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ABSTRACT Using second harmonic generation (SHG) imaging microscopy, we have examined the effect of optical clearing
with glycerol to achieve greater penetration into specimens of skeletal muscle tissue. We find that treatment with 50% glycerol
results in a 2.5-fold increase in achievable SHG imaging depth. Signal processing analyses using fast Fourier transform and
continuous wavelet transforms show quantitatively that the periodicity of the sarcomere structure is unaltered by the clearing
process and that image quality deep in the tissue is improved with clearing. Comparison of the SHG angular polarization
dependence also shows no change in the supramolecular organization of acto-myosin complexes. By contrast, identical
treatment of mouse tendon (collagen based) resulted in a strong decrease in SHG response. We suggest that the primary
mechanism of optical clearing in muscle with glycerol treatment results from the reduction of cytoplasmic protein concentration
and concomitant decrease in the secondary inner filter effect on the SHG signal. The lack of glycerol concentration dependence
on the imaging depth indicates that refractive index matching plays only a minor role in the optical clearing of muscle. SHG and
optical clearing may provide an ideal mechanism to study physiology in highly scattering skeletal or cardiac muscle tissue with
significantly improved depth of penetration and achievable imaging depth.

INTRODUCTION

In recent years several nonlinear optical (NLO) techniques,

including second harmonic generation (SHG) (1–7), third

harmonic generation (THG) (8,9), and coherent anti-stokes

Raman scattering (CARS) (10–12), have emerged as pow-

erful new high resolution imaging modalities for biological

applications. Much like multiphoton-excited fluorescence

microscopy, each of these methods provides intrinsic optical

sectioning due to the required high peak power required for

efficient NLO ‘‘excitation’’. Furthermore, the near infrared

wavelengths that are typically used allow penetration of

several hundred microns into highly turbid tissues. Each of

these modalities can often provide more detailed information

than possible by fluorescence or classical microscopy tech-

niques. For example, CARS probes vibrational motions of

proteins and nucleic acids and thus affords the ability for

specific chemical imaging combined with high spatial res-

olution (11). SHG arises from the highly organized assembly

of molecules in noncentrosymmetric environments and has

been used to image cellular membranes with great specificity

(13) and provide data regarding the organization and sym-

metries of structural protein arrays in tissues (1). THG is

highly sensitive to changes in refractive index and can be

used to resolve interfacial regions of cells and tissues (8). A

common and powerful feature of all the methods is that they

can rely entirely on endogenous species to provide the contrast.

The ability to section through thick tissues and provide

molecular and supramolecular level information on the

spatial organization of proteins positions SHG as an imaging

modality with vast potential for both research and clinical

applications. Indeed, an array of tissues including tendon (15),

cornea (16), muscle (1,17), and bone (18) as well as micro-

tubule assemblies in live cells (1,19) and developing tissues

(9) have recently been imaged and studied by SHG imaging

microscopy. Some of this work has focused on understand-

ing the physical and chemical underpinnings of the contrast

mechanism in tissues. For example, we studied the SHG

contrast from several regions in Caenorhabditis elegans nem-

atodes, including muscle assemblies (body wall sarcomeres,

pharynx) as well as microtubule assemblies (centrosomes,

mitotic spindles), by comparison of the images with those

resulting from specific GFP labeling (1). The symmetries of

these assemblies were investigated through SHG polariza-

tion anisotropy analysis and were found to be consistent with

arising from the electric dipole interaction. Furthermore,

these data provided more direct structural information than

possible by using only GFP labels. This is because the SHG

directly visualizes the structural anisotropy, rather than re-

lying on indirect inference from a fluorescent dye label

where this information is often lost. Other recent work has

examined the plausibility of the method in more clinically

related applications. For example, Jain and co-workers used

SHG to image the collagen content in tumors in mouse

and perform semiquantitative measurements of the collagen

concentration (20). Additionally, Tromberg and co-workers
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showed that this modality could be used to image dynamical

aspects of blood flow by monitoring the collagen in the

vessels (21).

A potentially limiting aspect of SHG imaging lies in the

directionality of the emission. Due to its coherent nature, the

SHG wave is primarily emitted in the forward direction.

Indeed, in the limit of a nonscattering sample with uniformly

aligned molecules (or more precisely, dipole moments),

essentially all the SHG is forward directed (4). For thicker,

turbid, highly scattering specimens, a fraction of the SHG is

backscattered. This mode of SHG imaging is convenient to

implement as it requires minimal modification of an existing

multiphoton fluorescence microscope. Furthermore, this con-

figuration allows imaging of the top layers of intact skin or

whole animals that cannot be performed in a transmitted

geometry. This method has been used primarily to image

collagen, which produces SHG much more efficiently than

other protein arrays (e.g., acto-myosin, tubulin) (1). On the

other hand, the bulk of the SHG is still forward directed and

only a fraction of the light is backscattered. Furthermore, the

resulting coherence and polarization anisotropy of the

backward-directed component to date has not been thor-

oughly investigated. It is likely that much of the structural

information encoded in the SHG signal in the forward di-

rection will be lost in the backward signal due to the multiple

scattering events.

Our work to date has utilized SHG exclusively in the

forward direction, and we have characterized some aspects

of the polarization anisotropy of the signal (1). It would be

advantageous to exploit the purely coherent forward-directed

signal, which retains the anisotropy, and simultaneously

achieve significant penetration into highly scattering tissues,

including muscle. Our approach in this work is to combine

SHG with the optical clearing effect to achieve this goal. In

this process, a reagent of high refractive index (e.g., glycerol

or sugar alcohols) is added to the tissue to increase its

transparency. There is increasing interest in this idea with the

advent of advances in deep tissue imaging, where recent

studies have examined the clearing potential of hyperosmotic

agents (glycerol, PEG, and DMSO) in such diverse tissues as

skin (22–24), blood (25), dura mater (26), and gastric tissue

(27). The increase in penetration in these studies was mea-

sured using transmitted light and/or optical coherence to-

mography (OCT). It was demonstrated in these examples

that the depth of light penetration increased to ;100–300%.

However, in these experiments the physiological and struc-

tural similarities between treated and untreated samples were

not explicitly examined.

Although OCT can be used to obtain cross sectional

images relatively deep into tissue, the axial resolution is

limited by the bandwidth of the excitation source and the best

attainable values are 10–20 microns. Superior axial resolu-

tion is obtainable by SHG (;1 micron) and it is, in principle,

an imaging modality that would greatly benefit from the use

of optical clearing to provide increased imaging depth with

excellent resolution in all three dimensions. However,

Tromberg and co-workers (28) showed that for the case of

collagen (rat tail tendon and RAFT) the optical clearing

process using glycerol not only did not improve the trans-

parency in the SHG images but also resulted in a signifi-

cant decrease in the SHG intensity for both specimens.

Conversely, improved transparency was observed in the

transmitted light images. Since the SHG should be a more

sensitive probe of the underlying structure in the array, these

results suggest that the collagen assembly was adversely

affected.

Our interests here lie in examining whether optical

clearing by glycerol is an effective means to improve image

depth and quality in three-dimensional (3-D) SHG imaging

of muscle tissue. Since 1949, when Szent-Gyorgyi (29)

introduced the use of glycerol to extract muscle, this method

has become a typical approach for studying muscle biology.

The method is used both to isolate fibers for storage as well

as to perform physiological measurements. Numerous exper-

iments showed that immersing muscle in glycerol does not

significantly change the chemical and structural properties

of the muscle contractile system (30–32). Specifically, anti-

body labeling showed that myosin remained localized in

the muscle sarcomere after treatment. Moreover, Huxley’s

seminal electron microscopy work showed the similarity of

the overall sarcomere structure between native and 50%

glycerol extracted fibers (31). Additionally, several studies

showed the contractile properties (33,34) of extracted muscle

remained intact. However, since this treatment permeabilizes

cellular membranes, and thus extracts a fraction of the

cytoplasmic proteins, this method can significantly decrease

light absorption and scattering within a tissue and provide

much greater penetration into highly scattering tissue.

Here we present data on optical clearing of explanted

mouse muscle, using 3-D SHG imaging on intact tissue, and

show that transparency is substantially increased (;2.5-fold)

with a concurrent improvement in image quality deep in the

tissue. We have performed several quantitative analyses to

show that the muscle fiber structure is not significantly

altered. The resulting sarcomere periodicity is examined

using both Fourier analysis as well as wavelet transforms,

and no changes are found in the sarcomere length upon

clearing. The polarization dependence of the SHG signals is

a highly sensitive probe to molecular organization of the

proteins in the array. We find that this angular dependence

is unchanged between the cleared and uncleared muscle

specimens, indicating the symmetry and organization of the

acto-myosin complexes is not significantly altered in the

clearing process. Furthermore, the integrated SHG intensity

remains nearly constant after clearing, consistent with the

retention of properly assembled myosin. We suggest that

optical clearing may become a general method to provide

increased transparency in some tissues when used in con-

junction with coherent nonlinear imaging modalities of SHG,

THG, and CARS.
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EXPERIMENTAL METHODS

Sample preparation

The muscle and tendon samples were dissected from adult CD1 mice. The

mouse was anaesthetized by CO2 narcosis and sacrificed, and the lower

limbs and tail were dissected. Snips of quadriceps femoris or gastrocnemius

muscles were dissected by a 4.0 mm outer diameter 3 80 mm skeletal

muscle biopsy needle (Popper & Sons, Inc., New Hyde Park, NY), briefly

washed in phosphate buffered saline (PBS) (0.137 mM NaCl, 2.7 mM KCl,

8.0 mM Na2HPO4, 1.9 mM NaH2PO4), immersed into clearing media, and

imaged immediately. As clearing media, we used either absolute glycerol

(Fisher Scientific, Hampton, NH) or solution containing 50% glycerol, 70

mM NaCl, 1 mM KCl, 1.5 mM MgCl2, 10 mM imidazole-HCl pH 7.0, 5

mM EGTA, 1 mM PMSF. To isolate tail tendon, the skin was pulled from

the tail and strips of tendon collagen were carefully detached from the bones,

briefly washed in PBS, and kept in the same clearing solution at 14�C.

Before imaging, the tendon was cut into smaller fragments (1 cm long),

mounted on the microscope slide, and immersed in the clearing solution and

secured under a silicone grease-mounted coverslip. 3-D stacks of all samples

were acquired at time points between 10 min and 24 h after glycerol treatment.

We initially attempted to perform the measurements in a perfusion

chamber; however, because of the high viscosity of glycerol, its perfusion into

the chamber caused movement of the tissue sample. Similarly, the imaging

control data (see below in Results) in the absence of glycerol could not be

performed on the same specimen as the treated muscle. Instead, for the time

course studies, the snip of muscle was mounted into the glycerol solution on

a regular slide, where the time between immersing the tissue into glycerol-

containing solution and beginning data acquisition was;5–10 min. Analysis

of the difference between the 10 and the 30 min time points suggests little

clearing was missed in the short interval before the start of imaging.

SHG imaging system

Detailed descriptions of the SHG microscope have been given previously

(1,18), and only a brief outline will be provided here. The SHG imaging

experiments were performed on a modified Olympus Fluoview 300 confocal

scan head mounted on a fixed stage Olympus BX61 upright microscope

(Olympus USA, Melville, NY). The laser system is a 10 watt Verdi pumped

femtosecond titanium sapphire oscillator (MIRA 900-F; Coherent, Santa

Clara, CA), characterized by a pulse width of ;100 fs at a 76 MHz repetition

rate, and is operated at 900 nm. The average power at the sample was ;50

mW or ;650 pJ pulse energy, with a 0.8 numerical aperture (NA) water

immersion long working distance objective lens. The 1 mrad divergence of

the Ti:sapphire laser was compensated before the scan head with a 1 m focal

length lens. For all imaging not involving polarization analysis, the laser

fundamental was circularly polarized for the excitation. The SHG was

collected in the forward direction, where a long working distance 40 3 0.8

NA water immersion objective and a 0.9 NA condenser are used for

excitation and signal collection, respectively. The SHG signal is first

reflected with a 450 nm hard reflector (bandwidth 625 nm; CVI Laser,

Albuquerque, NM), then isolated from the laser fundamental and any

fluorescence by 1 mm color glass (BG-39) and a 450 nm band-pass filter

(10 nm full width at half-maximum, and detected by a photon-counting

photomultiplier module (Hamamatsu 7421; Bridgewater, NJ). The TTL

pulses from this module are integrated by the Olympus acquisition

electronics. The SHG wavelength was verified by the use of a fiber optic

based spectrometer (Ocean Optics USB2000, Dunedin, FL).

The polarization dependence of the SHG signal was determined by

rotating the plane of polarization of the excitation with respect to the fiber

axis of muscle tissue and then measuring the entire SHG signal (no output

polarization analysis) as a function of this angle. Although this dependence

can be determined by rotating the input laser polarization with a half-wave

plate, this method can be inaccurate due to ellipticity introduced by steering

optics and the galvo scanners. Thus, we fix the laser polarization (using

a quarter-wave plate to compensate for downstream ellipticity) and rotate the

tissue with a centering circular rotation stage. The data are taken at high

zoom from a region in the middle of the field to ensure true centering of the

sample, i.e., there exists rotational invariance with respect to translation.

Image analysis

3-D image projections were created from the Olympus Fluoview TIFF

format using ImageJ (http://rsb.info.nih.gov/ij). x-z projections were also

made with ImageJ by digital reslicing of an 8mm-thick x-z section through

the image volume. ImageJ was also used to obtain fast Fourier transforms

(FFTs) of the sarcomeric structures to quantitatively compare the local

spatial frequencies of the uncleared and cleared tissues.

We also use continuous wavelet transforms (CWT) as a metric of the

image quality as a function of depth in the tissue, where this analysis was

performed with MATLAB (The MathWorks, Natick, MA). In the CWT

analysis, the width of the wavelet is varied and the correlation with the

frequency components of the image is calculated for a series of differing

window widths or scale (35). The CWT transform generally expressed for

a function x(t) is given by

CWT
c

x
ðt; sÞ ¼ s

�1=2

Z
xðtÞc � t � t

s

� �
dt; (1)

where s is scale and c* is the complex conjugate of the wavelet function.

The correlation coefficients, C, as a function of scale and position are then

calculated by

Cðscale; positionÞ ¼
Z N

�N

f ðtÞcðscale; position; tÞdt; (2)

where f(t) is the signal to be analyzed and c is the mother wavelet. We use

the Morlet wavelet, which is the superposition of a sine and Gaussian

function and is appropriate for analyzing periodic or quasiperiodic signals.

For each optical section where the pixel/micron ratio is 3, the image is

broken up into 50 3 50 pixel matrices and the CWT is calculated for each

line in the image over a range of scales between 4 and 5. This is repeated for

each matrix and for all sections in a 3-D stack. For comparison of the SHG

images of control and cleared tissues via a single metric of the image quality,

we use the Shannon entropy, which is calculated by

WTEs ¼ �+ p ln p; (3)

where p represents the probability of a given coefficient, w, at scale, s, and is

defined by

p ¼ ps

+
i

ps;i

: (4)

In this formalism an image with zero entropy would be completely lacking in

order, as the sum of the coefficients would approach zero, and would in

muscle tissue correspond to the case of completely scrambled or absent

sarcomeres. By contrast, more highly ordered or regular signals would have

increasingly negative entropy values.

RESULTS

Optical clearing of muscle tissue

As described earlier, other recent reports have used OCT and

transmitted light imaging to investigate the effect of optical

clearing with glycerol in several tissues. Here we use

forward-directed SHG to measure the increase in penetration

depth in muscle tissue and achievable imaging depth due to

optical clearing by addition of glycerol. We first examine
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the effect with 50% glycerol, as the biochemistry of this

treatment has been well characterized (31). Fig. 1 shows

raw data (A) and contrast-stretched (B) x-z projections as a

24 h time course after this treatment. The muscle fibers are

easily distinguished in this representation, and the improve-

ment in transparency is readily observed with increasing time

after treatment. We quantified these findings by plotting the

average SHG intensity of each optical section as a function

of depth during the observation period, and these are shown

in Fig. 1 C. Although the diffusion of the glycerol into the

muscle is slow, some increase in penetration is seen within

30 min, and significant clearing occurs within 120 min. At

depths up to ;60 microns, little increase in intensity is seen

between 2 and 24 h of exposure to glycerol. However, deeper

in the tissue some additional clearing occurs. By contrast, the

control experiment of imaging muscle tissue in Tissue-Tek

OCT compound (Sakura Finetek, Torrance, CA) over 24 h

showed no optical clearing (data not shown).

All the time points display an exponential falloff in SHG

intensity with depth. The intensity, I(z), as a function of

depth, z, is expected to scale as

IðzÞ ¼ Ið0Þe�meff z; (5)

where I(0) is the intensity at the top of the stack and meff is

the effective attenuation coefficient and is the reciprocal of

the mean penetration depth (36). This quantity is related to

the reduced scattering and absorption coefficients, ma and ms9,

respectively, by

meff ¼ ½3ma ðma 1ms9Þ�
1=2
: (6)

For SHG imaging, the total absorption and scattering

coefficients are the sum of the terms corresponding to the

fundamental (900 nm) and SHG wavelengths (450 nm). Due

to the more complex scenario over one-color scattering

measurements, we thus use ‘‘achievable imaging depth’’ in

lieu of the mean penetration depth. The contribution from

absorption at the 900 nm wavelength is not significant,

whereas, as will be shown below, absorption of the SHG

wave has a large effect on the image contrast. For the case of

multiple scattering in highly turbid tissue, such as muscle,

the ordinary scattering coefficient is more properly expressed

as the reduced scattering coefficient, ms9:

ms9 ¼ msð1 � gÞ; (7)

where g is the average cosine of the scattering angle and

ranges 0.7–0.95 in most tissues. This factor accounts for the

highly forward-directed scattering in tissue and is a measure

of the distance needed for the optical energy to become iso-

tropically distributed (36). Fits to Eq. 3 for several trials (n¼
12 and 14 for control and optically cleared, respectively) are

shown in Fig. 2. Glycerol treatment improved the mean SHG

imaging depths (1/e point) from 85 to 210 microns, nearly

a 2.5-fold improvement over the uncleared tissue. The origin

of the large deviation of the data from the exponential fit near

the top of the axial profile is described in the Discussion.

FIGURE 1 SHG imaging probes optical clearing in 50% glycerol-treated

explanted mouse muscle. (A) SHG x-z projections at 10 min, 30 min, 120 min,

and 24 h. (B) Contrast stretched images ofA. (C) The normalized SHG intensity

at various depths after 50% glycerol treatment. Scale bar, 20 microns.
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We next verified that the observed depth dependence of the

SHG signal did not arise from or was largely influenced by

optical aberrations due to a refractive index mismatch with

a water immersion lens. Significant spherical aberration of

the laser would result in decreased peak intensity and

possibly become increasingly significant at greater depths.

Although it not rigorous to define a point spread function

(PSF) for SHG as it is a coherent process, we can still mea-

sure this property for two-photon excited fluorescence at the

900 nm fundamental wavelength to ascertain if there are

differences in peak power as a function of depth, and also for

specimens with and without 50% glycerol. Since it is not

practical to perform these measurements in tissue, they were

performed in phantoms containing 100 nm fluorescent beads

suspended in 1% agarose (37) in control and 50% glycerol-

containing solutions. Using the 0.8 NA water immersion lens,

we obtained lateral PSFs (data not shown) for the control of

580–600 nm at depths up to 200 microns. The 50% glycerol-

containing phantom was characterized by a range of

560–610 nm, where the relatively small deviations were

not correlated with the depth. Thus we conclude that the data

in Fig. 2 are reflective of the actual depth-dependent decay of

the SHG signal.

One proposed mechanism of optical clearing has been

attributed to refractive index matching. (24) To examine if

the improvement in SHG imaging depth in muscle arises

from this effect, the experiment was repeated with 100%

glycerol, where the intracellular refractive index would be

higher (n; 1.45). Fig. 3 displays the x-z projections (A) and

the average SHG intensity of each optical section as

a function of depth (B) during this 24 h time course. The

swelling of the muscle cells is much more pronounced at the

24 h point than was observed with the 50% glycerol treat-

ment. Furthermore, the clearing effect was largely lost by 24 h.

These irregularities in the images thus make it difficult to

measure the increase in transparency. However, we remained

interested in determining the optimal concentration. These

experiments were thus repeated for 25% and 75% glycerol,

and the depth-dependent decays (1/e) were fit to values of

202 and 178 microns, respectively, similar to the 50%

treatment (210 microns). Given these comparable results,

combined with the extensive biochemical characterization,

FIGURE 3 Optical clearing of muscle treated with

100% glycerol. (A) x-z projections of the SHG intensity

arising at 10 min, 30 min, 120 min, and 24 h. The

muscle fibers are highly swelled at 24 h. (B) The

average intensity of each optical section as a function

of depth at these time points. Scale bar, 20 microns.

FIGURE 2 Exponential fits to the average of several trials for the depth

dependence of the SHG in control and optically cleared tissue with 50%

glycerol. These fits result in achievable SHG imaging depths (1/e) of 85 and

210 microns, respectively. For comparison, the expected attenuation based

solely on scattering with the reported reduced scattering coefficient of

0.5 mm�1 is also shown (dashed line).
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we consider the 50% glycerol treatment to be the optimal

approach for achieving clearing in muscle. Still, because of

the changes in tissue seen with any of the treatments, we next

quantitatively examined the muscle structure in the control

and cleared tissues.

Quantitative investigation of muscle structure
after optical clearing

SHG intensity

Inspection of the fibers near the top of the stack shown in Fig.

1 A shows a small loss of intensity (average per pixel) of the

SHG signal after glycerol application. This could arise from

the fact that the fibers swelled somewhat during the treatment

and the number of myofibrils per unit area is reduced. The

loss of intensity could also, in principle, be due to loss of

properly assembled acto-myosin complexes. Since the SHG

intensity is in part determined by the organization of the

protein molecules in the array, this modality would be highly

sensitive to such adverse effects. Specifically, a randomized

distribution of acto-myosin complexes even at high concen-

tration would result in no signal. To investigate these pos-

sibilities of a loss of protein content or organization, we

compared the overall integrated intensity of the cross sec-

tional area of the fibers in both the control and cleared

tissues. We observed that the integrated intensity remains

constant (within 15% fluctuation between time points, where

n ¼ 9). These data indicate that the organized acto-myosin

remained localized in the fibers, and that the total content

remained constant, but in a larger volume.

This result also sheds light on a question regarding whether

the observed SHG intensity depends on the organization at

the molecular (and consequently the myofibril level) or that

of the fiber cell. The observation that the SHG intensity is

conserved with the increase in volume due to swelling im-

plies a linear process. This finding suggests that the swelling

of the fiber cell increases the spacing among the myofibrils.

We have observed strong SHG from isolated myofibrils (38)

and have identified these as the key SHG producing

structural units. Thus, if the molecular or myofibril orga-

nization was altered in the swelling, a quadratic dependence

of the SHG intensity would have been expected. Therefore

we conclude that the clearing process does not induce

a change at the level of the harmonophore structure. This

retention of the spatial organization of the acto-myosin

complexes at the molecular level after clearing is further

addressed below (in the section Polarization anisotropy

measurement of molecular organization) by measuring the

polarization dependence of the SHG contrast.

Fast Fourier transform analysis of sarcomere periodicity

Sarcomeres have well-defined characteristic lengths for

contracted and extended muscle, and it is important in terms

of any functional imaging that these lengths do not change

during the clearing process. Fig. 4 A shows the SHG image

from one optical section of mouse sarcomeres at high zoom

and the highly regular periodicity of normal sarcomeres.

Note that this data set is from only a thin portion at the top of

the whole tissue and not sufficiently thick for the clearing to

be readily visualized. The regularity of the signal readily

lends itself to analysis via a FFT. To determine the spatial

frequencies, FFTs of 15 3 15 mm subregions from the re-

sulting SHG images were performed using ImageJ software.

Histograms of the peak power spectra of the sarcomere

lengths during 50% glycerol treatment are shown in Fig. 4 A.

The two most probable components of the distribution of

sarcomere lengths lie in the intervals of 1.5 , x , 1.8 and

1.8 , x, 2.1 microns. The less probable intervals at shorter

and longer lengths correspond to noise. Although these

intervals both show a small increase during the time course,

the relative intensities remained nearly constant. To help

visualize this finding, the inset in Fig. 4 B shows the inverse

FFT of the two most probable intervals (1.5 , x , 1.8 and

1.8 , x , 2.1 microns) where the remaining intervals were

set to zero and thus eliminate any noise to isolate the SHG

frequency components. The green and red data correspond to

the FFT-filtered image for the 10 min and 24 h points,

respectively. The spatial overlap in the image is high,

indicating the sarcomere lengths are largely preserved while

obtaining significant optical penetration.

Continuous wavelet transform analysis of image quality

We made use of CWT analysis to further look for any pos-

sible adverse morphological effects of the sarcomeres due to

the optical clearing process. We use the wavelet transform

entropy (WTEs; Eqs. 3 and 4) as a metric to quantitatively

compare the ordered pattern of the sarcomeres in the control

and cleared mouse muscle. The resulting entropy values as

a function of axial position for 50% treated glycerol tissue

are shown in Fig. 5 for the 10 min and 2 h time points. A

depth-dependent decrease is seen in both cases as the WTEs

values are dependent upon the absolute signal strengths,

which decrease due to the attenuation (scattering and absorp-

tion) as described by Eq. 4. We used the absolute entropies to

compare the respective image quality as a function of depth

for the control and cleared tissue. At the top of the stack, the

cleared tissue has lower entropy due to the loss of intensity

per unit area from swelling described above. However, from

30 microns through the remaining depth, the WTEs values

are stronger for the cleared sample. The inset shows two

corresponding 50 3 50 pixel image segments at similar

depths which demonstrate the relationship between image

quality and WTEs values. This analysis was also performed

for the 24 h point, and similar behavior was observed (data

not shown), where larger WTEs values are seen from ;45

microns through the remaining depth. These data indicate

that 50% glycerol treatment results in an increase in both the
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achievable depth and SHG image quality in deep optical

sections of tissue.

Polarization anisotropy measurement of
molecular organization

The possibility of alterations occurring on the molecular

level due to the glycerol treatment was also considered. SHG

is in fact well suited to this task, as polarization analysis can

be used to extract information on the supramolecular ge-

ometry of the acto-myosin complexes. The general descrip-

tion of the second order polarization P(2) is given by

P
ð2Þ ¼ azðz � EÞ2

1 bzðE � EÞ1 cEðz � EÞ; (8)

where a, b, and c are coefficients, z is the unit vector, and E is

the electric field vector. This expression contains all the

information on the orientation of the molecules in the array.

Any changes in the orientation of the molecules within the

sarcomeres would appear in the angular polarization de-

pendence of the SHG intensity. We thus compared the po-

larization profiles of the SHG signal before and after optical

clearing. Fig. 6 A shows a schematic depicting the relevant

axes of the laser propagation and electric field axes and the

fiber axis. The resulting SHG intensity as a function of the

angle between the fibers and laser polarization is shown in

Fig. 6 B, where the data are plotted for the same time points

as in Fig. 1. Although there are small variations during the

time course, there is no systematic correspondence between

FIGURE 4 FFT analysis of sarcomere periodicity after treatment with 50% glycerol. (A) The top and bottom panels show one SHG optical section and the

corresponding x-z projections during the time course. Scale bar, 5 microns. (B) The power spectra from an FFT analysis of the SHG measurements of

the sarcomere periodicity are plotted as histograms for the control and optically cleared tissues. The relative intensities in the two most probable intervals of

1.5 , x, 1.8 and 1.8 , x, 2.1 microns are largely unchanged in these tissues. The less probable intervals at shorter and longer lengths correspond to noise.

The inset shows the inverse FFT image calculated for the control and optically cleared tissues based on the two most probable intervals of 1.5 , x , 1.8 and

1.8 , x , 2.1 microns. The green and red data correspond to the FFT-filtered image for the 10 min and 24 h points, respectively.
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the glycerol exposure time and direction of variation. Thus,

we concluded that there is no significant change in this

structure of the acto-myosin complexes after the clearing

process.

Optical clearing of collagen-based tissue

Our results have shown that optical clearing greatly

improves SHG imaging of muscle tissue, both in terms of

penetration depth and image quality. By contrast, Tromberg

and co-workers found greatly reduced backscattered SHG

intensity and changes in fiber morphology in glycerol-treated

collagen-based specimens (28), suggesting adverse effects

on the protein assembly. We investigated the effects of opti-

cal clearing on tendon collagen using the forward-directed

SHG component to see if such observations depend upon the

particular collection geometry. This was a possible scenario,

because these two modes of SHG emission probe different

features in the supramolecular assemblies. Specifically, the

SHG from larger structures (compared to the wavelength of

light) is primarily forward directed, whereas the emission

from smaller scattering objects is equally directed in the

forward and backward directions. For example, Williams

et al. (7) recently observed morphologically distinct forward

and backward SHG images arising from collagen in tendon.

We show our forward-directed SHG data for mouse tail

tendon in Fig. 7 A, where the top panel in (A) shows the

temporal evolution of the SHG signal after treatment with

50% glycerol for a single optical section. The changes

throughout the entire stack (x-z projections) are shown in the

bottom panel of Fig. 7 A, where both a loss of intensity and

significant swelling of the whole specimen are observed. The

integrated intensity for each image is plotted in the bar graph

in Fig. 7 b, where an;5-fold loss of intensity is observed

after glycerol treatment. These results essentially parallel

those of Tromberg and co-workers obtained in the backward

geometry (28), with the exception that no significant effect

on the fibrillar pattern is observed in the forward-directed

signal. We still conclude that collagen-based tissues are

greatly disrupted by the application of glycerol and useful

clearing is not observable by the SHG imaging modality.

These results suggest that the optical clearing process in

collagen is not simply due to refractive index matching but

may involve a change in the supramolecular structure. More-

over, this change in assembly is not visible by either trans-

mitted light or OCT measurements.

DISCUSSION

We have shown that treatment of muscle tissue with glycerol

results in greatly increased SHG imaging depth and im-

age quality. Here we consider the factors that are responsible

for the achievable imaging depths in both the control and

cleared tissue. First we addressed the attainable depth in the

uncleared tissue. The reduced scattering coefficient, ms9, in

muscle at 900 nm is ;0.5 mm�1 (39), and for comparison

with our experimental findings, Fig. 2 also shows the

FIGURE 5 WTEs analysis of image quality after clearing. The absolute

WTEs values are plotted as a function of depth for the control and 2 h time

points. The entropy values are higher for the optically cleared sample at

depths .30 microns. The inset shows two corresponding 50 3 50 pixel

image segments from these time points at similar depths which demonstrate

the relationship between image quality and WTEs values.

FIGURE 6 Polarization dependence of SHG intensity used to compare the

molecular organization in sarcomeres before and after clearing. (A) The

relevant axes of the laser propagation and laser polarization and the fiber

axis. (B) The resulting SHG intensity as a function of the angle between the

fibers and laser polarization. The data are plotted for the same time points as

in Fig 1. No systematic variation is seen between the time points.
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expected depth-dependent decrease in intensity based solely

on this value (dashed line). Yet we observe much more rapid

attenuation with increasing depth in the control tissue, and

we conclude that significant absorption of the SHG signal

occurs. This is reasonable since the SHG wavelength is 450

nm and its absorption by cytochromes and heme proteins is

expected to be significant. Indeed, a similar secondary inner

filter effect was also recently observed by Rothstein et al.

(40) in mouse skeletal muscle in vivo, where significant

absorption of NADH autofluorescence was seen in this same

wavelength range of our SHG signal. In the case here, the

glycerol treatment permeabilizes the cell membranes, re-

sulting in leakage of strongly absorbing cytoplasmic proteins

out of the cell and thus lower intracellular optical density.

The secondary inner filter effect on the SHG signal is then

likely reduced, and increased imaging depth is observed.

To investigate if this is indeed the major mechanism

responsible for the optical clearing in muscle, we treated

muscle tissue with a mixture of 4% paraformaldehyde and

0.5% gluteraldehyde to cross-link the intracellular proteins

and prevent or minimize protein leaching out of the cells.

3-D stacks of 50% glycerol-treated muscle were then

acquired over a 24 h time course (as in Fig. 1), and the

resulting x-z projection is shown in Fig. 8. Little clearing

occurs relative to the data in Fig. 1 (without fixation), as only

a slight increase (;10%) in SHG intensity is observed in the

middle of the stack from fixed tissue. This measurement

shows that the primary mechanism for clearing in muscle

is indeed the loss of cytoplasmic protein, an effect that is

abolished by fixation of protein in place.

Reports of optical clearing in collagen-based tissues have

suggested refractive index matching plays a dominant role

(24,26) where the matching can arise from the surface of the

glass substrate and the tissue. In the case of muscle, where

the glycerol breaks down the cell membranes (which also

reduces the protein concentration), index matching could

also occur by replacement of water with glycerol. However,

we obtained the same imaging depths of ;200 microns for

25%, 50%, and 75% glycerol-treated muscle. The higher

concentrations of glycerol must result in higher intracellular

refractive indices, but the degree of clearing was the same.

Although we have not found a published refractive index of

FIGURE 7 SHG imaging shows that 50% glycerol treatment of tendon has highly adverse effects and does not result in improved penetration. The top

and bottom panels of Fig. 7 a show the time course of a single optical section and the x-z projections, respectively. A histogram of the SHG intensities over the

time course is shown Fig. 7 b and a fivefold loss of intensity is observed.
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muscle at 900 nm, the refractive index of muscle at 632 nm

has been reported to be ;1.38 (41) and is comparable to the

50% glycerol case. However, given the similarity of imaging

depths with these three glycerol treatments, we can conclude

that index matching only plays a small role in the optical

clearing of muscle. This in conjunction with the lack of

clearing upon fixation allows us to assign the reduction of the

inner filter effect as the predominant mechanism for the in-

creased imaging depth.

A complicating aspect in the interpretation of the SHG

imaging depth profile lies in the competing effects of loss of

input laser intensity and absorption of the output SHG signal,

where the relative contributions change through the axial

profile of the specimen. For example, as the laser propagates

further into the tissue, the loss of laser intensity, and thus

second harmonic production, decreases. Near the top of the

specimen, the laser is less scattered; however, the desired

SHG wave must propagate through the axial dimension to be

detected and undergoes substantial absorption. By contrast,

SHG produced near the bottom of the stack will undergo less

absorption. Additionally, the loss of laser intensity will have

a quadratic effect, whereas the absorption of the SHG is

a linear process. Careful examination of the control and

optically cleared data (n ¼ 12 and 14 trials, respectively) in

Fig. 2 reveals two distinct regimes, separating at ;40

microns. Near the top of the axial profile, the measured SHG

intensity deviates greatly from the single exponential fit,

where the decay is more rapid than predicted by the overall

fit, showing the strong absorption contribution to the signal

intensity in this region. Although the optically cleared data

also deviate from the fit, they do so somewhat less dramat-

ically, suggesting the role of a reduced inner filter effect.

Both data sets are well fit to the single exponential near the

bottom of the stack where scattering of the laser will be the

predominant loss mechanism. Furthermore, although SHG

produced from these regions will experience less absorption

upon propagation through the specimen, the reduction in the

inner filter further reduces these losses.

Although differing in mechanism, it is illustrative to

compare the SHG optical clearing in muscle in this work

with reports on other modalities in collagen-based tissues.

Comparable values of 2–3 in increased penetration depth via

glycerol treatment were also found by Welch and co-workers

in their investigation of rat skin with OCT (24). Similarly,

Khan et al. recently defined an optical clearing potential

(OCP) as the ratio of reduced scattering coefficients in cleared

and uncleared samples and using linear transmission mea-

surements found values in the range 100–300% for skin

treated with a variety of hyperosmotic reagents, including

glycerol, dialcohols, and organic acids (23). Although these

values are comparable, the mechanisms differ substantially.

Both this work and that of Tromberg have shown through

SHG imaging that the optical clearing process with glycerol

has strong adverse effects on collagen-based tissues, whereas

transmitted light and OCT are not sensitive to the underlying

structural changes.

Ultimately, optical clearing may become useful in clinical

diagnostics to increase imaging depth and image quality.

Muscle biopsies can be examined with forward-directed

SHG, and the increase of several hundred microns attainable

in imaging depth can significantly improve the image

information content from a single specimen. Alternatively,

backscattered SHG could be used for imaging skin pathol-

ogies in vivo. Although most optical clearing studies to date

have used OCT, and this modality is already used in certain

clinical applications (retinal and esophageal imaging), SHG

may be a better tool for many applications. This is true

because SHG is intrinsically more sensitive to molecular and

supramolecular organization than OCT and additionally has

superior axial resolution.

Because of the adverse effects of glycerol treatment on

SHG imaging of collagen-based tissues, clearing of such

tissues with other hyperosmotic agents should be investi-

gated. For example, sugar alcohols have been used for

optical clearing studies in transmitted light imaging and

perhaps agents of these types and/or others could be applied

to collagen-based structures and achieve clearing while not

adversely affecting the quarternary structure. For example,

Tuchin and co-workers measured and modeled the diffusion

of mannitol and glucose through human dura mater and

observed significant clearing where they considered the

clearing effect to arise from refractive index matching (26).

Khan et al. examined the OCP of several reagents, including

dialcohols with transmitted light imaging (23), but the effects

FIGURE 8 SHG imaging of mouse muscle tissue treated

with 50% glycerol, 4% paraformaldehyde, and 0.5% gluter-

aldehyde, with the resulting x-z projections at 15 min, 1 h,

6 h, and 24 h. Little clearing is observed, indicating the

mechanism arises from loss of cytoplasmic protein and

decreased inner filter effect.
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of these reagents have not yet been probed by SHG imaging

to examine the effects on the supramolecular organization.

CONCLUSIONS

Using glycerol as an optical clearing agent, we can achieve

a 2.5-fold increase in achievable SHG imaging depth in

skeletal muscle, This improvement occurs with little change

in the SHG intensity or sarcomere morphological structure to

indicate damage to the tertiary or quarternary structure of the

acto-myosin complexes. The similarity of the polarization

profile of the control and cleared muscle tissue further sup-

ports this finding. We suggest that the primary mechanism of

glycerol-based optical clearing in muscle results from the

reduction of cytoplasmic protein concentration and concom-

itant decrease in secondary inner filter effect on the SHG

signal. The lack of dependence on glycerol concentration for

the imaging depth indicates that refractive index matching

plays only a minor role in the optical clearing of muscle.

Although the initial use of glycerol extraction of muscle

fibers in the 1950s was not for imaging applications, our

quantitative analyses of 3-D SHG imaging data reaffirm the

conclusion that the contractile structure is essentially un-

changed. The use of appropriate agents may become a gen-

eral method for increasing transparency in thick tissues

imaged by these modalities. However, we find experimen-

tally that the benefits of optical clearing for SHG are much

greater in muscle than in collagen-based tissues.
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