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ABSTRACT Sum frequency generation (SFG) and second harmonic generation (SHG) were observed from helical fibrils in
spinal cord white matter isolated from guinea pigs. By combining SFG with coherent anti-Stokes Raman scattering microscopy,
which allows visualization of myelinated axons, these fibers were found to be distributed near the surface of the spinal cord,
between adjacent axons, and along the blood vessels. Using 20-mm-thick tissue slices, the ratio of forward to backward SHG
signal from large bundles was found to be much larger than that from small single fibrils, indicating a phase-matching effect in
coherent microscopy. Based on the intensity profiles across fibrils and the size dependence of forward and backward signal
from the same fibril, we concluded that the main SHG signal directly originates from the fibrils, but not from surface SHG effects.
Further polarization analysis of the SHG signal showed that the symmetry property of the fibril could be well described with a
cylindrical model. Colocalization of the SHG signal with two-photon excitation fluorescence (TPEF) from the immunostaining of
glial fibrillary acidic protein demonstrated that SHG arises from astroglial filaments. This assignment was further supported by
colocalization of the SHG contrast with TPEF signals from astrocyte processes labeled by a Ca21 indicator and sulforhodamine
101. This work shows that a combination of three nonlinear optical imaging techniques—coherent anti-Stokes Raman
scattering, TPEF, and SHG (SFG) microscopy—allows simultaneous visualization of different structures in a complex biological
system.

INTRODUCTION

Constituting the largest cell population in the central nervous

system (CNS), astrocytes closely interact with neurons across

the extracellular space to provide structural and trophic sup-

port (1). Such function is accomplished through the astroglial

process, which contains tightly bundled filaments. It is known

that the astroglial filaments are composed of an intermediate

filament protein called glial fibrillary acidic protein (GFAP)

(2). In response to trauma, ischemia, growing tumors, or neuro-

degenerative diseases, astrocytes undergo astrogliosis, char-

acterized by the rapid synthesis of GFAP and by hypertrophy

of the astroglial processes (3). Astrogliosis is thought to play

a role in the healing phase by actively monitoring and

controlling the molecular and ionic contents of the extracel-

lular space of the CNS (3). Meanwhile, studies on mice with

glial filament deficiency have shown that astroglial filaments

act as strong inhibitors of CNS regeneration (4). Because of

their significance, imaging the astroglial filaments and test-

ing the content of GFAP have been used to diagnose brain

tumors (3,5). Current techniques for imaging glial filaments

include immunostaining of GFAP and electron microscopy

(3). However, the use of fixed, dehydrated, or stained sam-

ples in these methods precludes real-time monitoring of

astrocyte activities. In addition, it has been shown that nega-

tive immunostaining of GFAP does not always mean the lack

of astrocytes, but may be due to artifacts introduced by the

sample preparation procedure (6). Therefore, nondestructive

and label-free imaging of these structures in live tissues is

needed for a better understanding of the function of astrocytes.

Because it has intrinsic 3D resolution and relatively large

penetration depth, and is nondestructive, nonlinear optical

(NLO) microscopy (7) based on two-photon excitation

fluorescence (TPEF) (8), second harmonic generation (SHG)

(9,10), and coherent anti-Stokes Raman scattering (CARS)

(11) has opened up a new window to visualize the mor-

phology and functions of live cells in the CNS. Benefiting

from the versatility of fluorescent labels, TPEF microscopy

has been widely used for in vivo imaging of neurons and

microglia (12–15). With vibrational imaging ability, CARS

microscopy has been applied to image the myelin sheath, an

extended and spirally wrapped plasma membrane of oligo-

dendrocytes (16). Because it is sensitive to noncentrosym-

metrical structures, SHG microscopy has been used to probe

the microtubules inside the axons of brain tissues (17).

In this article, we report and analyze SHG and sum fre-

quency generation (SFG) from helical fibrils in ex vivo

spinal tissues using multimodal NLO microscopy. The spa-

tial relationship between these fibrils and myelinated axons

was characterized by simultaneous SFG and CARS imaging.

The ratio of forward to backward SHG was found to be

dependent on fibril size. For large fibrils, SHG intensity was

maximized in the fibril center, which indicates that the SHG

signal arises directly from the fibrils and is not an interface

effect. The polarization properties of the SHG intensity fit

well with a CN cylindrical rod model (18,19), indicating a
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polarity for these fibrils. Furthermore, colocalization of the

SHG contrast with the GFAP immunostaining contrast showed

that these SHG-active fibrils are the astroglial filaments in

spinal cord white matter. Our work reveals the polarity in ex

vivo fibrous astroglial filaments and also provides a new

approach for the study of astrocyte processes.

MATERIALS AND METHODS

Tissue sample preparation

Fresh spinal cord samples were isolated from guinea pigs (16). The dura

wrapping the spinal cord was gently removed using forceps with the finest

tips. The spinal cord was first split into two halves by sagittal division and

then cut radially to separate the ventral white matter from the gray matter.

The isolated ventral white-matter strip or gray-matter strip was mounted on

a chambered glass coverslip and kept in an oxygenated Krebs’ solution

(124 mM NaCl, 2 mM KCl, 1.2 mM KH2PO4, 1.3 mM MgSO4, 2 mM

CaCl2, 10 mM dextrose, 26 mM NaHCO3, and 10 mM sodium ascorbate,

equilibrated with 95% O2, 5% CO2).

The samples for simultaneous CARS imaging of axonal myelin and

TPEF imaging of Ca21 were incubated in a Ca21-free Krebs’ solution that

contained 40 mM Oregon Green 488 BAPTA-2 AM (OG) (Molecular

Probes, Eugene, OR) for 2 h and then washed with normal Krebs’ solution

(containing 2 mM Ca21) before imaging. The samples for TPEF imaging of

fluorescence labeled astrocytes were incubated in a Krebs’ solution that

contained 100 mM sulforhodamine 101 (SR101) (Molecular Probes) for 1 h

and then washed with Krebs’ solution three times before imaging.

For recording forward and backward SHG signals from the same fibril,

the spinal cord white matter was fixed with formalin and then sectioned into

20-mm slices by a tissue slicer (OTS-4000, Electron Microscopy Sciences,

Hatfield, PA).

Multimodal nonlinear optical imaging

The schematic of our multimodal NLO microscope is shown in Fig. 1. Two

tightly synchronized (Sync-Lock, Coherent, Santa Clara, CA) Ti:sapphire

lasers (Mira 900, Coherent) were used for simultaneous SFG and CARS

imaging. One laser operating at ;700 nm served as the master and provided

the clock for synchronization with the other laser. Both lasers had a pulse

duration of 2.5 ps. The two beams at frequencies of vp and vs were parallel-

polarized and collinearly combined. A Pockels’ cell (Model 350-160,

Conoptics, Danbury, CT) was used to reduce the repetition rate from 78

MHz to 7.8 MHz. This pulse-picking method reduces the average power to

10 mW but maintains a high peak power (;500 W) at the sample. SHG and

TPEF imaging were performed using a 200-fs Ti:sapphire laser (Mira 900,

Coherent) at the repetition rate of 78 MHz. A flip mirror was used to switch

between the femtosecond and picosecond laser sources.

The collinearly overlapped beams were directed into the scanning unit

(FV300, Olympus America, Melville, NY) of a confocal microscope (IX70,

Olympus America) and focused into a sample through a 603 water im-

mersion objective lens with a numerical aperture (NA) of 1.2. Images were

acquired by scanning a pair of galvanometer mirrors in the FV300. The

dwell time for each pixel was 2 ms.

For tissue slices with 20-mm thickness, two photomultiplier tubes

(PMTs) (R3896, Hamamatsu, Hamamatsu City, Japan) were used for simul-

taneous detection of forward and backward SHG. The forward SHG was

collected with another 603 water immersion objective with NA 1.2. The

forward SHG signal was used to characterize the polarization property of

SHG from the fibrils.

For the ex vivo spinal tissue samples with 2- to 3-mm thickness, the SFG

or SHG signal could hardly be detected in the forward direction because the

radiation around 400 nm is effectively scattered by the tissue. Instead, we

installed an external PMT (H7422-40, Hamamatsu) detector at the back port

of the microscope for detection of backward SHG or SFG. The TPEF signal

was detected by the same external detector. Due to the longer CARS signal

wavelength around 600 nm, we were able to efficiently collect the forward

CARS (F-CARS) signal with an air condenser (NA 0.55). The F-CARS

signal was detected by the R3896 PMT.

For CARS imaging of axonal myelin in the spinal tissue (16), the pump

laser was tuned to 14,240 cm�1 (702 nm) and the Stokes laser to 11,400 cm�1

(877 nm). Their wavenumber difference, 2840 cm�1, matches the Raman

shift of CH2 vibration. The corresponding SFG wavelength was 390 nm. For

SHG imaging, the femtosecond laser was tuned to 795 nm and the corre-

sponding SHG wavelength was 397.5 nm. Bandpass filters 600/65 nm

(42-7336, Ealing Catalog, Rocklin, CA), HQ375/50-2p (Chroma, McHenry,

IL), and HQ520/40-2p (Chroma) were used to transmit the CARS, SFG/

SHG, and TPEF signals, respectively.

The SHG and SFG emission spectra were recorded with a spectrometer

(Shamrock 303i/Newton-970N-BV, ANDOR, South Windsor, CT) at the

back port of the microscope. The filter used before the spectrometer was

made of BG39 color glass (36-9322, Ealing Catalog). The spectra were

normalized with the transmission curve of the filter. The CCD acquisition

time was 2 ms and the spectra were accumulated 500 times. Two collinearly

combined picosecond laser beams at 705.8 nm (14,169 cm�1) and 882.6 nm

(11,330 cm�1) were used for recording the SHG and SFG emission spectra.

Immunohistochemistry

An adult rat was perfused with 4% paraformaldehyde. Its spinal cord was

then extracted and fixed in 4% paraformaldehyde for 2 h, and then in

0.1 M phosphate-buffered saline (PBS) overnight at 4�C. The tissue was

cryoprotected and sectioned into 15-mm-thick slices along the length of the

axons. The sections were washed three times with 0.3% Triton X-100 in PBS

and then incubated with a primary antibody, rabbit anti GFAP (Biomedical

Technologies, Palatine, IL) or goat antivimentin (Sigma, St. Louis, MO) for

1 h at room temperature after blocking with bovine serum albumin. After

washing with 0.3% Triton X-100 in PBS three times, a secondary antibody,

FIGURE 1 Schematic of a multimodal nonlinear optical imaging system.

Two colinearly combined 2.5-ps Ti:Sapphire laser beams were used for

CARS and SFG imaging. A 200-fs Ti:Sapphire laser was used for SHG and

TPEF imaging. A flip mirror was used to switch between the femtosecond

and picosecond laser sources. Images were acquired by scanning a pair of

galvanometer mirrors. A water immersion objective (NA 1.2) was used to

focus the laser beams into a sample. The NLO signals were detected in either

a forward or a backward direction. An air condenser (NA 0.55) was used

to collect the forward CARS signal from ex vivo spinal tissues. A water

immersion objective (NA 1.2) was used to collect the forward SHG signal

from thin tissue slices. (D) dichroic mirror; (F) flip mirror.
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goat anti rabbit IgG-Cy3 (Jackson ImmunoResearch Laboratories) or rabbit

anti-goat IgG-Cy3 (Sigma), was applied to the sections for 1 h at room

temperature while shaking the sample. After washing with 0.3% Triton X-100

in PBS three times, the samples were mounted in the DPX mountant (Fluka,

Buchs, Switzerland). For control sections the same procedure was followed,

except that the primary antibody was omitted. The immunolabeled sections

were examined by simultaneous backward TPEF and forward SHG imaging.

RESULTS AND DISCUSSION

SFG and SHG imaging of fibrils and CARS
imaging of axonal myelin sheath

Using the two picosecond beams at 702 and 877 nm, we

extensively observed SFG contrast from fibrous structures in

ex vivo spinal tissues. When two beams were focused at the

surface of the spinal cord white matter, strong SFG signals

were observed from densely packed helical fibrils (Fig. 2 A).

To illustrate the relationship between these fibrils and the

axons, we carried out simultaneous CARS imaging of axonal

myelin sheath (16) and SFG imaging of fibrils in the same

sample. The CARS and SFG signals were detected in the

forward and backward directions, respectively. The helical

fibrils (green) were found to be located between the mye-

linated axons (red) (Fig. 2 B). Both signals display a high

signal/background ratio, as shown in intensity profiles (Fig.

2 C) along the line indicated by the black arrow in Fig. 2 B.

A 3D spatial relationship between the fibrils and axons can

be found in Supplementary Material (Movie 1). Using CARS

microscopy, we have been able to resolve detailed myelin

structures such as the node of Ranvier (16). The inset in Fig.

2 B shows that the SFG-detected fibrils tightly contact the

node of Ranvier detected by CARS. In a perivascular area,

we observed strong SFG signals from densely packed fibrils

(Fig. 2, D and E). The blood vessels are indicated by the

dashed white lines in Fig. 2 E. The blood vessel wall gives

a visible CARS contrast (Fig. 2 D), which may arise from

the endothelial cell membranes. The overlaid image (Fig. 2

D, inset) clearly shows the tight contact between the blood

vessel and the fibrils. In the gray matter, we also observed

strong SFG signals from a tubular structure that presumably

surrounds a blood vessel (Supplementary Material, Movie

2). At certain locations of the spinal tissue, we observed star-

shaped SFG contrast that resembles the shape of astrocytes

(Supplementary Material, Fig. S1).

The above morphological features suggest that the SHG

signals arise from astrocyte processes. The structure shown

in Fig. 2 A is consistent with the external glial limiting

membrane formed by short and robust processes sent toward

the pial surface by a variety of fibrous astrocytes (20). More-

over, it is known that fibrous astrocytes in the white matter

have fewer, longer, and less-branched processes that contain

large numbers of glial filaments arranged in tight bundles (2),

in accordance with our observation in Fig. 2 B. Finally,

abundant astrocyte processes are shown to envelop the node

of Ranvier and blood vessels and form end-feet (2,21), in

agreement with our observations (Fig. 2, B and D, insets).

We also carried out SHG imaging of spinal tissues with

a femtosecond beam at 795 nm (Fig. 2 F). For the same

sample, the SHG image shows the same contrast as the SFG

image (Fig. 2 B). To estimate the SHG signal level from

these fibrils, we compared the SHG signal intensity from our

sample with that from well characterized collagen fibrils

from mammary tissues (T. T. Le and J. X. Cheng, unpub-

lished results). They were at the same level under the same

experimental conditions.

Power dependence and spectral characterization

The signal in Fig. 2 A was confirmed to be SFG by the linear

dependence of the signal on pump and Stokes beam powers,

FIGURE 2 SFG and SHG imaging of helical fibers (green) and CARS

imaging of myelin sheath (red) in ex vivo spinal tissues. (A) SFG image near

the surface of spinal cord white matter. Scale bar, 10 mm. (B) Overlaid SFG

image of fibrils and CARS image of myelinated axons inside spinal cord

white matter. (Inset) Overlay of the SFG and CARS images of a node of

Ranvier surrounded by astrocyte processes. Scale bar, 5 mm. (C) CARS

(red) and SHG (green) intensity profiles along the line indicated by the

arrow in B. (D and E) CARS (red) and SFG (green) images of a perivascular

area containing a branched blood vessel. (D, inset) Overlaid CARS and SFG

images. Scale bar, 20 mm. (E) The blood vessel is indicated by dashed white

lines. (F) SHG image of fibrils in the same location of spinal cord white

matter as in B. Scale bar, 10 mm. The average laser power for SFG and

CARS imaging was around 10 mW at the sample. The average laser power

for SHG imaging was 11.2 mW at the sample.
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as shown in Fig. 3, A and B, respectively. Using two

picosecond beams at 705.8 nm and 882.6 nm, we recorded

the SHG and SFG emission spectra (Fig. 3 C) from a single

fibril. Two SHG peaks were observed at 352.9 nm and 441.3

nm, respectively. The SFG peak was at 392.2 nm, in agree-

ment with the calculated wavelength for the sum frequency

of the two excitation beams. The observed signal ratio at

352.9 nm, 392.2 nm, and 441.3 nm was 1:13.8:2.4, indi-

cating that SFG has much higher intensity than SHG by

either excitation beam. This is partially because SFG utilized

more excitation power (from both beams) than SHG, which

used a single beam.

Because SHG can be implemented with a single laser

beam, we used SHG imaging to characterize the spectral

dependence of xð2Þ. The SHG excitation profile shown in

Fig. 3 D was obtained by tuning the wavelength of the

femtosecond beam. The SHG intensities were normalized by

the excitation power and the transmission of the bandpass

filters. The maximal signal was obtained at the excitation

wavelength around 800 nm, similar to the case of collagen

fibrils (22). We note that near-infrared excitation frequencies

are far from the electronic resonance frequency of biological

molecules, whereas the SHG or SFG output around 400 nm

could be close to electronic resonance. Based on Boyd’s

expression of xð2Þ(23, p. 139) the SHG or SFG efficiency in

our case is expected to be sensitive to the output frequency

and insensitive to individual excitation frequencies. There-

fore, SFG with 392 nm output should have efficiency similar

to that of SHG with 392 nm output, which is more efficient

than SHG with 353 nm and 441 nm output according to Fig.

3 D. This also explains SFG intensity stronger than that of

SHG, shown in Fig. 3 C.

Forward versus backward SHG

SHG is usually detected in the forward direction. However,

for our 2- to 3-mm-thick tissue samples we had to use

backward detection, because the forward SHG signal was

effectively scattered by the sample. To study the properties

of SHG from the fibrils, we prepared 20-mm thin tissue slices

to reduce sample scattering and absorption. Considering the

SHG beam deflection by the Gouy phase effect, a 603 water

objective (NA 1.2) instead of the air condenser (NA 0.55)

was used to collect the forward signal. The SHG deflection

angle by Gouy phase shift was calculated to be 42� for our

objective (9). The air condenser has a collection angle of 33�,

smaller than the deflection angle. Since the water objective

has a collection angle of 64�, it was used to collect the

forward signal. Two PMT detectors of the same type and set

at the same voltage were used to record the forward and

backward SHG signals.

Simultaneously acquired forward and backward SHG

images are shown in Fig. 4. For a large fibril ($1 mm in

diameter) (Fig. 4, A and B, red lines), the forward SHG

signal can be 10–20 times stronger than the backward SHG

signal (Fig. 4 C), whereas for a small fibril (diameter ,0.5

mm) (Fig. 4, D and E, red lines) this ratio is reduced to three

to four times stronger (Fig. 4 F). Moreover, the forward

image displayed a better spatial resolution. The size depen-

dence of forward/backward signal ratio can be explained in

terms of phase-matching condition (24). For a large fibril, the

phase-matching condition favors forward radiation. As a

result, the SHG signal mainly goes forward as a consequence

of constructive coherent addition. The backward SHG signal

is largely due to back-reflection of the forward signal. How-

ever, for a small fibril, the phase-matching condition is

relaxed, so there is more backward radiation. Therefore, the

size dependence of the forward/backward signal ratio is a

demonstration of the coherent property of SHG. Similar size

dependence of forward versus backward signal was shown in

CARS microscopy (11).

Fig. 4 also helped us figure out the role of surface SHG

effect. Surface SHG spectroscopy has monolayer sensitivity

and has been widely used to explore the properties of a

FIGURE 3 Characterization of the SFG and SHG signals from ex vivo

spinal tissues. (A) Linear dependence of SFG intensity on pump laser power

with fixed Stokes power at 3.5 mW at the sample. The squares represent the

data and the solid line represents linear fit. (B) Linear dependence of SFG

intensity on Stokes laser power with fixed pump power at 8.5 mW at the

sample. The solid circles represent the data and the solid line represents

linear fit. (C) Emission spectra of SHG and SFG produced by two

picosecond beams at 705.8 nm (average power 3.96 mW at the sample) and

882.6 nm (average power 1.12 mW at the sample), respectively. (D) SHG

excitation profile generated by tuning the 200-fs laser in the region of 700 to

900 nm. The SHG intensity was normalized by the transmission of the

microscope components (dichroic mirrors, objective, and filters) and the laser

power. The error bar for each point represents the standard error of three

measurements.
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molecular layer on an interface (25). If the SHG signal

mainly arose from the fiber surface that is perpendicular to

the field propagation direction, the interaction length would

be limited to a very thin layer of surface molecules and the

SHG signal should go forward and backward equally. This

is, however, contrary to our observation that forward SHG

signal is much stronger than backward SHG signal for both

large and small bundles. Therefore, such a possibility can be

excluded. If the SHG signal mainly arose from the fibril

surface parallel to the field propagation direction, the signal

should be higher at the edge of the fiber. However, the mea-

sured SHG intensities are peaked at the center of a large fibril

(Fig. 4 C) for both forward and backward SHG. Therefore,

the main SHG signal in our case should directly arise from

the fibrils, but not from the surface.

Polarization property analysis

The SHG polarization properties were shown to provide im-

portant information about the protein fibril structure (19,26).

Below, we present our analysis of the forward SHG signal

from single fibrils in 20-mm-thick tissue slices using a model

that describes a cylindrical rod with CN symmetry (see

supporting information for derivation of Eqs. 1 and 2).

The SHG polarization properties are determined by the

tensor components of xð2Þ, which are sensitive to the sym-

metry properties of the material (25). We assume that the

excitation fields propagate toward 1z direction. For a CN

cylinder along the y axis and a linearly polarized excitation

field E1 (Fig. 5 A), the total SHG intensity can be written as

(18,19)

ItotalðuÞ} Ip½ðr1cos
2
u 1 sin

2
uÞ2 1 ðr2sin 2uÞ2�; (1)

where u is the angle between the excitation field polarization

(E1) and the cylinder length (y axis); r1 equals x
ð2Þ
yyy=x

ð2Þ
yxx and

r2 equals x
ð2Þ
xyx=x

ð2Þ
yxx, where x

ð2Þ
xyx and x

ð2Þ
yxx represent the fiber

polarity due to chirality. The intensity of SHG components

that is parallel (IYðuÞ) or perpendicularly (IXðuÞ) polarized

with respect to the fiber axis can be written as

IYðuÞ} Ipðr1cos
2
u 1 sin

2
uÞ2 (2a)

and

IXðuÞ} Ipðr2sin2uÞ2: (2b)

The variation of the y-polarized SHG emission, x-polar-

ized SHG emission, and total SHG intensity from y-oriented

fibrils was measured by rotating the excitation polarization.

Fitting the excitation polarization dependence of y-polarized

SHG emission (Fig. 5 A) with Eq. 2a gives r1 ¼ 2.13. This

value is comparable to the value 1.80 obtained from collagen

fibrils in the rat tail tendon (19). The measured excitation

polarization dependence of the x-polarized and total SHG

emission is shown in Fig. 5, B and C. Two maxima appeared

at ;30� and 150�, similar to the results from collagen in

tendon (19) and actin filaments inside myofibrils (26). With

r1 ¼ 2.13, fitting Fig. 5 C with Eq. 1 gives r2 ¼ 1.62.

Similar polarization measurements were carried out for

actin filaments, which showed r1¼ 0.09 and r2 ¼ 1.15 (26).

As pointed out by Chu et al. (26), the very small r1 suggests an

important role of chirality for actin filaments. In our case, the

above measurement gives x
ð2Þ
yyy.x

ð2Þ
xyx.x

ð2Þ
yxx. This result in-

dicates a minor role of chirality in the polarity of the fibrils in

our sample. Under the condition that both fundamental and

SHG frequencies are far away from electronic resonance,

Kleinman symmetry claims that x
ð2Þ
xyx ¼ x

ð2Þ
yxx (i.e., r2 ¼ 1.0).

In our case, the obtained value of r2 (1.62) deviated from

Kleinman symmetry, possibly because the SHG emission at

397 nm lies in the vicinity of electronic absorption.

We also studied the emission polarization of the SHG sig-

nal with the excitation field polarized along the fibril (u¼ 0).

FIGURE 4 Simultaneously acquired forward and backward SHG images

in a 20-mm-thick spinal tissue slice. The forward signal was collected by a

603 water immersion objective. The forward and backward PMT detectors

were of the same type and set at the same gain. (A and B) Simultaneously

acquired forward and backward SHG images of fibrils inside spinal cord

white matter. (C) Line analysis of a large fibril indicated by red lines in A and

B. (D and E) Simultaneously acquired forward and backward SHG images of

the same area as in A and B but at a different depth. (F) Line analysis of a

small fibril indicated by red lines in D and E. The laser power at the sample

was 7 mW. Scale bar, 10 mm.
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The SHG signal is expected to be linearly polarized along the

fibril, and with a polarizer before detector, the signal can be

written as

Iem ¼ I0cos
2u; (3)

where u is the angle between the SHG emission polarization

and the axis of the polarizer placed before the detector (Fig.

5 D). I0 is the maximal signal intensity. The measured SHG

intensities from the fibrils and the laser intensities transmit-

ted through the sample with respect to the angles (u) of the

polarizer are shown in Fig. 5 D. Both sets of data agree with

Malus’s law in Eq. 3.

Taken together, the above polarization analysis indicates

that the fibrous structures observed in our ex vivo tissue sam-

ple are polarized and possess a cylindrical CN symmetry.

This result also supports the statement that the SHG signal is

from the fibrils and not an interface effect.

Molecular origin of the SHG signal

Our morphological study with simultaneous SFG and CARS

imaging (Fig. 2) suggests that the observed fibrils are glial

filaments in spinal cord astrocyte processes. Because GFAP

is known to be the building block of the glial filaments (27),

the molecular origin of the observed fibrils was further ex-

plored by a colocalization study of the SHG signal and

GFAP immunofluorescence. Immunostaining of glial fila-

ments was performed with an anti-GFAP serum.

Fig. 6 shows the SHG image of fibrous structures (Fig. 6 A)

and the TPEF image of Cy3-labeled GFAP (Fig. 6 B) in the

same position of the tissue slice. The SHG signal overlaps

with the TPEF signal. However, the TPEF signal spreads out

from the fibers to some extent (Fig. 6 B), resulting in a more

uniform distribution. This difference is likely due to the

different mechanisms involved in SHG and TPEF micros-

copy: SHG is coherent and the signal is proportional to the

square of the molecular density, whereas TPEF is incoherent

and the signal is linearly proportional to the density of the

labeled dyes. As a result, SHG exhibits a much sharper

contrast than TPEF. Additionally, it was reported that the anti-

GFAP serum was not limited to intracellular filamentous

structures, but was also diffusively present in the cytoplasm

without any recognizable association with subcellular organ-

elles (28). This property agrees with our observation that in

addition to its colocalization with the SHG signal, the GFAP

immunofluorescence appears more diffused in the TPEF

image shown in Fig. 6 B. In the control sample without the

anti-GFAP serum immunostaining, we did not observe any

TPEF signal (Fig. 6 D) from the fibers that had SHG signal

FIGURE 5 Polarization analysis of forward SHG signal. The scheme of

each polarization measurement is shown in the left panel and the result is

shown in the right panel. The fiber axis is defined as the y axis and the beam

propagation is along the z axis. u, angle between the excitation field and the y
axis;u, angle between the emission polarizer axis and the y axis; E1, excitation

field; P, axis of the emission polarizer before the detector. (A–C) Data points

are shown as squares with error bars, and solid curves are the theoretical fit.

(A) Excitation polarization dependence of the y-polarized SHG component.

The least-squares fitting with Eq. 2a gives Iy ¼ 0:23ð2:13cos2ðu14:76Þ1
sin2ðu14:76ÞÞ2, where r1 ¼2.13. (B) Excitation polarization dependence

of the x-polarized SHG component. The fitting with Eq. 2b gives Ix ¼
1:03sin22ðu� 1:35Þ. (C) Excitation polarization dependence of total SHG

intensity. The fitting with Eq. 1 gives Itotal ¼ 0:22ðð2:13cos2ðu14:66Þ1
sin2ðu14:66ÞÞ211:622sin22ðu14:66ÞÞ, where r1 ¼2.13 and r2 ¼1.62. (D)

The detected intensity of the y-polarized excitation laser beam (solid curve)

and SHG emission (squares with error bars) with respect to u. SHG emission

data points indicate that it was also linearly polarized along the y axis. For all

measurements, the laser power at the sample was 7 mW. For each data point,

SHG intensities from a single fibril were normalized by its peak intensity, and

the normalized intensities from different fibrils were used to calculate the

mean value and standard deviation. Because the peak intensities of Ix, Iy, and

Itotal are at different angles, the amplitude coefficients (0.23, 1.03, and 0.22,

respectively) after normalization do not represent Ip, Ipr2
2, and Ip in Eqs. 2a,

2b, and 1, respectively.
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(Fig. 6 C). To check whether these fibrils contain vimentin,

which was shown to exist in immature astrocytes (29), we

performed immunostaining of the spinal tissue with anti-

vimentin serum. No vimentin expression was observed

(Supplementary Material, Fig. S2). In summary, the above

results support the statement that the SHG signal comes from

the GFAP glial filaments and the SHG microscopy is more

selective to the astroglial filaments than the immunostaining

method.

Astrocytes are shown to sustain a high concentration of

free intracellular calcium, which can undergo large changes

spontaneously or in response to various stimuli (30,31).

Calcium-sensitive dye is reported to be primarily taken up by

astrocytes in the hippocampus slices (32,33), the neonatal

rat optical nerve tissue (CNS white-matter tracts) (34), and

the cerebral cortex in vivo (35). The Ca21-abundant nature

of astrocytes provides another means to verify the origin of

the SFG and SHG signal. We used OG, a cell-membrane-

permeant calcium indicator, to incubate the spinal tissue.

Fig. 7, A and B, shows the CARS image of the myelin sheath

(red) wrapping the parallel axons overlaid with the TPEF

image of OG (blue) distribution and the SFG image of fila-

ments (green), respectively, in the same area. Fig. 7, C and

D, shows the TPEF image of OG distribution (blue) and the

SFG image of filaments (green), respectively, near the

surface of the spinal cord. By combining Fig. 7, A and B, or

Fig. 7, C and D, we find that the SFG signal was colocalized

with the TPEF signal from OG at most locations. These

observations support the idea that the SFG signal arises from

the astroglial filaments.

The molecular origin of the SHG signal was further con-

firmed by labeling the spinal cord white matter with SR101.

It was reported that SR101 could be taken by astrocytes in

the neocortex of brain in vivo (15). The femtosecond laser

was used to acquire, simultaneously, a TPEF image of

SR101 (Fig. 7 E) and an SHG image of filaments (Fig. 7 F).

The TPEF and SHG signal from the helical fibrils are well

overlapped, which provides additional evidence that SHG

comes from astroglial filaments.

FIGURE 7 Colocalization of SFG or

SHG signal from fibrils (green) and

TPEF signal from Ca21 indicator (blue)

or SR101-labeled astrocyte processes

(gray) in ex vivo spinal tissues. (A)

TPEF image of OG (a calcium indica-

tor). (B) SFG image of the same location

as in A. The red in A and B represents the

CARS contrast from myelin sheath. (C)

TPEF image of the surface of a spinal

tissue sample. (D) Simultaneously ac-

quired SFG image of the same location

as in C. (E) TPEF image of SR101-

labeled spinal tissue. (F) Simulta-

neously acquired SHG image of the

same location as in E. The power used

for TPEF and SHG was 8.4 mW at the

sample. (A–D) Scale bar, 10 mm. (E and

F) Scale bar, 5 mm.

FIGURE 6 Colocalization of SHG from the fibrils and TPEF from

immunolabeled GFAP. (A and B) SHG and TPEF images, respectively, of a

fixed spinal tissue labeled with Cy3-anti-GFAP serum. (C and D) SHG and

TPEF images, respectively, of a control sample without antiserum Cy3. The

femtosecond laser power used for TPEF and SHG was 14 mW at the sample.

Bar ¼ 10 mm.
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Our polarization analysis (Fig. 5) indicates that these glial

filaments are polarized structures. On the other hand, it is

known that astroglial filaments belong to the category of in-

termediate filament for which the basic unit is an antiparallel

tetramer (29,36–39). Because antiparallel tetramers possess

inversion symmetry (40,41), neither SFG nor SHG is ex-

pected from intermediate filaments. The difference between

our observations on ex vivo tissues and previous in vitro

measurements (36) may arise from the difference between

the assembly of rod domains in vitro (in solutions) and that

of GFAPs in vivo (inside live cells).

Near the surface of the spinal cord white matter, we ob-

served some straight structures that were labeled by OG

and SR101 (Fig. 7, C and E, arrows) but did not generate

detectable SFG or SHG signal (Fig. 7, D and F). These

structures are usually branched (Fig. 7 E). Based on previous

reports that calcium-sensitive dye can label capillary endo-

thelial cells irregularly (35) and that SR101 can be accumu-

lated in the isolated capillaries (42,43), we assigned them to

be capillaries around the spinal cord.

In summary, the above analysis provided independent

evidence supporting that the SHG and SFG signals come

from astroglial filaments in spinal cord white matter. First,

the observed morphological relationship of these fibrils with

the myelinated axons suggests that they are bundles of glial

filaments in the astrocyte processes. Second, our immuno-

fluorescence studies demonstrate that GFAP is a component

of the SHG-detected filaments (Fig. 6). Third, these fibers

can be selectively labeled by makers of astrocyte processes,

including calcium indicator and SR101.

CONCLUSIONS

SFG and SHG from helical fibrils in guinea pig spinal cord

white matter were observed. The optical properties and the

molecular origin of the SHG signal were analyzed. The SHG

signal level was found to be similar to that from collagen

fibrils under the same imaging conditions. The emission

spectrum shows that with two picosecond beams, SFG in-

tensity is much stronger than SHG generated by either beam.

The excitation spectral profile indicates that SHG intensity is

maximized when the output is ;400 nm. For large fibrils, the

SHG signal is dominant in the forward direction, whereas

from small fibrils, a significant SHG signal goes backward

due to the relaxation of the phase-matching condition. The

size dependence of forward/backward signal ratio and the

intensity profile across the fibrils reveal that the SHG signal

arises directly from the fibrils and is not an interface effect.

Moreover, our polarization analysis shows that the fibrils

have a polarized structure with a CN symmetry. The fitting

with a CN cylinder model produced ratios between the x
ð2Þ
yyy,

x
ð2Þ
yxx, and x

ð2Þ
xyx components, which suggests that chirality

plays a weak role in the fibril polarity. Finally, our immuno-

fluorescence studies show that these SHG-active fibrils are

fibrous astroglial filaments. This assignment has been further

confirmed by the fibrils’ morphological relationship with

myelinated axons, their abundance of calcium, and selective

labeling by SR101.

This work provides a new approach for investigating the

functions of astroglial filaments. The key advantage of our

approach lies in the capability of monitoring astroglial fila-

ments in ex vivo tissues with 3D spatial resolution. Impor-

tantly, as shown in this work, SFG and CARS microscopy

can be readily combined so that astroglial filaments and

myelin sheath, two significant CNS structures provided by

astrocytes and oligodendrocytes, can be imaged simulta-

neously. Furthermore, we have shown that SHG imaging

of glial filaments and TPEF imaging of Ca21 inside the

astrocyte processes can be carried out simultaneously on the

same platform. In general, the combination of different mo-

dalities in NLO microscopy promises to offer exciting op-

portunities to explore cell-cell communications in a tissue

environment.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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