
Multiphoton Microscopy of Prostate and Periprostatic
Neural Tissue: A Promising Imaging Technique

for Improving Nerve-Sparing Prostatectomy

Rajiv Yadav, M.D., M.Ch.,1,* Sushmita Mukherjee, Ph.D.,2,* Michael Hermen, M.D.,1 Gerald Tan, M.D.,1

Frederick R. Maxfield, Ph.D.,2 Watt W. Webb, Sc.D.,3 and Ashutosh K. Tewari, M.D., M.Ch.1

Abstract

Background and Purpose: Various imaging modalities are under investigation for real-time tissue imaging of
periprostatic nerves with the idea of improving the results of nerve-sparing radical prostatectomy. We explored
multiphoton microscopy (MPM) for real-time tissue imaging of the prostate and periprostatic neural tissue in a
male Sprague-Dawley rat model. The unique advantage of this technique is the acquisition of high-resolution
images without necessitating any extrinsic labeling agent and with minimal phototoxic effect on tissue.
Materials and Methods: The prostate and cavernous nerves were surgically excised from male Sprague-Dawley
rats. The imaging was carried out using intrinsic fluorescence and scattering properties of the tissues without
any exogenous dye or contrast agent. A custom-built MPM, consisting of an Olympus BX61WI upright
frame and a modified MRC 1024 scanhead, was used. A femtosecond pulsed titanium=sapphire laser at 780-nm
wavelength was used to excite the tissue; laser power under the objective was modulated via a Pockels cell.
Second harmonic generation (SHG) signals were collected at 390 (�35 nm), and broadband autofluorescence was
collected at 380 to 530 nm. The images obtained from SHG and from tissue fluorescence were then merged and
color coded during postprocessing for better appreciation of details. The corresponding tissues were subjected to
hematoxylin and eosin staining for histologic confirmation of the structures.
Results: High-resolution images of the prostate capsule, underlying acini, and individual cells outlining the
glands were obtained at varying magnifications. MPM images of adipose tissue and the neural tissues were also
obtained. Histologic confirmation and correlation of the prostate gland, fat, cavernous nerve, and major pelvic
ganglion validated the findings of MPM.
Conclusion: Real-time imaging and microscopic resolution of prostate and periprostatic neural tissue using
MPM is feasible without the need for any extrinsic labeling agents. Integration of this imaging modality with
operative technique has the potential to improve the precision of nerve-sparing prostatectomy.

Introduction

Radical prostatectomy (RP) for organ-confined pros-
tate cancer is an effective method of treatment but can

result in erectile dysfunction in a significant proportion of
patients. Although the development of nerve-sparing ana-
tomic retropubic RP has made it possible to reduce the like-
lihood of postoperative impotence, there is still room for
improvement.

The reported rates of postoperative potency after nerve-
sparing RP range from 21% to 86%.1–5 One of the important
reasons for the variability in results between different centers

is related to the inability of surgeons to identify and preserve
the cavernous nerve in a reliable and consistent manner. It is
usually impossible to see the cavernous nerve with the naked
eye or even with laparoscopic magnification. The location of
the nerves is often assumed by the surgeon on the basis of the
anatomic description of the pelvic plexus and neurovascular
bundle.6 Another contributory factor is the individual varia-
tion in the course of the cavernous nerves and their relation-
ship to the prostate and urethra.7–9

Thus, improved visualization of the periprostatic nerves is
expected not only to lead to improved results of nerve-sparing
RP, but also to help in individualized preservation of nerves.
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In this study, we investigated the use of multiphoton micros-
copy (MPM) as a novel bioimaging modality for real-time
prostatic and periprostatic tissue visualization.

Materials and Methods

Our experimental design included the imaging of nerves
and prostate from freshly euthanized male Sprague-Dawley
rats through a protocol approved by the Institutional Animal
Care and Use Committee. Rats were chosen because of ease of
handling and our thorough familiarity with their genitouri-
nary anatomy, including the nerves in relation to the prostate.
The rat cavernous nerve model is a well-recognized model for
radical RP-associated neurogenic erectile dysfunction.10,11

The prostate, cavernous nerve, major pelvic ganglion, blad-

der, and seminal vesicles were identified after a midline ce-
liotomy incision in 10 male Sprague-Dawley rats weighing
300 to 600 g.

A stepwise approach for imaging, identification, correla-
tion, and confirmation of neural tissue was followed. The first
step involved the ex vivo imaging of a large known peripheral
nerve. The first set of experiments served to familiarize us
with the exact identification of neural tissue in a reliable and
consistent manner. The second step involved the imaging of
the cavernous nerve, prostate capsule, and underlying acini
along with the periprostatic tissues. In the final step, the
cavernous nerve, major pelvic ganglion, fat, vessels, prostate,
and periprostatic tissues were first imaged by MPM and
subsequently subjected to histologic confirmation by hema-
toxylin and eosin (H&E) staining.

FIG. 1. Multiphoton microscopy of rat prostate at low magnification (4�). A single optical section from the middle of the
tissue is shown. The colored image is the processed composite of second harmonic generation (SHG) signal and auto-
fluorescence (AF) from the prostatic tissue. Seen are the outlines of autofluorescent acini composed of prostatic cells (green)
and SHG signal from the fibrous stroma around the acini (red). Scale bar: 500 mm.

FIG. 2. Multiphoton microscopy of prostate using a 20� objective showing individual acini surrounded by the fibro-
muscular stoma. The colored image is the processed composite of second harmonic generation (SHG) signal (left) and
autofluorescence (AF) (middle) from the prostatic tissue.

FIG. 3. High magnification (20�) multiphoton microscopy image of rat femoral nerve. Seen are the second harmonic gener-
ation signal from the fibrocollagenous sheath (red) and autofluorescence (green) from the nerve, presumably coming from the
axoplasm and the cytoplasm of Schwann cells. Note how the sheath wraps around the nerve bundle. Scale bar: 100mm.
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The imaging was performed using intrinsic fluorescence
and scattering properties of the tissues without any exoge-
nous dye or contrast agent. A custom-built MPM, consisting
of an Olympus BX61WI upright frame and a modified MRC
1024 scanhead, was used. A femtosecond pulsed titanium=
sapphire laser (Mai Tai� from Spectra-Physics, Newport
Corp, Mountainview, CA) at 780-nm wavelength was used to
excite the tissue; laser power under the objective was mod-
ulated via a Pockels cell (Conoptics, Inc, Danbury, CT). Sec-
ond harmonic generation (SHG) signals were collected at 390
(�35 nm), and broadband autofluorescence was collected at
380 to 530 nm.

Images were acquired at two magnifications: (1) Low
magnification for obtaining overall architectural informa-
tion (4�, 0.28 NA nonimmersion objective). This allows us to
image 3 mm2 frames at 6mm=pixel resolution; (2) high
magnification for obtaining detailed cellular and local ar-
chitectural information (20�, 0.95 NA water-immersion ob-
jective), which allows us to image 614 mm2 frames at
1.2 mm=pixel resolution. Higher digital zooms were used to
increase magnification, if necessary. When imaging with the
20� objective, a drop of normal saline was placed on the
coverslip to achieve water immersion. All images were ob-
tained as stacks of optical sections up to *400mm into the

FIG. 5. High magnification (20�) multiphoton microscopy image of another rat prostate specimen, showing several optical
sections through the specimen (roughly 10 mm apart). In the superficial optical sections, we see a second harmonic generation
(SHG) signal from the fibrous capsule. Deeper sections show prostatic cells (green) and SHG signal from the intervening
fibrous stroma (red). Scale bar: 100 mm.

FIG. 4. Low magnification (4�) multiphoton microscopy image of rat cavernous nerve. A single optical section from the
middle of the tissue is shown. Second harmonic generation signal is from the fibrocollagenous sheath (red) and auto-
fluorescence (green) is from the nerve. Scale bar: 500mm.
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FIG. 6. Multiphoton microscopy (MPM) images and the corresponding hematoxylin and eosin (H&E) stained histologic
images for validation of the findings. (A) Prostate lobe at low magnification (4�); (B) prostate acini at high magnification (20�);
(C) cavernous nerve at high magnification (20�)—the arrow shows the perineural sheath; (D); major pelvic ganglion (MPG);
(E) fat at high magnification (20�).
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tissue with the 4�objective, and up to *250mm with the 20�
objective.

The images obtained from SHG and tissue fluorescence
were then merged and color coded during postprocessing for
better appreciation of details. The MPM was marked and
preserved in 10% formalin and subjected to standard H&E
staining for histologic confirmation and correlation.

Results

Using MPM imaging, we were able to obtain images of
adequate intensity and resolution to allow correlation with
H&E histology. The prostate capsule with underlying acini
(Figs. 1 and 2), a large peripheral nerve (Fig. 3), and cavernous
nerve (Fig. 4) were carefully dissected and imaged without
using any extrinsic labeling agent. A strong SHG signal was
observed from the collagen content of the prostate capsule
and the periglandular connective tissue in the stroma (Figs. 5
and 6B). Autofluorescence from the cytoplasm defined the
boundaries of individual cells that outlined the acini (Figs. 5
and 6B). Similarly, a uniform fluorescence from the axoplasm
was the hallmark of nerves (Figs. 3, 4, and 6C).

Varying collagen content (and the resulting SHG signal) of
the perineual sheath depending on the size of the nerves—
larger from peripheral nerve and smaller from cavernous nerve
(compare Figs. 3 and 4)—was observed. Fat was identified by
its unique appearance of tilelike polygonal cells and a uniform

fluorescent signal (Fig. 6E). The above described characteris-
tics were observed repeatedly in different experiments.

The ability to image beneath the surface of the tissue in real
time is shown in Figure 5. Here, multiple successive optical
sections of the prostate were imaged. The information gath-
ered from the stacks of multiple thin optical sections can also
be processed in the form of a movie.

Discussion

How can we improve the efficacy of a nerve-sparing pro-
cedure during RP without sacrificing any degree of cancer
control? We suggest that along with the knowledge of neu-
roanatomy, ‘‘real-time tissue visualization’’ may help sur-
geons to localize the nerves and track variations in the course
of nerves in proximity to the cancerous tissue. This should
minimize nerve damage and also reduce the incidence of
residual cancer (positive surgical margins). In this study,
we evaluated MPM and the phenomenon of SHG as a tech-
nique to improve visualization of nerves in relation to the
prostate.

In MPM, a sample is illuminated by near infrared light from
a femtosecond pulsed laser. Because tissues are relatively
transparent to near infrared light, this light can penetrate
relatively deep into the tissue, typically up to *500 mm, de-
pending on the absorption and scattering properties of the
specific tissue. Multiphoton fluorescence is based on the

FIG. 6. (Continued)
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simultaneous absorption of two or more low-energy photons
by a molecule. While the energy of either of these low-energy
photons is insufficient to excite an electron, their combined
energy is enough to raise an electron to the excited state and
thus stimulate fluorescence. Use of a femtosecond pulsed laser
ensures that in the focal volume of the laser, a sufficiently high
photon density is achieved for simultaneous absorption of
two photons during the Heisenberg uncertainty principle
time of *105 seconds. The excitation of electrons is limited to
the focal volume, because the rest of the light path does not
have sufficient photon density to achieve a two-photon exci-
tation (2PE).

SHG is another aspect of MPM. It is a nonlinear coherent
scattering phenomenon that results from interaction of pho-
tons with a noncentrosymmetric material such as collagen.
Because of the abundance of collagen in the prostate cap-
sule and prostatic fibromuscular stromal tissue, a clear out-
line of prostatic glands is seen. Most of the experimental
biologic studies that use MPM have used conventional
fluorophores (eg, fluorescein) or fluorescent proteins, such as
green fluorescent proteins, for labeling and tissue enhance-
ment.12 A few studies, however, have used 2PE of intrinsic
molecules such as nicotinamide adenine dinucleotide phos-
phate (NAD[P]H)13,14 and flavins,15 three-photon excitation
of serotonin,16–18 and SHG of collagen, skeletal muscle, and
microtubules.19–21

Although the use of extrinsic fluorophore stains can en-
hance the image quality, there is always a concern about their
effect on living tissue. With our aim of investigating an im-
aging technique that ultimately can be used on live patients
during robot-assisted RP, all imaging was performed without
any extrinsic dye or contrast agent. Use of a laser light at 740 to
780 nm allowed the excitation of the intrinsic fluorophores
present in most living cells (eg, reduced NADH, flavin ade-
nine dinucleotide).

The unique advantage of this technique is the acquisition
of high-resolution images without the need for any extrinsic
labeling agent. In addition, the use of low energy photons
also results in minimal phototoxic effects on living tissue.22

Isolated reports of cavernous nerve imaging after axonal la-
beling following the injection of nerve tracer in the corpus
callosum have been published.23 The concern for safety of the
labeling agent for human tissues and a long retrograde travel
time of nerve tracer, however, limit their applicability in the
clinic.

Conclusion

Our preliminary experience shows the feasibility of iden-
tifying nerves in the periprostatic region in a rat model, along
with the ability to image the prostate capsule and underlying
cells. Imaging of a rat cavernous nerve was performed in a
consistent manner in repeated experiments. Further experi-
ence and integration of this imaging technique with the
surgical procedure may result in evolution of a better nerve-
sparing radical prostatectomy.
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H&E¼hematoxylin and eosin
MPM¼multiphoton microscopy

NADH¼nicotinamide adenine dinucleotide
RP¼ radical prostatectomy

SHG¼ second harmonic generation
2PE¼ two-photon excitation

MPG¼major pelvic ganglion
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