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Abstract

Background—Understanding the precise anatomy in experimental animals is crucial to correct
design of research projects. Rats are commonly used for scientific research in plastic surgery
because of their availability in academic institutions, moderate cost and sizable vessels for
microsurgical procedures. In past publications about rat anatomy, lymphatic mapping has been
limited and incomplete. The aim of this study was to comprehensively map the superficial
lymphatic system in the rat.

Methods—Twenty-seven Sprague—-Dawley rats were used for this study. Indocyanine green
(ICG) fluorescence lymphography was used to identify the lymphatic vessels and lymph nodes.
Under general anaesthesia, ICG was injected intradermally at multiple spots along the dorsal and
medial midlines, front and hind paws, and tail. The course of the lymphatic vessels was traced on
the skin with marker pen and photographed. The superficial lymphatic vessels in each rat were
sketched on a graphic template and all the templates were superimposed using graphic software to
define the relationship between the lymphatic vessel and sentinel node.

Results—ICG fluorescence lymphography was able to demonstrate the superficial lymphatic
vessels in the rat. Six groups of regional lymph node/s were identified and lymphatic pathways to
those nodes delineated. Our lymphosome concept was successfully applied to the rat, with six
lymphosomes identified.

Conclusions—We succeeded in performing superficial lymphatic mapping in the rat. Our
anatomical findings can provide further information about the lymphatic system in the normal
state and promote understanding of pathological changes generated by surgical manipulation for
future studies.
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Introduction

Rats have been the workhorse for scientific research in plastic surgery for decades. Various
skin flaps were designed using the rat model to investigate flap physiology and to test the
effect of drugs on flap survival.1-3 In addition, the rat has arteries and veins of a good size
that have enabled investigators to perform microsurgical procedures. Unlike larger
experimental animals, rats are readily available in most of academic institutions and teaching
hospitals and the material and housing costs they incur are moderate.

Understanding the precise anatomy in each species is crucially important to the design of
experimental studies and collection of accurate data for testing hypotheses. There are
published books available that describe the rat anatomy in detail and present the structures of
muscles, bones, nerves and blood vessels similarly to an atlas of anatomy in humans.*° In
these studies, vascular anatomy was mapped using a total-body injection technique with
radiocontrast media, revealing that the skin could be demarcated into arterial territories,
namely, angiosomes.® However, there is very limited information available about the rat's
lymphatic anatomy. Although some studies have focused on the anatomy of the lymphatic
system in rats, they describe the location of the lymph nodes only, with description of the
lymphatic pathways either fragmented or non-existent.”-10

We have also investigated the anatomy of the lymphatic system in human and animal
cadaveric specimens using a radiographic microinjection technique developed by the author
(HS).11-12 The technique is composed of two steps: identification of the lymphatic vessel
with hydrogen peroxide followed by cannulation and injection of radiocontrast media
directly into the vessel. We previously studied the lymphatic anatomy in rats using this
microinjection technique, but this technique only worked for lymphatic vessels larger than
100 um.13 We could identify the lymphatic vessels originating from the limbs and tail to the
thoracic duct, but we were not able to do so in the head, neck and torso regions where the
vessels were smaller.

Indocyanine green (ICG) fluorescence lymphography is an emerging imaging technology to
demonstrate the lymphatic vessels in humans and animal experiments.14-17 We planned to
apply this imaging technique to identify all the lymphatic vessels in a rat model for this
study. Our aims were to comprehensively map the superficial lymphatic system in the rat
using ICG lymphography and define the lymphatic territories (lymphosomes).

Materials and Methods

The animal protocol for this study was reviewed and approved by the University of Texas
Institutional Animal Care and Use Committee (IACUC), which is accredited by the
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American Association for Laboratory Animal Science (AALAS). The anatomical
terminology used for the rat lymph nodes followed the description in Tinley's article.10

The study used twenty-seven Sprague—Dawley rats of mixed gender and weighing 300-400g.
The rats were anesthetised with isoflurane gas and the body hair was shaved with electric
clippers. Firstly, the rat was placed in the abdominal position. The dorsal skin was
distributed evenly on both sides and the dorsal midline marked with a skin marker pen. A
0.01 ml solution of indocyanine green (IC Green, Akorn, Inc. IL, USA) comprising 0.25mg
of ICG dye was injected intradermally along the dorsal midline at 1.5 cm intervals with a
30G needle and 1cc syringe. After the injection, the ICG fluorescence lymphography system
(Photodynamic Eye, Hamamatsu K.K., Hamamatsu, Japan) was used to identify the
lymphatic vessels. If the lymphatic vessel was not detected at the injection site after 10 min,
an additional 0.01 ml of ICG solution was injected a few centimetres to the side of the initial
injection site. Each lymphatic vessel was traced until it connected to a lymph node (Fig 1,
left) and the course of the lymphatic vessel was traced on the skin with marker pen.
Secondly, the body was flipped over and placed in the spinal position. The ventral midline
was marked through the umbilicus and the ICG solution was injected in the same manner.
The lymphatic vessels on the ventral side were also followed to their connecting lymph
nodes and traced on the skin with marker pen. Additional ICG injections were given at the
paws (n=9), ears (n=2) and nose (n=1). The lymphatic pathways in the dorsal and ventral
views were photographed (Fig 1, middle) and the superficial lymphatic vessels in each rat
were sketched on a graphic template (Fig 1, right). After sacrificing the rat, the skin at the
lymph nodes was cut and an ICG lymphography scan was performed again to confirm the
connections between the lymphatic vessel and the lymph node (Fig 2).

The lymphosome is our new anatomical concept by which the skin can be divided into
lymphatic territories according to their corresponding sentinel node.15-17 We were also able
to apply this concept to the subjects of this study. Each regional group of sentinel node/s was
color-coded and the lymphatic vessels connecting to a particular node were color-coded with
the same colour. Each graphic template was scanned and all the templates were then
superimposed using graphic software (Adobe Photoshop CC, Adobe Systems Inc) (Fig 3). In
this way, we could map the superficial lymphatic system in the rat to clarify the relationship
between the skin region and the corresponding lymph node.

We used ICG lymphography to identify the superficial lymphatic vessels in any region in the
rat body. A few minutes after the ICG injection, the lymphatic vessels appeared near the
injection spot. Once the ICG dye was taken up by the lymphatic vessel, we could facilitate
its movement inside the lumen by massaging the skin with a finger and squeezing the vessel
with the tip of a skin marker. The rat is a loose-skin animal and it was hard to accurately
determine the dorsal and ventral midlines. These midlines worked as a lymph watershed
between the two sides, so on some occasions we were only able to identify the lymphatic
vessels on one side. However, we could identify additional lymphatic vessels in the blank
area in 12 out of 27 rats (44.4 %) by doing extra ICG injections in the opposite side. When
ICG was injected at the midline, the lymphatic vessels could be seen symmetrically on both
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sides. Midline crossing vessels never been observed on either the dorsal or ventral sides.
These findings confirmed that the midline was one of the watersheds between lymphatic
territories.

ICG fluorescence lymphography detected a sentinel node for each lymphatic vessel as a
bright shiny spot. Unlike our previous studies in large animals, the lymph nodes in rats were
located more superficially, less than 1cm below the surface of the skin.18:17 We could
specify all the sentinel nodes once we cut the skin and used ICG lymphography to follow the
course of each lymphatic vessel back to the node (Fig 2). The skin lymphatics connected to
six groups of sentinel lymph nodes: superficial cervical, brachial, axillar, inguinal, gluteal
and popliteal. Each sentinel node received lymphatic drainage from a different region, these
being the head and neck, forelimb and dorsal upper torso, dorsal middle and ventral upper
torso, dorsal lower, ventral lower torso and thigh, and lower leg respectively. We color-coded
each lymph node group and then color-coded the corresponding lymphatic vessels to match.
We were not able to demonstrate all the lymphatic vessels in each individual rat and thereby
could not count the number of lymphatic vessels. However, the superimposed image reveals
that the lymphatic drainage patterns were consistent for all the rats (Fig 3) and this enabled
us to demarcate the skin into six lymphatic territories, namely, six lymphosomes.

The lymphatic system in rats demonstrated several specific characteristics that have never
been found in our studies in other animals and humans.16-19 The brachial lymph node was
located outside the axillary fossa, caudal from the triceps brachii and lateral from the
lattismus dorsi. The lymphatic vessels in the forelimb and cranial part of the dorsal upper
torso connected to this node. The efferent lymphatic vessels from the inguinal lymph node
connected directly to the axillary node. In other animals and humans, a horizontal line at the
umbilical level is the watershed between the thoracic and abdominal lymphatic territories.
This unique pathway in the rat was consistently identified across the cohort.

Discussion

Rats are the most common animal model used in research and microsurgical training in
plastic surgery and they have contributed to the development of new surgical procedures. In
the field of lymphatic research, vascularised lymph node transfer (VLNT) was initially
reported in the rat.20 The transferred lymph node retained functional lymphatic structure
when examined through histology. This innovative finding led to the development of
autologous lymph node transfer which has become one of the popular surgical options for
the treatment of lymphoedema in the clinical setting.2! Several new VLNT donor sites were
introduced in rats and functional mechanism was investigated.?2-2 In addition, the patency
of lymphovenous anastomosis was studied in rat models and lymphatic structural changes
after surgical manipulation were investigated using ICG fluorescence lymphography.15:26-29
Different patterns of ICG fluorescence lymphography in lymphedema patients were
investigated in relation to pathological changes in the lymphatic vessel.30 Future animal
research must also focus more on the lymphatic vessels and therefore the baseline ICG
image of the lymphatic system as discussed in this study would be expected to contribute to
this aspect.
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Several methods were developed to identify the lymphatic vessels in animals. Baum used
dye injection to investigate the anatomy of the lymphatic system in different domestic
animals.31:32 Dye injection is a simple and effective method in large animals, but the
lymphatic vessels in small animals did not consistently take up the dye, and the injected dye
contaminated the subcutaneous tissue.12 Another method is conventional lymphangiography
which was also applied to rat studies and involved injecting mercury or radiocontrast
media.8912 ICG fluorescence lymphography was later introduced to describe the lymphatic
vessels in the rat hind limb4. In this study, we found that ICG lymphography was useful in
identifying the lymphatic vessels, not only in the rat hind limb, but also in other body
regions.

The lymphosome concept is a new anatomical concept we have developed.1® -18 In the rat, a
lymphatic vessel sometimes converged with other lymphatic vessels within a lymphosome,
but connected to a single sentinel node only. This anatomical characteristic enabled us to
delineate the borders of the lymphosomes (Fig 3 and 4). Tinley conducted a dye injection
study to investigate the lymphatic drainage patterns in rats.10 His findings about skin
lymphatic territories were consistent with our findings. However, our lymphatic mapping has
the additional value of describing the pathway of the lymphatic vessel which could not be
obtained through the dye injection method. Our detailed anatomical information about
normal lymphatic pathways will be essential in evaluating lymph structural changes in post-
surgical procedures.

We combined our results for the superficial lymphatic system with our previous results for
the deep lymphatic system to construct a summary three-dimensional diagram describing the
lymphatic system in the rat (Fig 4).13 In both studies, we were able to determine the location
of the sentinel lymph nodes, but in this current study we were able to use ICG to supplement
our knowledge of the deep lymphatics with new information about the superficial lymphatic
system. The direct connection of the lymphatic vessels between the inguinal and axillary
lymph nodes is a unique anatomical structure in the rat. Understanding the anatomical
differences between species is important for designing lymphatic research in experimental
animals and translating new findings to the clinical setting.

Conclusions

We succeeded in mapping the superficial lymphatic system in the rat using ICG fluorescence
lymphography, an outcome not possible with conventional injection methods. We discovered
that the skin can be divided into six lymphosomes: cervical, brachial, axillar, inguinal,
popliteal and gluteal territories. Our findings into precise lymphatic mapping in the rat will
serve as a template for the normal rat anatomy and assist investigators to design new studies.
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Fig. 1.
ICG fluorescence imaging in the rat (left). Bright spots are the ICG injection sites.

Lymphatic vessel pathways are marked with marker (middle). The course of the lymphatic
vessels and lymph nodes (red) is sketched on a graphic template (right).
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Fig. 2.
Six pairs of images show groups of sentinel node/s (arrow/s) with a photograph (left) and

ICG lymphography image (right). Clockwise from top left: superficial cervical, brachiall,
popliteal, gluteal, inguinal, and axillary nodes.
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Fig. 3.
Superimposed diagrams of the superficial lymphatic vessels color-
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Fig. 4.
Three-dimensional diagram of the lymphatics and lymphosomes in the rat. Lymphosomes

are indicated as: superficial cervical (blue), brachial (orange), axillary (green), inguinal
(yellow), popliteal (red) and gluteal (purple). Deep lymphatics are shown in grey.
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