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Various structural features on the liver surface reflect functional changes in the liver. The

visualization of these surface features with molecular specificity is of particular relevance to

understanding the physiology and diseases of the liver. Using multi-photon microscopy (MPM), we

have developed a label-free, three-dimensional quantitative and sensitive method to visualize

various structural features of liver surface in living rat. MPM could quantitatively image the

microstructural features of liver surface with respect to the sinuosity of collagen fiber, the

elastic fiber structure, the ratio between elastin and collagen, collagen content, and the metabolic

state of the hepatocytes that are correlative with the pathophysiologically induced changes in

the regions of interest. This study highlights the potential of this technique as a useful tool for

pathophysiological studies and possible diagnosis of the liver diseases with further development.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890593]

Dynamic structural features on the liver surface can

reflect functionally significant changes in the liver.1–3 For

the physiological studies and disease diagnosis of the

liver, the ability to visualize the different structural fea-

tures of the liver surface with micrometer-scale resolution

under in vivo conditions would provide a major step for-

ward. Although several methodologies to probe liver have

been developed in the last decades,4,5 the major limitation

remains the absence of label-free and high-resolution

methods that provide a fast quantitative visualization of

various surface features in the native microenvironment of

the living tissue.

A promising method for obtaining detailed structural

and functional information on the liver surface at subcellular

and cellular level is multi-photon microscopy (MPM).6–9

MPM relies on the nonlinear excitation of fluorescent mole-

cules or the induction of second harmonic generation: two

near-infrared wavelength photons interact simultaneously

with a molecule or structure, resulting in the emission of one

visible range photon (Fig. 1(a)). Since signal generation in

MPM occurs in a confined volume, it has the three dimen-

sional subcellular spatial resolution. Specifically, by using

the same excitation wavelength but separate detectors to

visualize several intrinsic sources of contrast,10–12 auto-

fluorescence and second harmonic images can be obtained.

This multimodal capability provides structural and func-

tional information on unstained tissues with some levels of

molecular specificity that is not accessible using other nonin-

vasive methods. Previous studies have shown the use of

two-photon excited fluorescence (TPEF) for visualizing

the distribution of intrinsic molecules such as reduced

pyridine nucleotide (NAD(P)H), oxidized flavoproteins

(Fp), elastin, and others.10–13 Second-harmonic generation

(SHG) has been proven to be a sensitive probe of the

structural organization of collagen in tissues14–17 and is

therefore an effective approach for imaging collagen

fibers in the liver.3,18

There has been no report on efforts to exploit MPM for

in vivo, label-free, three-dimensional quantitative imaging of

liver surface. Here, we aimed to demonstrate the feasibility

of using MPM to visualize various structural features of liver

surface in living rats and quantitatively compare changes in

a well-established disease model.19

Multiphoton imaging was achieved using a nonlinear

optical system described previously,3 as shown in Fig. 1(b).

In brief, multi-photon images were acquired using a com-

mercial laser scanning microscopic imaging system (Zeiss

LSM 510 META, Jena, Germany) coupled to a femtosecond

Ti: sapphire laser (Mai-Tai broadband, Spectra-Physics)

operating at 810 nm. The polarization direction of the laser
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light is the horizontal polarization. An oil immersion objec-

tive (�40 and NA¼ 1.3) was employed for focusing the ex-

citation beam into tissue samples (average power less than

10 mW) and was also used to detect the intrinsic TPEF and

SHG signals. This system has eight channels, which can

selectively be set to detect emission signals within the range

from 377 to 716 nm to achieve imaging. In this work, three

channels were used: two channels (430–490 nm and

500–560 nm) were used to collect TPEF signals, whereas

another channel (390–410 nm) was used to record SHG sig-

nal. These three channels possessed the same system param-

eters, including laser power, detector gain, amplifier gain,

and amplifier offset. Collagen belongs to noncentrosymmet-

ric molecules and is an efficient sources of SHG,14,15 so the

SHG (390–410 nm) signal results from collagen, primarily

types I and III, the major fibrous collagen.3,18 According to

the previous studies and liver structure,1,3,6,9,20,21 the capsu-

lar TPEF (430–490 nm and 500–560 nm) mainly results from

the elastin, whereas the sub-capsular TPEF (430–490 nm)

signal originates from NAD(P)H and the sub-capsular TPEF

(500–560 nm) signal mainly arises from Fp. Moreover, the

ratio of NAD(P)H over Fp fluorescence, called the redox ra-

tio, is a good indicator of the cellular metabolic state.12,19,20

The images were obtained at 2.56 ls per pixel. To change

and record the focus position, a fine focusing stage (HRZ

200 stage, Carl Zeiss) was used.

A total of six Male Wistar rats weighing 200–300 g

were used with the approval of the Institutional Animal Care

and Use Committee. Common bile duct ligation (BDL) was

performed as described previously as a well-established dis-

ease model for biliary atresia, the major cause of infant

death,19 and animals were studied 5 weeks after surgery.

Three normal control animals and three animals that under-

went BDL were studied. For in vivo imaging, rats were anes-

thetized using ketamine (75 mg/kg) and xylazine (10 mg/kg).

A midline incision of abdomen skin and muscle was created

after shaving. After prone positioning of the rat, the liver

was gently withdrawn from the abdominal cavity and placed

over a glass coverslip on the stage of a Zeiss Axiovert 200

microscope. Multi-photon images were recorded from the

capsular and sub-capsular regions of liver surface. Each rat

preparation and in vivo imaging was completed within 2 h.

Shown in Figs. 2 and 3 are the representative multi-

photon images from in vivo normal and abnormal (BDL) rat

livers at different depths (capsular and sub-capsular regions).

For the purpose of distinguishing the SHG and TPEF signals,

pseudocolors of grey (SHG: 390–410 nm), green (TPEF:

430–490 nm), and red (TPEF: 500–560 nm) were assigned. It

FIG. 1. (a) Principle of the TPEF/

SHG. (b) Schematic of the experimen-

tal setup.

FIG. 2. Representative multi-photon images acquired from in vivo normal rat liver. From left to right: SHG, TPEF, and combined SHG and TPEF images. Top

to bottom: capsular region and sub-capsular region. The excitation wavelength kex was 810 nm. The size of images is 225� 225 lm2.
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is seen in Figs. 2 and 3 that several interesting results are

obtained. First, in the normal capsular region collagen is

dense with curry sub-filament structures and elastin displays

a fine structure with visible fibers, whereas in the abnormal

capsular region collagen is less dense and straight with loss

of curry sub-filament structures and elastin shows a breakage

of fine structure with merged fibers. Second, in comparison

with the normal capsular region, the abnormal capsular

region has an alteration in the proportions between collagen

and elastin, as shown in the combined SHG&TPEF figures.

Third, in the normal sub-capsular region there are well-

organized hepatocytes and only a little collagen is presented;

whereas in the abnormal sub-capsular region there are some

hepato-necrotic areas because of bile duct cell proliferation

and some abnormal collagen, a clear indication of fibrosis, is

also presented. Last, in the sub-capsular region, the abnormal

hepatocytes display a light yellow, whereas the normal hepa-

tocytes exhibit a more green color, as seen in the combined

SHG&TPEF figures. Since green and red combines to yield

yellow color, a light yellow indicates that the proportion of

Fp signals (red) increases in abnormal case, while a more

green reflects that the proportion of NAD(P)H signals

(green) increases in normal case. In other words, the abnor-

mal hepatocytes show a lower redox ratio, whereas the nor-

mal hepatocytes display a higher redox ratio.

To further quantify these changes on liver surface, we

performed quantitative analyses on the images from the cap-

sular and sub-capsular layers. We randomly selected five

225 lm by 225 lm rectangular areas per layer per rat for

quantitative analysis. For the capsule, three analyses were

performed. First, we measured the sinuosity of collagen fiber

(SCF). In each rectangular area, the curvilinear length (along

the fiber) is defined as a, and the distance (straight line)

between the end points of the fiber is defined as b. The sinu-

osity of collagen fiber is defined as a/b. It was found that

the SCF of normal rats is significantly higher than that of

abnormal rats. To be specific, the SCF in normal rats is

1.50 6 0.13 and in abnormal rats it is 1.26 6 0.06. This ob-

servation supports the notion that BDL leads to higher

expansion force on the liver surface, which causes straight

collagen fibers. Second, the elastic fiber structure (EFS) was

analyzed by using the gray-level co-occurrence matrix

(GLCM) texture module of ImageJ software (NIH), as

reported previously.16,22 The GLCM can provide texture

features based on gray-level statistical patterns between

neighboring pixels. In particular, the correlation feature, a

measure of intensity correlation as a function of pixel dis-

tance, relates to elastic fiber structure by indicating fiber and

separation. Similar to the previous work,15 the correlation

value at the distance of 30 pixels is defined as the EFS. In

this definition, a loss of fine structure leads to a big EFS. The

EFS in normal rats is 0.26 6 0.07, whereas in abnormal rats

it is 0.59 6 0.10, suggesting the loss of the fine elastic fibril

structure in BDL rats. Third, we analyzed the ratio between

elastin and collagen (REC). Since the average SHG signal

can reflect the total collagen content (CC) and TPEF signals

can represent the amount of elastin,11,17,23 we performed the

analysis of the ratio of SHG (390–410 nm) signal and TPEF

(430–560 nm) signal. We found that the REC in normal rats

is 1.72 6 0.17, whereas in abnormal rats it is 2.51 6 0.23,

suggesting increased amount of elastin in BDL rats. This

result also confirms the fact that there is the regulation of

elastin secretion and turnover after BDL.24

For the sub-capsule, we performed two analyses. First,

the CC was determined by counting the ratio of the SHG pix-

els over the whole pixels. In this definition, collagen increase

results in a large collagen content value. The CC in normal

rats is 0.005 6 0.001 and in abnormal rats it is 0.023 6 0.006,

reflecting collagen increase in BDL rats. Second, the redox ra-

tio (RR) in hepatocytes was calculated. The intensity of

NAD(P)H spectral band (430–490 nm) and the intensity of

Fp spectral band (500–560 nm) were defined as a and b,

FIG. 3. Representative multi-photon images acquired from in vivo abnormal rat liver. From left to right: SHG, TPEF, and combined SHG and TPEF images.

Top to bottom: capsular region and sub-capsular region. The excitation wavelength kex was 810 nm. The size of images is 225� 225 lm2.
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respectively. Then the redox ratio was calculated by using the

following formula: a/b. We selected regions where the cells

can be identified and performed the redox ratio analysis. For

the abnormal rats, a significant decrease in the RR is observed.

Quantitatively, the RR in normal rats is 1.24 6 0.12, and in

abnormal rats it is 0.38 6 0.05. This observation supports the

notion that there is a decrease in metabolic activity in BDL

rats due to apoptosis of hepatocytes.25

Presented in Table I are the results of SCF, EFS, REC,

CC, and RR from in vivo normal and abnormal rat livers. As

Table I shows the SCF, EFS, REC, CC, and RR are signifi-

cantly different between the normal and abnormal rat livers.

From above results, one sees that these feature parameters

derived from label-free multi-photon imaging are effective

quantitative parameters for comparing pathophysiologically

induced changes.

In summary, we have reported a label-free, three-

dimensional quantitative and sensitive method for visual-

izing various structural features of liver surface in living

rat with some levels of molecular specificity by the use

of MPM. The ability of this method to label-freely extract

quantitative biomorphologic and biochemical features

in vivo, including the sinuosity of collagen fiber, the elas-

tic fiber structure, the ratio between elastin and collagen,

collagen content, and the metabolic state of the hepato-

cytes could provide a potential method for researchers or

clinicians to compare pathophysiologically induced

changes to aid pathology and non-invasive radiology

investigation. With additional development,26–28 this

method has potential to become a useful tool for the

pathophysiological studies and diagnosis of the liver dis-

eases in the future.
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