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Abstract

Lung cancer is the leading killer among all cancers for both men and women in the US, and is 

associated with one of the lowest 5-year survival rates. Current diagnostic techniques, such as 

histopathological assessment of tissue obtained by computed tomography guided biopsies, have 

limited accuracy, especially for small lesions. Early diagnosis of lung cancer can be improved by 

introducing a real-time, optical guidance method based on the in vivo application of multiphoton 

microscopy (MPM). In particular, we hypothesize that MPM imaging of living lung tissue based 

on two-photon excited intrinsic fluorescence and second harmonic generation can provide 

sufficient morphologic and spectroscopic information to distinguish between normal and diseased 

lung tissue. Here, we used an experimental approach based on MPM with multichannel 

fluorescence detection for initial discovery that MPM spectral imaging could differentiate between 

normal and neoplastic lung in ex vivo samples from a murine model of lung cancer. Current results 

indicate that MPM imaging can directly distinguish normal and neoplastic lung tissues based on 

their distinct morphologies and fluorescence emission properties in non-processed lung tissue. 

Moreover, we found initial indication that MPM imaging differentiates between normal alveolar 

tissue, inflammatory foci, and lung neoplasms. Our long-term goal is to apply results from ex vivo 

lung specimens to aid in the development of multiphoton endoscopy for in vivo imaging of lung 

abnormalities in various animal models, and ultimately for the diagnosis of human lung cancer.

1. Introduction

Lung cancer is the second most common type of cancer in men and women and is the 

leading cause of cancer-related deaths for both sexes 1. The disease is usually detected as 

soft tissue opacities in the lung by thoracic radiography or computed tomography (CT) 

scans. These abnormal sites are then evaluated for neoplastic cells via fine needle aspirates 

or biopsies for cytopathologic or histopathologic evaluation. While on average these 

techniques have a sensitivity and specificity above 90% for the diagnosis of lung cancer2, 

they are associated with some significant limitations. Small nodules (less than 1 cm 

diameter) have a higher rate of false negative diagnoses3. Lung nodules with heterogeneous 

compositions (e.g., with inflammatory or reactive components in addition to the neoplastic 

cells) present another diagnostic challenge due to sampling error issues4, 5. Imaging the 
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biopsy site at subcellular resolution prior to tissue removal may help overcome sampling 

inaccuracies. Moreover, microscopic interrogation may provide morphological or spectral 

information for on-site, real time differentiation of normal, benign and malignant lung and 

eventually eliminate the need for more invasive tissue removal.

Recently, confocal and multiphoton excitation endoscopes6, 7 and microendoscopes8, 9 have 

been designed for the in vivo microscopic imaging of various disease conditions in hollow 

and solid internal organs. The diagnostic potential of these techniques depends to a major 

extent on the ability to provide subcellular resolution imaging of optically scattering tissue 

without photodamaging the interrogated spot. Multiphoton microscopy (MPM) is currently 

the preferred microscopy technique for optically scattering tissue imaging due to the deeper 

penetration depth and the minimized photodamage and photobleaching effects of the near-

infrared excitation light10, 11. Endogenous two-photon excited fluorescence and second 

harmonic generation (SHG) signal from living tissue provide subcellular resolution images 

with sufficient morphological details to be diagnostically useful, as has been demonstrated 

previously with animal models12-15 and with ex vivo biopsies from human neoplastic 

urinary bladder and gastrointestinal tract samples16, 17. Endogenous two-photon excited 

fluorescence from cells originates from metabolic indicators such as NADH and flavins, and 

has a broad emission in the blue-green region14, 15. Common endogenous extracellular 

sources of contrast include SHG from collagen and two-photon excited fluorescence from 

elastin. The neoplastic process often leads to changes in the extracellular matrix and cellular 

metabolism and is expected to affect both the fluorescence emission and architectural 

properties of the optically interrogated tissue. Multiphoton excitation microscopy can 

visualize both architectural and metabolic changes without the need for tissue removal and 

processing.

The objective of this study is to determine if MPM imaging enhances the contrast between 

diseased and normal lung, and to test whether lung neoplasms have distinct morphological 

and spectral characteristics. Healthy lung is composed of branching conduits that deliver air 

from the environment to terminal pockets called alveoli where gas exchange occurs. Normal 

pulmonary alveoli are lined by a single cell layer of squamous type I alveolar cells and 

cuboidal type II alveolar cells that secrete surfactants. The alveolar septae separates 

neighboring alveoli and contain elastin and collagen fibers, as well as the capillaries that 

deliver blood for gas exchange18. Previous research shows that at 860 nm excitation, SHG 

from collagen and fluorescence from elastin are major sources of endogenous contrast in 

pulmonary tissue from disease free mice imaged ex vivo 19. MPM imaging of frozen human 

lung at 780 nm excitation confirmed that SHG and two-photon excited fluorescence from 

fibrous structures in the alveolar septae are major sources of contrast from disease free 

human alveoli20. Macrophages, present in the luminal space of alveoli, are also a source of 

two-photon excited fluorescence that is red-shifted compared to fluorescence from the 

alveolar septae and the metabolic indicator NADH19.

Neoplastic lung tissue may have distinct fluorescence emission properties relative to normal 

alveoli when imaged by MPM. To test this hypothesis, endogenous two-photon excited 

fluorescence and SHG of unprocessed normal and neoplastic lung were determined by ex 

vivo imaging of samples obtained from two murine models of lung cancer. Tumorigenesis in 
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the first model depends on conditional expression of activated K-ras, an oncogene which is 

mutated in approximately 25% of human lung cancers. In this model, a conditional, 

activated K-ras allele, LSL-K-ras G12D, is inactive due to the presence of a Stop cassette. 

Cre-mediated recombination removes the cassette, producing the Lox-K-ras G12D allele 

that expresses activated K-ras. Intranasal delivery of Cre recombinase to mice using an 

adenoviral vector induces K-ras G12D expression in scattered cells throughout the lungs, 

resulting in precursor lesions that progress to malignant neoplasms in a reproducible, 

temporal sequence that has been well characterized previously 21. Lungs from Lox-K-ras 

G12D mice show the presence of atypical adenomatous hyperplasia, which is characterized 

by the growth of atypical epithelial cells along the alveolar septae, and is proposed to be a 

precursor of adenocarcinoma. As precursor lesions become larger, atypical cells efface the 

alveolar lumens and form adenomas and adenocarcinomas. To confirm and extend the 

findings from the LSL-K-ras G12D model, we also evaluated lung neoplasms in a second 

mouse model based on transgenic overexpression of Rrm2, a subunit of the enzyme 

ribonucleotide reductase (RNR) that is a key regulator of de novo nucleotide biosynthesis 22. 

Tumorigenesis in Rrm2 overexpressing transgenic (Rrm2Tg) mice involves a mutagenic 

mechanism that recapitulates the stochastic nature of tumor development in humans and 

results in lesions with histopathological resemblance to human adenomas and 

adenocarcinomas. Here, we describe ex vivo MPM imaging of tissue from these models and 

provide evidence that diseased lung is morphologically and spectrally distinct from 

surrounding normal tissue. Importantly, the results indicate that MPM imaging is able to 

distinguish inflammatory and neoplastic changes within the lung, demonstrating the 

tremendous diagnostic potential of this imaging technology.

2. Materials and Methods

2.1 Mouse models of lung cancer

LSL-K-ras G12D mice were obtained from the Mouse Models of Human Cancer 

Consortium and backcrossed onto a pure 129SvEv genetic background 21. To induce Cre-

mediated recombination and K-ras activation in the lungs, adult mice were sedated with 

0.01ml/gram body weight of 2.5% Avertin (tribromoethanol and tert-amyl alcohol) and were 

administered 6.7 × 108 PFU of AdenoCre virus 23, diluted in 40 ul of PBS, intranasally. The 

lungs were harvested 6 to 20 weeks post infection. Wild-type control samples from the LSL-

K-ras G12D model were also used. Rrm2Tg mice were maintained on pure FVB or mixed 

FVB-C57Bl/6 genetic backgrounds as previously described 22. All animal housing and 

experimentation was performed in accordance with institutional animal care and use 

guidelines.

2.2 Sample processing

Mice were euthanized by carbon dioxide asphyxiation. The lung lobes were removed 

immediately and visually inspected for abnormalities. Normal lung has a uniform pink 

appearance throughout the surface of the lobes, whereas regions with potential abnormalities 

may be recognized as white or red discolorations or a disruption in the smooth surface of the 

lung (Fig 3 A). Sites with abnormal appearance were selected on each lobe and imaged 1-2 

hours after euthanasia. All lobes were chilled in PBS and kept on ice until they were imaged. 
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Immediately after imaging, the lobes were fixed in 4% paraformaldehyde or 10% buffered 

formalin, and paraffin-embedded. The blocks were sectioned at 6 um and the sections 

stained with a standard hematoxylin and eosin (H&E) protocol. The orientation of the 

imaged sample was preserved during paraffin embedding. H&E sections from each imaged 

sample were obtained from a similar depth and location within the sample as imaged during 

MPM and compared to MPM images of the unprocessed tissues. Pathological assessment 

was performed according to guidelines in the Mouse Models of Human Cancers 

Consortium24.

2.3 Multiphoton microscopy imaging

Samples were imaged with a custom built multiphoton microscope based on a commercial 

laser scanning unit (Bio-Rad MRC 1024) and an inverted microscope (Olympus, IX-70). A 

mode-locked Ti:Sapphire laser (Spectra Physics Tsunami) generated laser pulses at 80MHz 

and ∼100fs duration. Samples were imaged with an Olympus 20×, 0.75 NA water 

immersion objective or with an Olympus 40×, 1.4 NA water immersion objective for high-

magnification images. The excitation wavelength was 780 nm, with ∼30 mW power at the 

objective and a scan rate of 3 sec/frame. The emitted autofluorescence and SHG from the 

samples were captured by three detection channels, each equipped with a bi-alkali 

photomultiplier tube. The first channel detected emitted signal from 355-425 nm, the second 

channel captured autofluorescence from 440-500 nm, and the third one detected 

autofluorescence in the 505-655 nm region. For display purposes, images from each channel 

were superimposed to create one pseudocolored image. In these merged images, “green” 

pixels indicate dominant fluorescence in the 440-500 nm range, whereas “red” pixels 

indicate dominant fluorescence in the 505-655 nm range. Blue color indicates 355-425 nm 

emission (including SHG centered at 390 nm).

3. Results

3.1 Two-photon excited endogenous fluorescence and SHG patterns of normal lung tissue

In order to assess the ability of multiphoton microscopy to distinguish normal and diseased 

lung, we first performed ex vivo MPM imaging on tumor-free lung from an AdenoCre 

infected wild-type control mouse (LSL-Kras G12D model) (Figure 1). The overall pattern 

resembles the structure of normal inflated lung tissue in H&E-stained histological sections, 

with air-filled alveoli clearly apparent. Strong two-photon excited autofluorescence from 

granular structures is seen in the MPM images, which we speculate may originate from 

surfactant produced by type II alveolar cells. These granules appear green, indicating 

dominant fluorescence in the 455-500 nm range. Two-photon excited emission spectra taken 

from these granular structures have an emission peak at approximately 490 nm (data not 

shown), which is different from NADH-based fluorescence emission cited by previous 

publications on MPM imaging of unprocessed tissue14,15. Figure 1 C shows a high-

magnification image of the alveoli. Some of the alveoli are lined by fibrous structures with 

blue color (dominant emission at 355-425 nm), which we speculate may originate from SHG 

of collagen in the alveolar septa. It should be noted that at 780 nm excitation, normal murine 

alveoli display relatively little signal from fibrous structures. However, in similar images of 

normal lung taken at 860 nm excitation, autofluorescence and SHG from the fibrous 
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connective tissue in the alveolar septae are easily visualized, whereas minimal granular 

fluorescence is displayed (data not shown). These results are similar to those reported in a 

previous study of MPM imaging of unprocessed normal mouse lung19. Taken together, these 

findings indicate that MPM imaging permits visualization of alveolar structure in 

unprocessed living lung tissue samples and establish a baseline fluorescent emission pattern 

for normal lung tissue.

3.2 Distinct two-photon excited endogenous fluorescence and SHG patterns distinguish 
inflammatory foci, benign neoplasms, and normal lung tissue

Lipid pneumonia is an inflammatory condition that occurs in laboratory mice. It is 

characterized by the multifocal or diffuse accumulation of large numbers of foamy 

macrophages and other inflammatory cells within the lumen of the alveoli. The macrophages 

have lipid or lipofuscin filled vacuoles in their cytoplasm, easily recognized in H&E 

sections. Figure 2 B shows an MPM image of a region of lipid pneumonia from a 14 month 

old Rrm2Tg mouse. Large lipid-filled macrophages are seen in the lumen of the alveoli with 

an orange/red color indicating dominant fluorescence in the 505-655 nm range. This results 

in a distinct red-shifted fluorescence emission from the site with macrophage infiltration, 

whereas tissue around the site with macrophage infiltration has the green appearance 

(dominant fluorescence in the 440-500 nm range) and morphology similar to the example of 

normal lung displayed in Figure 1 B. The distinct morphological appearance and red-shifted 

fluorescence of the lipid-filled macrophages suggests that MPM with three-channel 

detection can readily distinguish sites with macrophage infiltration from normal lung 

alveoli. An MPM image from the center of a benign neoplasm (adenoma) from an 8.5 month 

old Rrm2Tg mouse is shown in Figure 3 C. The lung tissue surrounding the nodule shows 

considerable macrophage infiltration (Fig 3F). The adenoma in this example is characterized 

by a solid aggregation of cells that disrupt the normal pulmonary architecture, while the 

tissue surrounding the nodule has well defined alveoli, albeit with macrophage infiltration. 

Moreover, the adenoma has a blue/cyan appearance, indicating blue-shifted fluorescence 

compared to normal pulmonary parenchyma (Fig 1B) and the tissue surrounding the 

adenoma (Fig 3F). Macrophages in the alveoli surrounding the adenoma (Fig 3F) and lipid-

filled macrophages from the lipid pneumonia example (Fig 2B) have an orange/red 

appearance (dominant emission in the 505-655 nm range). Therefore, the spectral 

appearance of the sites with macrophage infiltration is red-shifted relative to the spectral 

appearance of the adenoma (and normal alveoli, Fig 1B). The distinct morphological and 

spectral appearance of the adenoma indicates that MPM imaging with three-channel 

detection has the potential to distinguish a benign neoplasm from both normal alveolar 

structures and inflammatory lung sites with extensive macrophage infiltration.

4. Conclusion

In this study, we show that MPM imaging of ex vivo samples from two different murine 

models of lung cancer can be used to differentiate between normal and abnormal lung. 

Current results indicate that MPM of endogenous fluorescence and SHG provide significant 

contrast between diseased lung and the surrounding normal alveoli in lung samples imaged 

ex vivo. Specifically, we show that MPM with three-channel detection differentiates lung 
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lesions with nonmalignant changes (such as pneumonia) from benign neoplastic lesions 

(such as adenomas).

MPM images from normal mouse lung closely resemble the normal tissue morphology 

visualized in H&E images, the current gold standard for clinical diagnosis. At 780 nm 

excitation, the brightest endogenous fluorescence from normal lung originated from granular 

structures, which may be surfactant complexes secreted from type II alveolar cells. Emission 

spectra at 780 nm excitation taken from these granular structures displayed a peak at 

approximately 490 nm, which suggests that the fluorophores responsible for this signal 

differ from the metabolic indicators NADH and flavins14, 15. In addition, thin fibers were 

observed to surround some of the alveoli and are likely to represent collagen fibers in the 

alveolar septae. It should be noted that at 780 nm excitation, normal murine alveoli display 

little fibrous fluorescence in comparison to fluorescence from the granular structures. This 

pattern contrasts results from a study of liquid nitrogen frozen human lung tissue, where it 

was found that MPM imaging of normal pulmonary parenchyma at 780 nm excitation shows 

fluorescence and SHG originating predominantly from the fibrotic connective tissue of the 

alveolar septae20. Aside from the distinct species of origin, a possible reason for this 

difference is that freezing and thawing of tissue prior to imaging may decrease fluorescence 

from the molecules responsible for the granular signal observed in the unprocessed mouse 

lung. In contrast to the pattern of normal lung, lung adenomas manifested as solid 

aggregations of cells that distorted the normal morphology of the lung. At 780 nm 

excitation, fluorescence from the adenoma was blue-shifted compared to the fluorescence 

from normal alveoli. The metabolic indicator NADH is a common source of endogenous 

contrast from metabolically active cells14 and could be the dominant fluorophore 

responsible for the blue-shifted fluorescence from the adenoma. Macrophages in the tissue 

surrounding the adenoma had a red-shifted fluorescence compared to the tumor cells. 

Similar fluorescence was also displayed by the macrophage infiltration in the case of lipid 

pneumonia, which suggests that inflammatory sites with macrophage infiltration could be 

distinguished from other abnormal lung conditions based on this characteristic red-shifted 

fluorescence. Porphyrin and lipofuscin, found in the vacuoles of macrophages, are 

fluorophores with dominant emission in the 505 to 655 nm range12, 14 and are likely to be 

responsible for the red-shifted fluorescence in the MPM images of inflammatory sites.

Results from this research demonstrate that ex vivo MPM images show morphological and 

spectral contrast between normal and abnormal lung. In addition, the data suggest that MPM 

imaging can discriminate between particular lesion types. Further imaging studies of tissue 

from murine models of lung cancer are needed to determine the morphological and spectral 

properties of lung masses at different stages of neoplastic transformation. Our long-term 

goal is to apply results from ex vivo imaging of lung specimens to aid in the development of 

multiphoton microscopic microendoscopy for in vivo imaging of lung abnormalities in 

animal models, and ultimately for the diagnosis of human lung cancer. In vivo applications 

of MPM via microendoscopy using GRIN lenses could address current in situ diagnostic 

challenges by providing microanatomical and/or spectroscopic data for diagnosis of the 

interrogated tissue site prior to tissue removal. This technology also could be used to guide 
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needle biopsy procedures to increase the accuracy of tissue sampling and to aid in the 

assessment of surgical margins during the resection of malignant tissue.
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Figure 1. 
MPM imaging of tumor-free murine lung showing normal alveolar structure. The sample 

was collected from an AdenoCre infected wild-type control mouse from the LSL-Kras 

G12D model. After imaging, the sample was fixed in 4% paraformaldehyde, and embedded, 

sectioned, and stained with H&E (A). (B) Low-magnification MPM image showing the 

overall morphology of the sample. Note that the MPM and H&E image are from comparable 

but not identical regions. (C) High-magnification MPM image showing individual alveoli. 

Two-photon fluorescence and SHG were excited at 780 nm and detected at 355-425 nm, 

440-500 nm and 505-655 nm emission bands. The displayed MPM images were generated 

by superimposing the individual images from the three bands; blue color indicates dominant 

emission at 355-425 nm; green color represents fluorescence in the 440-500 nm region. 

Scale bar: 100um.
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Figure 2. 
MPM imaging of lipid pneumonia in murine lungs. The sample was collected from a 14 

month old Rrm2Tg mouse with a small white mass visible on the lung surface at necropsy. 

After imaging, the sample was fixed in 10% buffered formalin, and then embedded, 

sectioned, and stained with H&E (A). A series of MPM images was collected and assembled 

into a mosaic composite (B). The MPM and H&E images are from similar but not identical 

regions of the sample. Two-photon fluorescence and SHG were excited at 780 nm and 

detected at 355-425 nm, 440-500nm and 505-655 nm emission bands. In the displayed 

superimposed images blue color indicates emission at 355-425 nm; green color represents 

fluorescence at 440-500 nm; and red color indicates fluorescence at 505-655 nm. The black 

arrow in (A) points to a lipid-filled macrophage, characteristic of lipid pneumonia in mice. 

Scale bar: 100um.
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Figure 3. 
MPM imaging of a benign lung adenoma. The sample was taken from an 8.5 month old 

Rrm2Tg mouse. A white mass was visible on the lung surface at necropsy (A) and was 

identified as an adenoma in H&E sections imaged at high- (B) or low- (D) magnification. 

MPM and H&E images were generated at the center of the adenoma (B,C) or at an adjacent 

non-neoplastic site (E,F) with marked macrophage infiltration. The MPM (C,F) and H&E 

(B,E) images are from similar but not identical regions of the sample. The black arrow in 

(A) points to the location of the adenoma. The scale bar: 5000um in (A) and 100um in (B-

F).
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