nair. The
skin and fascia were resected to expose the TA. A custom-designed mouse
leg restraint was used, which held the muscle in constant tension to minimize
motion and bathed it in a saline solution to permit the use of the 20X water
immersion objective. The mouse was placed under the microscope with an
internal temperature monitoring control using a specialized heating board
(Indus Instruments, Houston, TX), modified to fit on the microscope stage.

TPEFM

In vivo, NAD(P)H TPEFM imaging was performed using a Bio-Rad
Radiance-2100 multiphoton instrument (Bio-Rad Laboratories, Hercules,
CA) with an “‘upright’” Nikon E600FN microscope and a Spectra-Physics
Tsunami laser (Spectra-Physics, Mountain View, CA) tuned to emit 720 nm
light with ~10 mW power at the back aperture of the objective. A 20X/0.95W
XLUMPIlanFl Olympus water immersion objective was used. NAD(P)H
TPEFM imaging was also monitored on an inverted Zeiss LSM510 micro-
scope (Carl Zeiss, Thornwood, NY) with excitation by a Coherent Chameleon
laser at 710-720 nm with a c-Achroplan 40X /0.80W Zeiss objective. Intrinsic
NAD(P)H fluorescence was generally monitored at 380-550 nm. Specific
acquisition parameters are provided in the figure legends.

TPEFM spectroscopic imaging

TPEFM emission spectroscopy was conducted on ex vivo tissue on an
inverted Zeiss LSM510 with the META microscope spectroscopy at-
tachment. Excitation was accomplished with a Coherent Chameleon laser at
710-720 nm with 10 mW power at back aperture of a 20X/0.75 air Zeiss
objective. Using 720 nm excitation, the spectral characteristics of fluo-
rescence emission ranging from 382- to 628-nm wavelengths on the mouse
TA ex vivo were monitored using a Zeiss LSM510 META system. Fluores-
cence emission was collected in 5 um slices from skeletal muscle beginning
at the location where skeletal muscle fibers were first clearly imaged to
70 um into the tissue.

Data were analyzed using custom-designed software written in IDL (RSI,
Boulder, CO) and KaleidaGraph 3.5 (Synergy Software, Reading, PA). The
spectral sensitivity calibration of the Zeiss META System was performed as
previously reported (Jobsis et al., 2004).

Estimated sarcomere length from
fluorescence images

Mitochondrial NAD(P)H fluorescence was used to estimate sarcomere
length in vivo relying on the dominate deposition of mitochondria at the
Z-line. The average sarcomere length was determined within individual cells
of the mouse TA using a Fourier transform (FFT) analysis of the NAD(P)H
signal intensity as a function of distance using custom-designed software
written in IDL (RSI). Regions of interest were selected from the original
image files containing a sarcomere field. For filtering purposes, a Hanning
window was applied to reduce edge effects and a minimum (1-2 pwm) and
maximum (5-6 um) spacing size, converted to spatial frequency, was used
to mask the FFT data. Data are presented as a power spectrum of the filtered
FFT data versus spacing distance.

Enzymatic dissociation of mouse skeletal
muscle and confocal microscopy analysis

The enzymatic dissociation method has been modified from a protocol
previously described (Carroll et al., 1995). The extensor digitorum longus
(EDL) and soleus muscle were dissected from mice immediately after
sacrifice and were pinned by the tendons to a Sylgard-lined dissecting dish.
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The muscles were incubated at 37°C for 3—4 h in Ringer’s solution ((in mM)
2.7 KCl, 1.2 KH,PO,, 0.5 MgCl,, 138 NaCl, 8.1 NaHPO,, 1.0 CaCl,; pH
7.4) containing 0.2% Type 1 collagenase (Sigma, St. Louis, MO). After
incubation, muscles were washed twice with Ringer’s solution and tritu-
rated to completely dissociate the muscles into individual intact fibers.
Dissociated fibers were plated onto laminin-coated glass-bottom culture
dishes. NAD(P)H fluorescence was observed with a Zeiss 510 LSM con-
focal microscope and a 63XX/0.90 water immersion objective (Carl Zeiss,
Thornwood, NY). NAD(P)H fluorescence images of these fibers were
obtained using 351 nm excitation and a 430 nm high-pass filter for emission
detection.

Single-photon emission spectroscopy

On the same preparations used in the in vivo TPEFM studies, but without the
saline bath, single-photon emission and absorption high-resolution spec-
troscopy were performed to better characterize the extent and consequences
of tissue secondary filter properties in the visible light region. Fluorescence
emission studies were conducted using a bifurcated fiber optic (Ocean
Optics, Dunedin, FL) with one port used to impinge 360 nm light (from
a Hg-Xe 500 W light source) on the exposed muscle while the other port was
used to collect the emitted light and direct it to a rapid scanning spec-
trophotometer resident in a personal computer (Ocean Optics). This system
permitted high spectral (~1 nm) and temporal (<100 ms) resolution spec-
troscopy data to be collected from essentially the same preparations used in
the TPEFM studies.

Data were analyzed using custom-designed software written in IDL
(RSI). The difference spectrum was achieved by subtraction of a reference
spectrum (data point R) from selected data spectrum at each selected time
during the experiment.

Near infrared tissue absorbance

The primary absorbance of near infrared (NIR) light was determined for
several organs from mice using freshly homogenized tissue. The
homogenized tissues were used to prevent sieving of light through
heterogeneous tissues and to permit the homogeneous distribution of
reference compounds for estimation of photon pathlengths in the tissue
(Wilson et al., 1989). Data were collected within an integrating sphere (Bose
et al., 2003; Latimer and Rabinowitch, 1959) to minimize scattering effects
on absorption but required the determination of pathlength for comparison
between different tissues and different wavelengths. Heart, liver, kidney,
brain, and hind-leg skeletal muscle (primarily fast-twitch glycolytic) tissues
were collected from 15 mice (CD-1) in three batches of five mice each. With
each mouse under isofluorane (2.5%) anesthesia, the vena cava was partially
cut and the right ventricle was catheterized using a 22-gauge needle to
perfuse the entire animal with saline. The saline perfusion was used to
reduce the influence of hemoglobin on tissue spectra. Once the tissue and
circulatory effluent appeared to be cleared of blood, the tissues were
removed and cleaned of fat and fascia. One gram of tissue was placed in 2 ml
0.1 mM sodium phosphate buffer (pH 7.0) and homogenized using
mechanical and glass homogenizers at ~4°C. Samples were usually
deoxygenated by normal tissue respiration even at ~4°C. In some tissues,
full oxygenation was achieved by five minutes of bubbling with 100%
oxygen and then rapidly sampling the tissue. In more metabolically active
tissues, heart and liver, 10 ul rotenone (7.8 mM) and 10 ul antimycin A (150
mM) were added to block oxygen consumption but to keep cytochrome ¢
oxidase oxidized and myoglobin oxygenated. Because NAD(P)H, FAD and
cytochromes ¢ and b have minimal NIR absorbances, reduction of these
chromophores by this inhibition scheme was assumed to be insignificant in
the NIR spectrum.

NIR to visible spectra of 3 ml tissue homogenates were measured using
a Lambda 800 dual beam spectrophotometer (Perkin Elmer, Wellesley, MA)
equipped with a 150-mm center mount integrating sphere. The integrating
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sphere with a center-mounted sample allowed the collection of most of the
scattered light from these highly scattering samples. However, the relative
photon pathlength in different tissues or different wavelengths in the same
tissue needed to be determined. To accomplish this task, a known
absorbance standard, 5 ul of 1:80 v/v dilution of India ink (Standford,
Bellwood, IL) in buffer was added to the sample after this initial absorption
measurement and the specimen was rescanned to estimate the scattered
pathlength in the sample. The additional absorbance of the ink in the
scattering solution was compared to its absorbance in buffer alone. The ratio
of the scattering to nonscattering absorbance was used as an estimate of the
pathlength, and was used as a correction factor to calculate the true sample
absorbance assuming that the small absorbance of the India ink did not
significantly affect the pathlength through the sample. In addition, spiking of
tissue samples with known amounts of a reference compound Alexafluor
750 (Molecular Probes, Eugene, OR) in scattering medium was used to test
the validity of this approach. Using this spiking approach as an estimate of
measurement errors, we found that a consistent 10% over estimate of true
absorbance was apparent in the region of NIR absorbance measured from the
tissues. This systematic error is likely due to imperfections in the integrating
sphere collection scheme. This correction as a function of wavelength was
made in all calculated tissue absorbances reported.

RESULTS
Histology

To aid in the interpretation of the fluorescence data, we
undertook light and EM histology of the murine TA with
special attention to the distribution of mitochondria. Because
we are only monitoring mitochondrial content and distribu-
tion in this study, we are limiting our fiber type character-
ization to Type IIA/D (higher mitochondrial content) and
Type IIB (lower mitochondrial content) fibers consistent
with previous histological characterization (Brooke and
Kaiser, 1970). At low power light microscopy using
toluidene blue stain (see Fig. 1 A), more mitochondria
were present in a subset of smaller fibers, which is consistent
with a slower fiber type (Brooke and Kaiser, 1970). Also
apparent at this magnification was the large concentration of
mitochondria in intersarcomeric and perivascular regions.
A representative EM image of a Type IIB fiber is shown in
Fig. 1 C, which reveals a periodic pattern resulting from
a preferential location of mitochondria on either side of the
t-tubule at the Z-line. In the Type IIA/D fibers, the distribu-
tion was located in a similar pattern but with mitochondria
spanning several sarcomeres that resulted in strips of
mitochondria running along the long axis of the myocyte.
A representative EM image from a perivascular zone is
presented in Fig. 1 B. The mitochondria are found lining the
vascular space with some regions having mitochondrial
clusters of 3—6 deep. These perivascular clusters of mito-
chondria were most prevalent in the Type IIA/D fibers.

Isolated muscle fibers

The correlation between the UV-excited blue fluorescence in
mouse skeletal muscle and the mitochondrial distribution
was evaluated using enzymatically assisted isolation of fast-
twitch EDL muscles (88% Type 1IB) (Raymackers et al.,
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FIGURE 1 Mouse TA topology. (A) Light microscopy (1 um section) of
the mouse TA. Muscle fiber morphology is consistent with conventional
mouse skeletal fiber types of Type IIB and Type IIA/D (Hamalainen and
Pette, 1993; Sartorius et al., 1998). (B) EM of the mouse TA shows the
perivascular mitochondrial (PV) pattern in the skeletal muscle around
vessels (V). (C) EM in Type IIB reveals the deposition of mitochondria at the
intersection of fibers along the Z-line. Scale bars shown represent 30 wm in
panel A, and 1 wm in panels B and C.

2000) or slower-twitch soleus muscles (~65% Type 11A/D)
(Totsuka et al., 2003). Representative fluorescence images
from these fibers are presented in Fig. 2. The Type IIB fibers
had less blue fluorescence emission (~450 nm) intensity
(47% less than Type IIA/D) and demonstrated a striking
Z-line localization of the fluorescence (Fig. 2 A), which is
consistent with the distribution of mitochondria observed in
the histology studies. In Type IIA/D fibers (Fig. 2 B), the
Z-line distribution of mitochondria was less prevalent with
many streaks of fluorescence running along several sarco-
meres. This distribution of fluorescence is similar to the

A

EDL Soleus

FIGURE 2 NAD(P)H fluorescence images of isolated mouse skeletal
muscle fibers. Single fibers isolated from the mouse (A) EDL muscle and (B)
soleus muscle imaged for NAD(P)H fluorescence. Subsarcolemmal
mitochondria (SSM) were evident in the isolated soleus muscle, which is
consistent with the in vivo observations. The SSM in these isolated fibers
could also represent the perivascular mitochondrial pool. Scale bars shown
in both panels A and B represent 10 wm.
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mitochondrial distribution in Type IIA/D fibers along the
length of sarcomeres, as observed in the histology studies.
In addition, subsarcolemmal clusters of fluorescence were
observed in the Type IIA/D fibers that might represent
residual perivascular mitochondrial clusters in the isolated
fibers. To confirm the mitochondrial source of the fluores-
cence, cyanide was added to both types of cells. Cyanide
increased the fluorescence emission (~300%) from both
types of cells without altering the distribution patterns,
which is consistent with the notion that this signal is
dominated by mitochondrial NAD(P)H. The same distribu-
tions of NAD(P)H fluorescence in these fiber types were
observed using TPEFM (710-720 nm excitation) suggesting
that the cross-sectional areas are still dominated by the
mitochondrial NAD(P)H.

These studies support the notion that the UV-excited blue
fluorescence from murine skeletal muscle is dominated by
mitochondrial NAD(P)H fluorescence, and that this intrinsic
mitochondrial NAD(P)H signal can be used to assess the
fiber type (i.e., Type IIB or Type IIA/D) based on the dis-
tribution of mitochondria. Based on these results, we assume
that the blue fluorescence signal from murine muscle fibers
in TPEFM originates from mitochondrial NAD(P)H.

TPEFM in vivo

In our initial studies, tissue motion was a significant problem
even with a framing rate of 1 s. This was not surprising
because we were attempting to collect data in the order of
1 um resolution in breathing, living animal. The biggest
source of motion was due to respiratory activity. Using the
constant tension scheme outlined above we were able to hold
the upper leg far enough away from the body to reduce re-
spiratory motion artifacts without interfering with blood per-
fusion as judged by laser Doppler flow (not shown).

Once a stable specimen was obtained, we found that we
could generate high-quality blue fluorescence images to
a depth of 150 wm with ~25-75 mW of laser power at the
back focal plane. The in-plane resolution was >2 um since
the Z-lines of the muscle could be resolved (see below). The
higher power levels, which are necessary for imaging deeper
into the muscle, elicited direct morphological changes that
suggested some type of photodynamic damage if used to
image near the surface of the tissue. However, when imaging
at tissue depths beyond ~80 wm, we did not observe these
morphological changes with high power levels, suggesting
that the NIR-induced damage is indeed both power and depth
dependent in tissue in vivo. A montage of samples from
a series of images taken in the Z-plane (up to 150 wm into the
tissue, with the first image of myocytes as the starting point
at 0 um) is presented in Fig. 3, and an individual image at
150 wm is presented in Fig. 4 B. From these images, it is
clear that individual cells, nuclei (dark circular structures),
vascular spaces (dark cylindrical structures), and intracellu-
lar structures (Z-lines) can be distinguished using the blue
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Depth (microns)

fluorescence signal. The patterns of the blue florescence
signal were consistent with a mitochondrial origin because
they tracked the distribution of mitochondria found in the
histology and fluorescence studies of single fibers. At the
cellular level, brighter or darker fluorescent cells could be
routinely identified that are consistent with IIA/D and IIB
fiber types with a fluorescence distribution similar to that
found in isolated muscle fibers (Fig. 2). On the intracellular
level, subsarcolemmal, perivascular, paranuclear, and inter-
sarcomeric clusters of fluorescence were routinely observed,

Type lIB

FIGURE 4 Tllustrative NAD(P)H TPEFM images in mouse TA in vivo.
(A) Mlustration of Type IIB (dark highly striated) and Type IIA/D (bright
fiber; long axis streaking of mitochondria and SSM pools) within the same
field of view; 0.636-um pixel size, 5.208-us dwell time, 720-nm excitation,
8-bit resolution, and 410-490 nm emission monitored. (B) Vasculature (V)
in the mouse TA is seen as voids in NAD(P)H fluorescence. Mitochondria
are visualized through the NAD(P)H signal consistent with paranuclear (PN)
and perivascular (PV) mitochondria. N represents nuclei; 0.190-um pixel
size, 1.60 ws dwell time, 720 nm excitation, 8-bit resolution, and 435-485
nm emission monitored. Scale bar shown in panel A represents 20 um and in
panel B represents 10 wm.
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FIGURE 3 Montage of a z-stack of
NAD(P)H fluorescence images from a mouse
TA in vivo. NADP)H fluorescence was
imaged in 1 wm optical sections from the first
site where myocytes were visible (0 wm
location) to 150 um deep into the TA. Every
28th image is presented beginning with 11 wm
into the stack at the top left-hand corner and
with depth running in a left-to-right direction.
The depths of the images are given as a
reference; 0.636 um pixel size, 10.464 us
dwell time, 720 nm excitation, 8-bit resolution,
and 410—490 nm emission monitored.

which are consistent with the subsarcolemmal, perivascular,
paranuclear, and intersarcomeric populations of mitochon-
dria (Fig. 4 B). The Type IIA/D fibers exhibited a pre-
dominantly streaked blue fluorescence pattern consistent
with an intersarcomeric distribution of NAD(P)H. Within the
Type IIB muscle fibers, primarily a periodic fluorescence
distribution was observed (see Fig. 4 A) that was consistent
with the presence of mitochondria primarily located at the
sarcomere junctions. To further analyze the periodic fluo-
rescence in muscle fibers, the spacing between the signals
was determined by performing a FFT of the fluorescence
amplitude data along the long axes of the cells. Using this
approach, the average fluorescence signal spacing was
2.34 £ 0.17 um (n = 6) consistent with a Z-line spacing
(see Fig. 5) and the mitochondria in the sarcomere junctions
dominating the cellular fluorescence emission. Resolving
these 2.3 wm structures suggests that the in-plane resolution
is being maintained on the micron scale at this depth in the
tissue.

These morphological data are consistent with the notion
that the blue fluorescence from mouse TA in vivo, is pri-
marily from mitochondrial NAD(P)H and could be used for
fiber typing using this intrinsic probe. In addition, the distri-
bution of these signals in Type IIB fibers and in some Type
ITA/D fibers may be used to estimate sarcomere spacing
relatively noninvasively in vivo.

NIR tissue absorbance

An example of an NIR absorbance spectrum for the murine
skeletal muscle homogenates and water is shown in Fig. 6.
The absorbance of the skeletal muscle homogenate in the
NIR only slightly exceeded the absorbance in pure water and
the spectral characteristics did not change with oxygen
tension (Fig. 6 A). Thus, for mouse skeletal muscle, the NIR
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FIGURE 5 NAD(P)H fluorescence can be used to estimate sarcomere
length in vivo. (A) FFT analysis is performed along the long axis of the cell
in a NAD(P)H fluorescence image of a Type IIB fiber (image acquired with
720-nm excitation and 380-550 nm emission monitored with a 0.502 um
pixel size). (B) Filtered power spectrum of the long axis FFT. The average
sarcomere length was 2.34 = 0.17 um (n = 6 fibers). Scale bar shown in
panel A represents 10 wm.

absorbance is not a significant factor above the background
water absorbance. However, this was not the case for all
tissues studied, and the NIR absorbances for all tissues
examined are summarized in Table 1. The spectral character-
istics of the absorbances are consistent with a combination of
cytochromes, myoglobin, and water, as shown in the heart
tissue spectrum in Fig. 6 B. The high NIR absorbance in
tissues such as heart and liver suggests that the primary tissue
filter may be significantly above the water background. The
oxygen dependence of the absorbance in heart (Table 1; Fig.
6 B) confirms the contribution of oxygen-sensitive tissue
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chromophores such as myoglobin and cytochromes, and also
suggests that the primary filter could change depending on
tissue oxygenation.

Secondary inner filter effects

In initial studies, we found that occlusion of the artery
feeding the TA resulted in a transient decrease in NAD(P)H
fluorescence when observing >50 wm within the muscle
with TPEFM. This is the opposite from what is expected as
the oxygen becomes rate limiting for oxidative phosphory-
lation and mitochondrial [NADH] increases, as previously
seen in skeletal muscle (Chance and Schoener, 1962;
Richmond et al., 1999). We reasoned that this was due to
changes in secondary inner filters (from myoglobin, hemo-
globin, and the cytochromes) on the emission signal during
the early stages of ischemia. As previously demonstrated,
secondary inner filters can significantly affect the NAD(P)H
emission characteristics (Chance et al., 1962; Koretsky et al.,
1987). It has been previously demonstrated that heart tissue
causes a red shift in the NAD(P)H emission spectrum due
to the preferential absorbance of 410-440 nm light by
myoglobin and cytochromes (Koretsky et al., 1987).

We first attempted to measure the secondary inner filter
effect in mouse muscle in vivo, using a simple one-photon
UV excitation scheme (360 nm excitation) that grossly
underestimated the secondary filter effects because the
excitation penetrated much less than the 100 um (Fralix
et al.,, 1990) possible in TPEFM (Centonze and White,
1998), but permitted a detailed spectral analysis. This study
was conducted by impinging the UV light on the resected
muscle and collecting emission spectra before, during, and
after a total arterial occlusion. For reference to the TPEFM
experiment, the entire spectral bandwidth, theoretically,
collected by the filter arrangement in TPEFM was analyzed
by summing the emission spectrum from 380 to 560 nm. The
time course of this emitted light from the leg is shown in Fig.
7 A. As observed in preliminary TPEFM experiments, the
emission intensity initially dropped then increased during the
occlusion followed by a large decrease in emitted light after

FIGURE 6 Near infrared absorbance spectra of
water and mouse skeletal and heart muscle from 650
to 850 nm. (A) Near infrared absorbance (cm™ ') was
determined for mouse skeletal muscle without hemo-
globin. There is no substantial difference between
oxygenated (gray) and deoxygenated (black) states,
but both do appear to be influenced by the absorbance
spectrum of water. However, the absorbance spectra
(B) of oxygenated and deoxygenated heart tissue are
insignificantly affected by water, but show substantial
differences between oxygenated (gray) and deoxygen-
ated (black) states. The degree of NIR absorbance of
heart tissue may act as significant primary filter during
TPEFM, whereas skeletal muscle NIR absorbance
would only have a small primary filter effect similar to
that of water.

Oxygenated

Deoxygenated
Water

800 850
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TABLE 1 The primary absorbance of NIR light was determined for mouse tissues at 700, 750, 800, and 850 nm
Oxygenated tissue absorbances (cm™" of light path) +=SD

700 nm 750 nm 800 nm 850 nm
Heart 0.290 = 0.045 0.259 * 0.025 0.256 = 0.014 0.263 = 0.007
Liver 0.347 £ 0.074 0.243 = 0.052 0.183 £ 0.044 0.160 = 0.043
Kidney 0.232 * 0.052 0.187 = 0.043 0.162 = 0.049 0.154 = 0.051
Brain 0.053 £ 0.008 0.056 = 0.010 0.043 + 0.009 0.057 = 0.010
Skeletal muscle 0.057 £ 0.010 0.060 = 0.008 0.046 = 0.008 0.060 = 0.007

Deoxygenated tissue absorbances (cm ™' of light path) + SD

700 nm 750 nm 800 nm 850 nm
Heart 0.337 £ 0.014 0.290 = 0.012 0.213 £ 0.025 0.197 = 0.022
Liver 0.309 = 0.070 0.226 = 0.043 0.159 = 0.031 0.141 = 0.029
Kidney 0.277 £ 0.044 0.214 = 0.032 0.149 = 0.030 0.136 = 0.031
Brain 0.045 = 0.006 0.050 = 0.007 0.033 = 0.008 0.049 * 0.012
Skeletal muscle 0.048 = 0.005 0.055 = 0.007 0.035 = 0.005 0.049 = 0.010

the reperfusion. To illustrate the spectral nature of these
changes, individual spectra are presented in Fig. 8 B at
different times as marked in Fig. 7 A. Even under control
conditions, the tissue NAD(P)H emission (Fig. 7 B, spectrum
A) was red-shifted relative to the emission frequency of
bound mitochondrial NAD(P)H (~440 nm) (Blinova et al.,
2004; Chance and Baltscheffsky, 1958) suggesting a sec-
ondary inner filter effect. The absolute spectra reflected the
changes seen in the time course summed data. Difference
spectroscopy was performed to highlight the spectral
changes associated with these amplitude modifications.
This was accomplished by taking the difference of all the
spectra versus a reference point marked R. The resulting
difference spectra for all of the sample spectra are presented
in Fig. 7 C. With the onset of ischemia, the first spectral
change was a large increase in apparent absorbance at ~436
nm along with smaller increases in the 500-550 nm
wavelength range. These initial changes in the emission
spectrum with ischemia are consistent with oxygenation
changes in myoglobin or hemoglobin that precede any
significant change in [NAD(P)H] due to the lower affinity of
myoglobin/hemoglobin for oxygen when compared to the
cytochrome chain (Tamura et al., 1978). Once the myoglo-
bin/hemoglobin deoxygenation had been completed, as
indicated by a stable 435 nm absorbance (see time course
in Fig. 7 D), a large increase in the fluorescence signal at
~462 nm was observed that is spectrally consistent with an
increase in NAD(P)H as oxygen becomes limiting for the
cytochrome chain oxidation of NAD(P)H. Upon reflow, the
absorbance from deoxymyoglobin rapidly disappears as
oxygen is reintroduced. However, the 462 nm NAD(P)H
signal dramatically decreases (see Fig. 7 D), which is
consistent with the postischemia activation of metabolism
(i.e., disrupted ion gradients, high Pi, ADP, creatine, etc.) or
the so-called ‘‘oxygen debt’’. The temporal relationships of
435 and 462 nm emission are presented in Fig. 7 D. These
data demonstrate that simply collecting bandwidth emission

data in TPEFM in vivo can result in significant artifacts and
difficulty in interpretation due to differential secondary inner
filters.

To confirm the secondary inner filter effect in the TPEFM
of muscle, the spectral properties of NAD(P)H emission
were evaluated as a function of the image plane depth. The
rationale of these studies was that the secondary filter
effect should increase with the depth of penetration as the
pathlength of the emitted light through the tissue increases.
This was evaluated by taking advantage of the red shift
induced in the NAD(P)H signal by the tissue secondary inner
filter. Using a Zeiss META system with spectral corrections,
we observed the red shift in fluorescence emission as
a function of depth, from 0 (marked by the first image of
myocytes) to 70 um into tissues (Fig. 8), which is consistent
with the secondary inner filter effect. These data are
consistent with a significant influence of tissue secondary
inner filters in TPEFM studies of NAD(P)H in skeletal
muscle.

DISCUSSION

These studies demonstrate that TPEFM of NAD(P)H is
feasible in mouse skeletal muscle, in vivo. These findings
build on previous observations in other tissues and
preparations (Huang et al., 2002; Kasischke et al., 2004;
Konig et al., 1996; Piston et al., 1995). The morphological
distribution and the cyanide sensitivity of NAD(P)H
fluorescence are consistent with a dominant contribution
from mitochondrial NAD(P)H as in other tissues (Chance
and Thorell, 1959; Eng et al., 1989; Nuutinen, 1984). The
different fiber types in the muscle could be delineated as well
as several compartments of mitochondria, including the peri-
vascular, paranuclear, and intersarcomeric populations using
NAD(P)H TPEFM. The secondary inner filter effects and
motion of the tissue were found to be very significant and
required corrections to allow interpretation of amplitude
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FIGURE 7 Effect of ischemia/reperfusion on NAD(P)H emission intensity from mouse TA in vivo. (A) Time course of normalized total emission intensity
from 380 to 560 nm. The ischemia and reperfusion periods are indicated. Labeled experimental time points are listed as R (reference), A (control), B (early
ischemia), C and D (mid-ischemia), E (late ischemia), F (early reperfusion), and G (reperfusion) for indexes to spectral data. (B) Fluorescence spectra from
selected time points. (C) Difference spectra performed by subtracting the reference spectrum (R) from the index spectrum. (D) Fluorescence emission time
courses (435 and 462 nm) illustrating the different temporal behavior of these two emission wavelengths through the protocol.

changes in NAD(P)H emission for correlation with mito-
chondrial metabolism.

The optical inner filters in skeletal muscle

Both primary and secondary filters are concerns in tissue
microscopy studies. Using NIR excitation light, many of the
primary filter effects associated with NAD(P)H excitation by
UV light are minimized. In mouse skeletal muscle, the
primary inner filter absorbance of 700-800 nm light was not
much higher than water and did not change significantly with
tissue oxygen (Fig. 6 A). However, in other tissues containing
large amounts of myoglobin and mitochondria, such as heart,
many more significant primary filters were observed that were
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altered by tissue oxygenation levels through the oxygen-
sensitive chromophore absorbance (Fig. 6 B).

Primary filter effects may also play more of a role when the
NIR passes through a large blood vessel in tissue in vivo
where the absorbance by hemoglobin alone may be prob-
lematical. Thus, primary filters could influence the amplitude
of the NAD(P)H emission as well as lead to photodynamic
effects using the intense NIR illumination.

Another primary filter effect not extensively evaluated is
the primary filter of the NIR light in the focal plane where the
two-photon absorbance occurs. Others have shown that the
absorbance of NIR light significantly increases at the focal
plane (only 2—4 wm) when the photon density is sufficient to
be absorbed by high concentrations of two-photon cross
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FIGURE 8 Secondary inner filter effects on NAD(P)H fluorescence in
tissue. Two-photon NAD(P)H fluorescence was monitored with increasing
tissue depth from the first site where myocytes were visible (0 wm location)
up to 80 um deep into the tissue using 720 nm excitation. NAD(P)H
fluorescence (382—-628 nm) using the Zeiss META in lambda mode. Data
were normalized and showed peak fluorescence near 460 nm.

sections in the sample (Sheik-Bahae et al., 1990). Because
the total number of UV-absorbing molecules in a tissue
section could easily approach millimolar concentrations, this
is not an unreasonable possibility. We attempted to measure
the absorbance within isolated cardiac myocytes as a function
of excitation power in the TPEFM microscope by collecting
all transmitted light. The two-photon absorbance was
estimated from the fluorescence emission and increased as
the square of the excitation light, as predicted. However, no
significant change in total absorbance was observed with the
increasing power and two-photon absorption as estimated
from the emission. Thus, these initial studies suggest that the
two-photon absorption within the focal plane is not signif-
icant, relative to the total tissue NIR absorbance under these
conditions.

The secondary filter effect is the absorbance of the emitted
light as it scatters through microns of tissues between the
focal plane and the microscope objective. Thus, the
secondary filter reflects the average optical properties of
the tissue. Significant secondary emission filters have been
demonstrated by a variety of investigators in UV one-photon
excitation fluorescence studies with minimal tissue penetra-
tion (Chance and Schoener, 1962; Fralix et al., 1990;
Koretsky et al.,, 1987; Leisey et al., 1994), including this
study (Fig. 7). Thus, with the deeper penetration of TPEFM,
it is not surprising that a significant secondary inner filter was
observed (see Fig. 8). In the one-photon mode, with minimal
tissue penetration, the liability of the secondary filters with
oxygen tension in visible light was demonstrated (Fig. 7).
The spectral characteristics and oxygen sensitivity were
consistent with myoglobin and hemoglobin dominating the
secondary tissue filters. As demonstrated in the ischemia
time course, alterations in tissue myoglobin/hemoglobin ab-
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sorption can significantly interfere with the absolute NAD(P)H
emission amplitude resulting in numerous artifacts. For ex-
ample, the initial decrease in NAD(P)H fluorescence observed
with ischemia is primarily due to the deoxygenation of myo-
globin and hemoglobin, not a change in [NAD(P)H], and the
resting NAD(P)H signal in the steady-state ischemic state is
also influenced by the optical properties of the tissue.

The contribution of the secondary inner filter in TPEFM
was demonstrated by determining the spectral characteristics
of NAD(P)H emission frequency as a function of the focal
plane depth in the tissue. The NAD(P)H emission frequency
red-shifted as the focal plane was advanced deeper into the
tissue and the pathlength of the emitted light increased
through the tissue. Thus, the inner filter is not only a function
of the physiological state of the tissue (i.e., oxygenation) but
also the depth at which the study is conducted. The red shift
on the NAD(P)H emission was nearly identical to that found
by Koretsky et al. with serial dilution of heart tissue
(Koretsky et al., 1987) and is caused by the strong absorption
of cytochromes, myoglobin, and hemoglobin in the ~420 nm
region. This absorbance by myoglobin and hemoglobin is
also present in the oxygenated state, with both oxygenated
myoglobin/hemoglobin resulting in a NAD(P)H spectrum
red-shifted from the true bound NAD(P)H emission
spectrum. Because the secondary filter absorbance is
a ‘‘global’” measure of optical properties of the tissue, little
information on the focal plane alone is encoded in the
emission spectral characteristics. In the case of myoglobin,
information on global tissue oxygenation could be inferred
from the spectral shifts in NAD(P)H emission due to
myoglobin absorbance (Leisey et al., 1994), but no in-
formation about the oxygenation at the imaging plane could
be extracted. This apparent limitation is somewhat useful in
characterizing the net tissue effects of physiological
perturbations, but also has some advantages with regard to
evaluating the heterogeneity of fluorescent signals in the
focal plane. Because the tissue filter effects are global in
nature they will uniformly affect the regional fluorescence
emission within the focal plane. This implies that a difference
in detected fluorescence emission within a focal plane cannot
occur for a given probe due to changes in secondary tissue
filtering characteristics. Thus, for some studies assessing
regional heterogeneity within a focal plane, such as the
different cellular compartments of mitochondria, the effects
of tissue filters can be ignored. An exception to this might
be situations directly under a large vein or artery where the
absorption effects of hemoglobin might be regionally mod-
ulated.

Several approaches are available that can correct for
secondary inner filter effects. The first is to collect emitted
light only at the isobestic points of the oxygenated and
deoxygenated myoglobin/hemoglobin absorbance spectra to
minimize the effects from changes in tissue oxygenation on
the emission amplitude (Brandes et al., 1994; Fralix et al.,
1990; Koretsky et al., 1987). However, restricting the
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collection of emitted light to the tissue isobestic points would
greatly reduce the signal/noise ratio of the TPEFM experi-
ment. This would also be the case if the entire spectrum of
the sample was collected spectroscopically to correct for
inner filter effects. Another correction scheme is the use of
exogenously applied reference compounds to provide
a correction for inner filter modifications (Koretsky et al.,
1987). The use of an internal standard while monitoring
NAD(P)H fluorescence may be a way of achieving a relative
measure of NAD(P)H that is corrected not only for the internal
filter, but also for the motion of the sample. Based on the
spectra presented in Fig. 7, we propose that a probe with
a stable emission in the 500-600 nm region that could be
excited with 710-750 nm two-photon excitation, or simulta-
neously excited with another laser, would provide an
adequate reference given the relatively fixed relationship be-
tween myoglobin and hemoglobin absorbance (500-600 and
400-480 nm, respectively). Several green fluorescence pro-
tein probes that could genetically be distributed throughout
the tissue might be useful in this regard.

Motion

Attempting to collect image data on the order of several
microns in vivo is difficult due to the naturally occurring
tissue movement. Motion artifacts can decrease resolution or
blur images in all three dimensions. Correction for these
motion issues is best handled by immobilizing the tissue as
effectively as possible, collecting the data as quickly as
possible, and/or gating the acquisition to the motion using
internal (i.e., the image itself) or external signals. Immobi-
lization is a desirable solution because it will reduce the
corrections required. However, in most tissues the pulsatile
nature of the blood flow and respiratory activity will result in
significant micron motions independent of the restraining
scheme. This problem is compounded in muscle tissues
where the motion of the tissue is the fundamental function of
the tissue. One solution is to use NAD(P)H TPEFM to
determine regional mitochondrial metabolic modifications
associated with exercise at rest before and after skeletal
muscle contraction. However, dynamic observations would
be more desirable. Naturally, if the framing rate of the
imaging experiment can be faster than the displacements
occur, then the effects of motion can be minimized. The
raster scanning of TPEFM results in an inherently slow
imaging method that is susceptible to tissue motions when
a “‘large’’ field of view of several hundred microns is being
recorded. Rapid framing rates (~5 ms) can be obtained in
TPEFM by reducing the field of view as far as a single line
covering the area of interest and ‘‘freezing’’ muscle motion.
Using this type of approach, dynamic measurements of
sarcomere lengths, using the NAD(P)H signal from t-tubule
localized mitochondria, may be possible during contraction
cycles in vivo. However, for two-dimensional studies, cur-
rent approaches are too slow for observations during a con-
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traction cycle and a more rapid imaging strategy needs to be
developed. The biggest obstacle will be to obtain adequate
signal/noise without photodynamic damage. Like other im-
aging techniques, such as magnetic resonance imaging or
computer-assisted tomography, gating data acquisitions to
a particular position may be a partial solution. The gating
signal for this approach could be from external sources (such
as a muscle excitation pulse train) or using markers in the
image itself. Potentially, a combination of these approaches
might result in a feasible scheme for dynamic intracellular
metabolic imaging during muscle contraction in vivo.

Skeletal muscle mitochondrial distribution

The functional significance of skeletal muscle cellular
distribution of mitochondria has been difficult to assess in
intact physiological systems. Although the highly ordered
distribution of mitochondria is well appreciated, its cellular
functional significance has mostly been speculated from ex
vivo tissue static structural studies or within isolated cells
(Jones, 1986; Kuznetsov et al., 1998). One interesting ob-
servation was the differential distribution of mitochondria in
difference fiber types that permitted in vivo fiber typing
similar to what has been done in vitro (Kuznetsov et al.,
1998). Two general fiber types were resolved consistent with
the slower (nominal ITA/D) and faster (IIB) fibers. The IIA/D
contained high concentrations of more evenly distributed
mitochondria with extensive paravascular mitochondria. A
lower overall concentration of mitochondria was observed in
IIB fiber types with the intersarcolemmal mitochondria
almost exclusively located along either side of the t-tubule
network, as confirmed by single-photon fluorescence and
EM studies (Fig. 1). The localization of mitochondria to
the t-tubule system may reflect several aspects of the
structure/function relationship in the skeletal muscle. The
t-tubule localization of mitochondria may simply be a me-
chanical consequence of optimizing contractile element
cross-sectional area. This mechanically driven distribution
of mitochondria is most obvious in the paranuclear
mitochondria where they are in the ‘‘eddies’’ on opposite
sides of the nucleus along the long axis of the cell where the
fibers cannot interconnect to generate transcellular forces.
The distribution of mitochondria may simply reflect the
consequences of constructing muscle fibers in development
(Forbes and Sperelakis, 1980). Therefore, the pattern of
mitochondrial deposition might simply reflect the serial
deposition of contractile elements in the muscle. Most
intriguing is that the colocalization of t-tubules and
mitochondria may represent a functional link. It has been
suggested that the colocalization of mitochondria with the
t-tubule/SR system may be related to local signaling by Ca®*
or even by ADP (Balaban, 2002; Kaasik et al., 2001; Ogata
and Yamasaki, 1997). In addition, some muscarinic re-
ceptors have been localized along the t-tubules in heart
muscle (Fu et al., 1994; Schulze et al., 1995), which suggests
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that signaling between these sites and mitochondria might be
facilitated by their colocalization.

Properly corrected for tissue inner filters, NAD(P)H
TPEFM permits the dynamic evaluation of mitochondrial
metabolic state in relation to its intracellular location in vivo.
NAD(P)H TPEFM should permit the evaluation of several
hypotheses concerning the role of mitochondria compart-
mentation in skeletal muscle cellular function. An obvious
application for in vivo NAD(P)H TPEFM would be to study
the role of perivascular mitochondria primarily located in the
slower muscle fibers in regulating microvascular flow. In
vivo NAD(P)H TPEFM, along with other TPEFM measure-
ments of microvascular flow or oxygenation, would be
helpful in evaluating the role of perivascular mitochondria in
regulating or sensing microvascular flow. For example, the
monitoring of these different cellular mitochondria popula-
tions during a simple ischemia/reperfusion series should be
quite useful in delineating differential roles for the mito-
chondrial compartments in this physiological process.

We thank Dr. Zu-Xi Yu and the National Heart, Lung and Blood Institute’s
Pathology Core Facility for the electron and light microscopy and Mr.
Michael Nauman for his aid in creating the mouse leg holder.
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