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In vivo fibre optic confocal imaging of microvasculature and
nerves in the rat vas deferens and colon
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ABSTRACT

A fluorescence confocal microscopy technique was employed to obtain subsurface images of nerve and
microvascular structure in the vas deferens and colon of the living rat. The use of dual labelling with vital
dyes and 2-channel confocal acquisition allowed differentiation of microscopic structure at both low and
higher magnification. Characteristic staining patterns of nerves and blood vessels were repeatedly obtained in
each tissue, suggesting the potential of this technique for studying morphological changes associated with
surgical procedures and/or models of neuronal or vascular pathology.
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INTRODUCTION

When viewing thick translucent specimens with a
conventional light microscope, light returning from
out-of-focus elements in the sample severely degrades
the quality of the image obtained. Thus fluorescence
and reflectance images of samples suffer from reduced
contrast (White et al. 1987; Brakenhoff et al. 1989).
This is particularly a problem in fluorescence mi-
croscopy of biological materials where a fluorescent
structure to be imaged may lie above a thick layer of
similarly fluorescing material.

The technique of confocal microscopy (as first
described by Minsky, 1957) has in recent years become
established as a useful research tool in cell biology.
Confocal microscopy also appears to be well suited to
in vivo microscopic imaging of living tissues, since its
optical sectioning capabilities within thick translucent
specimens such as biological tissues, enables 3-
dimensional reconstruction. Previously we have con-
focally imaged several tissues in vivo, including
microvasculature of rat colon (Delaney et al. 1993),
microvasculature of rat gingiva and skin (Papworth et
al. 1995), cellular and microvascular structure of
hairless mouse skin (Bussau et al. 1995) and rat
colonic mucosal structure (Delaney et al. 19945).
Several other groups have also begun to explore the

possibilities of using confocal microscopy to image a
variety of tissues in vivo. These include skin (New et
al. 1991; Rajadhyaksha et al. 1995), teeth (New et al.
1991; Watson et al. 1992), eye (Petroll et al. 1993;
Auran et al. 1994; Beuerman et al. 1994; Chew et al.
1995; Wiegand et al. 1995; Jester et al. 1995, 1996),
brain vasculature (Villringer et al. 1990, 1991 ; Lorenzl
et al. 1993; Lindauer et al. 1996), kidney (Andrews et
al. 1991; Pulver et al. 1993; Andrews, 1994), and
epididymis, adrenal glands, liver, thyroid, muscle,
nerve and connective tissue (Jester et al. 1991).
However, the bulky nature of conventional confocal
microscopes, combined with movement artifacts (e.g.
due to respiration) has hindered the progress of in
vivo confocal microscopy. The fibre optic confocal
imaging microscope (as described by Delaney et al.
1994 a) replaces a pinhole (used to deliver and/or
collect light in the conventional confocal microscope)
with an optical fibre, giving a reduction in bulk optics
at the imaging end, and therefore a more mobile
instrument suited to in vivo work. In this report we
describe the in vivo fibre optic confocal imaging of
components of the enteric nervous system and
microvasculature in the rat colon, and imaging of
nerves and vessels in the rat vas deferens. The
development of vital staining techniques necessary to
allow this imaging is also discussed.

Correspondence to Dr Glenn D. Papworth, Department of Pharmacology, Monash University, Clayton, Victoria 3168, Australia. Tel: +61

3 9905 5397; fax: +61 3 9905 5851.



490 G. D. Papworth and others

METHODS

The fluorescent dye 4-(4-(diethylamino)styryl)-N-
methylpyridinium iodide (4-di-2-ASP) was used
topically to image the intact descending colon of the
rat (imaged from the serosal surface) and also nerves
associated with the vas deferens microvascular bed in
vivo. In certain experiments the fluorescent tracer
molecule fluorescein isothiocyanate-conjugated dex-
tran (FITC-dextran, MW 150 kDa) was administered
intravascularly in combination with topically applied
4-di-2-ASP.

Animals

All experiments were approved by the institutional
committee for ethics in animal experimentation and
conformed to the Australian National Health and
Medical Research Council Guidelines. Male Sprague-
Dawley rats (200-300 g) were used. For all in vivo rat
experiments, animals were anaesthetised with urethane
(0.25 g/100 g body weight i.p.). Depth of anaesthesia
was monitored continuously throughout the duration
of the experiments by a rear paw pinch test, and
booster doses of anaesthetic were administered i.p. to
maintain surgical anaesthesia when required. A
jugular vein cannula was inserted if required for
intravascular dye administration.

Dyes

The concentration of the dyes applied and the period
of staining (for 4-di-2-ASP) in both preparations was
determined following extensive trials of different
staining conditions with visual evaluation of image
quality for each condition. For the dual channel
experiments, the fluorescent intensity of the staining
needed to be matched between the dyes in vivo so that
the effective fluorescence of the 4-di-2-ASP-stained
nerve fibres was of similar brightness compared to the
fluorescence of the vessels labelled following FITC-
dextran administration.

4-di-2-ASP. 4-di-2-ASP is a vital stain specific for
nervous tissue which may be used for confocal
microscopy without processing of the tissue. In both
the vas deferens and colon preparations, 4-di-2-ASP
was topically applied (10 uM, 3 min staining, 1 min
saline wash) to the tissue surface following stabil-
isation.

FITC-dextran. FITC-dextran (MW 150 kDa, Sig-
ma, USA) is a commonly used intravascular dye.
FITC-dextran was administered via a cannulated

jugular vein (0.5 ml,
required.

10 mg/ml in saline) when

Organ exposure

Vas deferens. A midline abdominal incision was made
in the anaesthetised rat, and the intact vas deferens
was exposed and stabilised by positioning it across
gauze, keeping it continually soaked with warmed
saline. An adjustable micrometer with a 20 mm
diameter metal micropositioner ring was used for
stabilisation of the surrounding tissue, without ap-
plying any pressure directly to the vas deferens itself.
The animal was then transferred to a specialised
heated platform attached to the confocal microscope
stage, enabling maintenance of body temperature at
37 °C (monitored by a rectal thermometer). The
number of experiments were as follows: single channel
(n = 8), 2 channel (n = 12).

Colon. Following anaesthesia, a 10 mm region of
the descending colon was exposed and stabilised as
described above for the vas deferens, and 4-di-2-ASP
was topically applied. The number of experiments
were as follows: single channel (n = 15), 2 channel
(n=238).

Confocal microscopy

Both single and multichannel fluorescence confocal
imaging was performed using the Optiscan F900e
fibre optic laser scanning confocal microscope system
equipped with an argon ion laser. Single channel
fluorescence imaging was performed using an ex-
citation wavelength of 488 nm (blue), with detection
> 514 nm (green). Two channel fluorescence imaging
was performed with channel 1 excitation at 488 nm
(blue), detection using a 515-550 nm band-pass filter
(green), and channel 2 excitation at 488 nm (blue),
detection using a 590 nm long-pass filter (red). The
confocal system was fitted to an Olympus BH-2 light
microscope equipped with Olympus objectives ( x 10,
0.4 NA, calculated optical slice thickness = 7 um, or
x 20, 0.7 NA, calculated optical slice thickness =
2 um). All images presented were single scan images
representing one focal plane within the tissue. Gain
and aperture settings were held constant within
individual experiments. All images shown are raw
image data that has not undergone any form of image
processing.

In the vas deferens, imaging was performed through
the intact external surface. Similarly, in the colon,
imaging was performed through the intact serosal
surface. At the end of each experiment, the animal was
killed by anaesthetic overdose.
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RESULTS

For all presented figures, higher magnification images
are from fields wholly independent from the cor-
responding low-power images.

Vas deferens: single channel imaging

Topical staining of the exposed rat vas deferens in
vivo with 4-di-2-ASP according to the protocol de-
scribed above enabled consistent imaging of nerve
fibres and blood vessel walls. Figure 1a shows 4-di-2-
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ASP brightly staining the walls of a component of the
microvasculature, with associated nerve fibre tracts
also visible. Higher magnification imaging (Fig. 15)
showed that this technique can allow visualisation of
nerve elements such as ganglia (which are quite
scattered in this tissue) and secondary fibre bundles.

Colon. single channel imaging

Various nerve components were identifiable in in vivo
subsurface confocal images of the rat myenteric
plexus. Visible in Figure 2a are ganglia, primary fibre

15um
]

Fig. 1. Single channel confocal microscopy of rat vas deferens in vivo following topical application of 4-di-2-ASP. (¢) Low magnification
view of fine nerve fibres (arrow) and blood vessel walls (arrowhead). At higher magnification (b) a nerve ganglion can be seen with secondary

fibre bundles. Calculated optical slice thicknesses: @, 7 um; b, 2 pm.
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Fig. 2. Single channel confocal microscopy of rat colon in vivo following topical application of 4-di-2-ASP. (a) Myenteric plexus showing
ganglia, primary fibre tracts, and secondary fibre bundles. (») Ganglion containing neuronal cell bodies (dark shapes, arrowhead); fine nerve
fibres that are part of the tertiary nerve plexus are also visible. Calculated optical slice thicknesses: a, 7 um; b, 2 um.
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Fig. 3. Dual channel confocal microscopy of rat vas deferens
following topical 4-di-2-ASP and i.v. FITC-dextran. In the lower
left, blood cells can be seen as dark shapes against the green of a
blood vessel and its branches. Large branching nerve fibres are
visible in red (arrows). Also visible is another large blood vessel,
with distinctive red staining of the wall region of the vessel by 4-di-
2-ASP (arrowhead). Calculated optical slice thickness: 7 pm.

tracts, and secondary fibre bundles. At higher magni-
fication (Fig. 2b) an individual ganglion and fibre
tracts are seen, along with finer nerve fibres that are
part of the tertiary nerve plexus. Within the ganglion,
neuronal cell bodies are outlined as dark shapes.

Vas deferens: simultaneous dual channel imaging

Figure 3 shows typical results obtained with the dual
channel in vivo technique for imaging the rat vas

deferens, and illustrates how it enabled good dif-
ferentiation between the subsurface microvasculature
and associated nerve structure. Green represents
detection of the emission wavelength of the vascular
plasma stain FITC-dextran, which indicates the blood
vessel lumen. Red represents detection of the
emission wavelength of 4-di-2-ASP, which stains
nerves. During all experiments, blood cells could be
seen moving within vessels. In Figure 3 blood cells
(dark shapes against the green plasma stain) can be
seen in one blood vessel and its several branches.
Large nerve fibres are also visualised in this figure,
staining distinctly red and branching throughout the
image. Also visible is another large blood vessel, with
its lumen stained green by FITC-dextran, but which
also has distinctive red staining of the wall of the
vessel by 4-di-2-ASP, indicating possible staining of
nerve components of the vascular wall.

Figure 4a and b show single slice images of the
same 2 adjacent blood vessels, one of which shows
staining with 4-di-2-ASP (red). The image in 45 was
acquired approximately 20 um above the plane of 4a.
Visible quite clearly in 45 is red staining due to 4-di-
2-ASP extending over the upper surface of one of the
blood vessels. In Figure 4a, however, only the lateral
‘edges’ of the same vessel are visible as red stained due
to this single slice being taken through the middle of
the vessel lumen, thus not showing the ‘upper’ vessel
wall. Thus 4-di-2-ASP appears to be staining com-
ponents of the perivascular nerve plexus (red) of this
blood vessel. Note that the adjacent vessel showing
only the green staining of the lumen remains effectively

Fig. 4. Dual channel confocal microscopy of rat vas deferens following topical 4-di-2-ASP and i.v. FITC-dextran. (@) Single slice image of
2 adjacent blood vessels, one of which shows staining with 4-di-2-ASP on the lateral ‘edges’ of the vessel (red, arrow). (b) The same vessels
but at a level approximately 20 pm above the plane of a. Visible quite clearly in b is red staining extending over the upper surface of the blood
vessel (arrowhead). Calculated optical slice thicknesses: a, 7 um; b, 7 pm.
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Fig. 5. Dual channel confocal microscopy of rat colon following topical 4-di-2-ASP and i.v. FITC-dextran. (¢) Components of the myenteric
plexus (red) and associated blood vessels of various sizes (green). Cell bodies (arrowhead) are visible within a ganglion at higher magnification
in b. Also shown is an overlying blood vessel in which a single blood cell column is visible (arrow). Fine nerve fibres can be seen outside

the ganglion. Calculated optical slice thicknesses: a, 7 um; b, 2 pm.

unchanged in appearance between panels ¢ and b of
Figure 4.

Colon . simultaneous dual channel imaging

Dual channel imaging enabled identification of the
same nerve components of the myenteric plexus as
were visible with single channel imaging, as well as
showing the spatial relationship of the myenteric
plexus with components of the microvasculature.
Figure 5a shows the essentially planar nature of the
myenteric plexus with few visible blood vessels
running through this plane. At higher magnification
(Fig. 5b), a myenteric plexus ganglion containing
nerve cell bodies as dark shapes can be seen, but also
visible are overlying vascular components with blood
cells visible as dark shapes. Fine nerve fibres can also
be seen in the background of the image. Unlike in the
vas deferens, this dual labelling technique did not
show any microvascular components with 4-di-2-
ASP-stained vessel walls.

DISCUSSION

To be useful in experimental and clinical studies for in
vivo imaging of the enteric nervous system and other
autonomic nerves, a fluorescent vital dye must be
nontoxic and without pharmacological effects on the
tissue; preferably water soluble; nonfading; visible
without further manipulation of the tissue; and
specific for nervous tissue (Hanani, 1992). 4-di-2-ASP
has been shown in prior work to fulfil all these

requirements. 4-di-2-ASP is classified as a fast re-
sponse styryl dye. Although its mechanism of staining
action is not completely clear, it is thought to stain
nerves preferentially (Molecular Probes Inc., personal
communication, 1995).

Hanani et al. (1993) suggested that a rapid and
reliable technique that does not require sectioning
would be useful for examining the enteric nervous
system for evidence of certain pathologies of the gut.
Many of the existing methods used for vitally staining
the intact enteric nervous system have proved un-
suitable because they involve fixation or are time
consuming or expensive procedures (Hanani, 1992),
e.g. staining for acetylcholine esterase or silver
impregnation. Immunohistochemical staining of nerve
elements is sensitive and selective, but is also slow and
expensive. Hanani reported the successful use of the
vital fluorescent dye 4-di-2-ASP for examining unfixed
whole mount bowel specimens from patients with
Hirschsprung’s disease (characterised by agangliono-
sis of the diseased segment of gut), using epifluorescent
illumination. This method however required a biopsy
to be taken, the tissue pinned out and the mucosa,
submucosa and circular muscle removed under a
dissecting microscope to expose the myenteric plexus
for visualisation under a conventional epifluorescence
light microscope. This was necessary due to the depth
of the plexus within the gut wall, since the myenteric
plexus lies between the outer longitudinal and inner
circular muscle layers of the muscularis externa.
Miura et al. (1996) also discussed the difficulties
inherent in the use of stereo or electron microscopes to
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observe plexus structure following stripping off of
muscle layers of whole mount samples. Other workers
have used topically applied fluorescent dyes and
confocal microscopy of in vitro mounts of gut mucosa
to study various aspects of colonic crypt function,
including fluid absorption (Naftalin et al. 1995) and
quantitation of cell cycle biomarkers (Konishi et al.
1996). Fiarman et al. (1995) used confocal microscopy
to examine regional differences in autofluorescence in
human colonic mucosa samples.

Confocal microscopy of the colon has rarely been
performed in living animals, with the exceptions of a
study on mouse colonic mucosa where confocal
microscopy was used as a tool for measuring
parameters of colonic crypt function (Chu et al. 1995)
and a study of rat colonic mucosal structure (Delaney
et al. 19940).

The results presented here show the successful use
of confocal microscopy to visualise subsurface mor-
phology of nerves and blood vessels in the rat colon in
vivo. Because these images were taken from the
serosal side of the intact colon, the imaging was
therefore performed through the layer of serosa and
the intact longitudinal muscle layer. This illustrates
well the 3-dimensional ‘ optical sectioning’ capabilities
of the confocal microscope which give this technique
potential for imaging the architecture of the myenteric
plexus in normal or diseased segments of gut.

Herrera & Banner (1990) performed one of the few
in vivo studies involving 4-di-2-ASP, and imaged
stained nerve terminals at neuromuscular junctions
using a conventional fluorescence microscope. In their
study, as well as staining unmyelinated regions of
motor axons, 4-di-2-ASP also stained components of
the microvasculature and fine unmyelinated axons,
probably autonomic or sensory, associated with this
microvasculature. Capillaries did not stain, but the
walls of larger vessels stained brightly, suggesting that
4-di-2-ASP was staining nerves in the vessel walls. Our
confocal imaging following staining with 4-di-2-ASP
suggests that this dye has similar staining properties in
vas deferens in vivo. The dual labelling experiments
with separate channel detection of the emission
wavelengths of each fluorophore gave clear identifiable
separation between vascular and nerve structure, with
the walls of some blood vessels appearing brightly
stained with 4-di-2-ASP. To our knowledge, no other
workers have imaged subsurface nerve and micro-
vascular structure in the living rat vas deferens in this
manner. These images suggest the possible use of this
technique in studying changes in neuronal and/or
vascular morphology arising from surgical procedures,
for example denervation following vasectomy (De-

Garis & Pennefather, 1986) or reinnervation following
vasovasostomy (DeGaris & Pennefather, 1987).

Thus in this report we have described the es-
tablishment of an imaging technique useful as a means
of observing and morphologically characterising liv-
ing neuronal and vascular elements simultaneously in
vivo. Further investigation may show this technique
to be useful as a tool in the study of neurodegenerative
disorders and/or vascular pathology in animal
models, and potentially in humans.
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