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Mouse tail models of secondary lymphedema: fibrosis 
gradually worsens and is irreversible
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Abstract: Although the mouse tail model of secondary lymphedema has been widely used in research, our knowl-
edge regarding some of the characteristic changes in this model is lacking. Therefore, in the current study, we aimed 
to identify pathologic changes after surgery. Tail lymphedema was created in C57BL/6J mice by disconnecting both 
superficial and deep lymphatic vessels. The surgery resulted in chronic edema formation with the proliferation of 
subcutaneous adipose tissue, deposition of fibrotic tissue, and gradual increase in CD4+ T lymphocyte infiltration. 
Furthermore, dramatic expansion and an increased number of lymphatic vessels were observed postoperatively. 
Lymphatic reflux was established at least 8 weeks after surgery, as evidenced by staining of the scar from the 
surgical excision. In addition, tissue fibrosis was irreversible, although CD4+ T cell infiltration, tail swelling, and sub-
cutaneous adipose hyperplasia were alleviated over time. We also show that necrosis could be effectively avoided 
by paying attention to several details in the modeling process. As animal models play a key role in exploring the 
pathophysiology of disease, our findings provide strong support for the study of lymphedema. The irreversibility of 
fibrosis suggests the importance of treating lymphedema by preventing fibrosis development.
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Introduction

Lymphedema is a condition of localized lymph 
fluid retention and tissue edema caused by an 
obstruction of lymphatic drainage, which in- 
cludes both primary and secondary categories. 
Secondary lymphedema is more common and 
is most frequently observed after surgery and/
or radiation therapy for cancer, infections (fila-
riasis, cellulitis), lymph node dissection, and 
other causes of lymphatic obstruction [1]. 
Considering that lymphedema seriously affects 
quality of life in patients and is currently incur-
able, research on the pathology and treatment 
of lymphedema is in great demand. Animal 
models are an experimental basis for the study 
of disease, and for this reason, it is important 
to establish an effective animal model of 
lymphedema.

Regarding animal species, lymphedema mod-
els used in previous studies include rabbits, 
rats, dogs, pigs and others [2]. As inbred mouse 
populations have highly homozygous and sta-

ble genes (which facilitate the exchange of 
research results) and are easy to breed, they 
are widely used in experiments [2, 3]. According 
to the surgical site, mouse lymphedema mod-
els include tail [4], limb [5, 6], ear [7, 8], and 
abdominal wall models [9]. In addition to block-
ing lymphatic drainage by surgical approaches, 
transgenic mice can also be used to achieve 
modeling. Researchers have created mice that 
express the human diphtheria toxin receptor 
(DTR) on lymphatic endothelial cells (LECs), and 
the use of diphtheria toxin (DT) can ablate both 
capillary and collecting lymphatic vessels to 
induce lymphedema [10]. Due to limitations in 
obtaining transgenic mice, surgical approaches 
are still widely used to establish lymphedema 
models, with the mouse tail and limb models 
being the most common.

However, the tail and limb models have signifi-
cant limitations. For example, the limb model 
requires adjuvant radiotherapy, which makes 
the modeling process cumbersome and time 
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consuming [5, 6]. For the tail model, the suc-
cess rate is as low as 65% according to reports, 
and the tail readily becomes necrotic after sur-
gery [3]. In addition, in these two models, the 
maximal swelling that occurs is noted shortly 
after surgery and resolves spontaneously over 
time [3, 10, 11].

Despite their various problems, tail and limb 
models are still the most widely used animal 
models, providing an important experimental 
basis for disease research. However, we still 
need to know more about these models to pro-
vide references for lymphedema research. 
Considering that the limb model requires adju-
vant radiotherapy and that the surgical proce-
dure is relatively cumbersome, the mouse tail 
model was selected in this study. This study 
was intended to improve the success rate of 
this mouse model through the mastery of 
details and to elucidate the characteristics of 
the model by testing postoperative pathologic 
changes to provide theoretical support for 
lymphedema research.

Materials and methods

Ethical approval 

The animal experiments in this study were 
approved by the Animal Ethics Committee of 
Beijing Shijitan Hospital affiliated with Capital 
Medical University.

Lymphedema mouse tail model

Tail lymphedema was induced in 7 to 8-week-
old C57BL/6J female mice (Vital River La- 
boratory, China) as previously described [3-6]. 
Considering that lymphedema affects females 
more often than males [12], we used only 
female mice for the study. Anesthesia was per-
formed by intraperitoneally injecting 10% chlo-
ral hydrate (4 ml/1000 g). Briefly, a 2-mm wide 
circumferential full-thickness skin section was 
excised 2 cm distal to the tail base to remove 
superficial lymphatic vessels. The deep lym-
phatic vessels running parallel to the lateral tail 
vein were ligated and then ablated. Dissociation 
of the deep lymphatic vessels was carefully 
performed to reduce damage to the veins. The 
surgical incision was circumferentially wrapped 
with a 3M™ Tegaderm™ dressing to keep it 
moist, and the dressing was removed 24 hours 
later.

Edema evaluation 

The diameter and volume of the tail in the 
lymphedema mouse model were measured 
using Vernier calipers and the immersion meth-
od, respectively. Measurements were perfor- 
med every week for 9 weeks after the op- 
eration.

Analysis of lymphatic reflux

Lymphatic reflux was assessed with a noninva-
sive lymphatic vessel transport evaluation 
using indole cyanide green dye (ICG, 10 mg/ml, 
Meilunbio, China) or fluorescein isothiocyanate 
(FITC)-dextran (2000 kDa, 25 mg/ml, Sigma, 
USA).

Briefly, a controlled subcutaneous infusion of 
10 μl of ICG (Meilunbio, China) was performed 
1.5 cm proximal to the tail tip. An image of the 
region near the surgical excision margin was 
recorded 5 minutes later using a Xenogen IVIS 
Lumina II imaging system (Caliper Life Sciences) 
that was adapted for near-infrared spectrosco-
py (NIR) imaging.

For FITC-dextran detection, FITC-dextran was 
injected subcutaneously 1.5 cm proximal to the 
tail tip and visualized 15 minutes later using an 
Olympus MVX10 Macro View microscope (Ja- 
pan). Fluorescence intensity was measured 
with ImageJ, and the ratio of the mean fluores-
cence intensity of the proximal regions relative 
to those distal to the surgical site was used to 
indicate the uptake of FITC-dextran.

Whole-mount staining

For three-dimensional whole-mount staining, 
mouse tails were cut into 3-mm pieces after 
fixation with 4% paraformaldehyde (Leagene, 
China). Samples were incubated with BODIPY 
dye (5 μM, Molecular Probes, USA) and Hoechst 
33258 (5 μg/ml, Beyotime, China) for 20 min-
utes at room temperature. After washing 3 
times with PBS, the samples were imaged 
using a laser confocal microscope (Nikon A1, 
Japan).

Histological examination

Harvested mouse tails were fixed with 4% para-
formaldehyde for 24~48 hours and then decal-
cified for 7~10 days at 37°C with 10% EDTA. 
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Samples were then embedded in paraffin and 
sectioned for hematoxylin/eosin staining (H&E) 
and Masson trichrome staining. ImageJ was 
used for adipocyte diameter measurement and 
collagen quantification.

Immunofluorescent staining

Briefly, tails were fixed with 4% paraformalde-
hyde for 24~48 hours. Full-thickness skin was 
stripped and dehydrated with 30% sucrose 
solution for 48 hours. Frozen tissue specimens 
were sliced into 6-μm sections after being 
embedded with Optimal Cutting Temperature 
(OCT) compound (Sakura, USA).

After antigen retrieval with citrate repair solu-
tion (ZSGB-Bio, China) and blocking nonspecific 
binding with sheep serum (ZSGB-Bio, China), 
the samples were incubated with the following 
primary antibodies overnight at 4°C: anti-lym-
phatic vessel endothelial hyaluronan receptor-1 
(LYVE-1) (1:500, polyclonal, Abcam, UK) and 
anti-CD4 (1:100, clone EPR19514, Abcam, UK). 
Alexa Fluor 488-conjugated goat anti-rabbit IgG 
(Abcam, UK) and Alexa Fluor® 594-conjugated 
goat anti-rabbit IgG (Abcam, UK) were used as 
the secondary antibodies. Nuclei were stained 
with 4, 6-diamino-2-phenylindole (DAPI).

Statistical analysis

Data were analyzed using 2-tailed Student’s t 
tests with GraphPad Prism software (GraphPad 
Software, Inc., San Diego, CA). Comparison val-
ues of P≤0.05 were considered significant. 

Results

Specific lymphatic reflux blockade effect of the 
mouse tail lymphedema model

We generated a mouse tail lymphedema model 
by excising a 2-mm-wide skin section of the 
mouse tail and disconnecting the collecting 
lymphatic vessels (Figure 1A-C). The model cre-
ates a pathological change that mimics the 
obstruction of lymphatic drainage in patients. 
ICG and FITC-dextran were injected subcutane-
ously 2 weeks after surgery to study whether 
lymphatic drainage was effectively blocked. 
Because of their large molecular weights, these 
two fluorescent substances can be absorbed 
only by lymphatic vessels but not blood vessels 
after subcutaneous injection, and thus, they 

can respond to lymphatic reflux. Both detection 
methods showed that the macromolecular fluo-
rescent substance was concentrated distal to 
the surgical incision, and no fluorescence was 
observed in the proximal site (Figure 1D and 
1E). These results demonstrate the exact effect 
of lymphatic reflux blockade.

Changes in mouse tail edema after surgery

Given that changes in postoperative edema 
and the self-limiting time directly determi- 
ne the experimental plan after intervention, it is 
necessary to observe a model of swelling.  
To study this determinant, we measured the tail 
diameters at the -1 cm, +0.5 cm and +1 cm 
sites and the tail volumes every week and com-
pared these values with those before surgery 
(the measurement site is labeled as shown in 
Figure 1A). Tail swelling peaked at the third 
week and decreased slowly until it entered a 
plateau phase at the sixth week. In addition, 
there was no significant change in the diameter 
of the tail at the -1 cm site (Figure 2A and 2B), 
which indicates that the surgery had no effect 
on the proximal tail. H&E staining showed 
changes in the tail diameter more intuitively 
(Figure 2C).

Subcutaneous adipose tissue thickening in the 
mouse tail model

As adipose tissue hyperplasia is an important 
pathologic change in lymphedema [13], we 
aimed to detect subcutaneous adipose thick-
ness. H&E staining revealed thickening of the 
subcutaneous tissue after surgery (Figure 2C 
and 2D). To detect adipose tissue more accu-
rately, we applied whole-mount staining and 
stained oil droplets with BODIPY. The results 
showed that cells colored by BODIPY were adi-
pocytes, except for sebaceous gland staining 
(Figure 2D). As shown in the results, the normal 
tail has a thin layer of adipose tissue, mostly a 
monolayer or double layer of adipocytes, with 
an average thickness of 52 μm. This layer was 
significantly thickened at 3 weeks and then 
decreased at 9 weeks after surgery, with an 
average thickness of 440 μm and 270 μm, 
respectively (Figure 2E and 2F). These results 
suggest that the change in subcutaneous adi-
pose thickness in the mouse tail is consistent 
with the degree of postsurgical mouse edema, 
volume, and diameter changes.
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Gradually worsening tissue fibrosis after 
surgery

To study collagen deposition in subcutaneous 
tissue, we performed Masson staining, which 
stained the collagen fibers blue and the muscle 
fibers red. The results showed that collagen 
fibers in the dermis of the skin were arranged 
densely and orderly, and the subcutaneous tis-
sue was scattered throughout the blue-stained 
fiber region. Lymphedema in subcutaneous tis-
sues was characterized by a dense deposition 
of collagen fibers and a gradually increasing 
percentage of fibrotic areas, showing the devel-
opment of fibrosis subcutaneously in the tails 
after surgery (Figure 3C and 3D). The percent-
age of the fibrotic area in the normal subcuta-
neous tissue was too small to analyze sta- 
tistically.

Gradually increasing CD4+ T lymphocyte infil-
tration

The infiltration of local CD4+ T lymphocytes was 
detected by immunofluorescence staining, and 

statistical analysis was performed. CD4+ T cells 
infiltrated the skin 1 week after surgery, and 
increased rapidly, with a large number of CD4+ 

T cells infiltrating 9 weeks after surgery (Figure 
3A and 3B). Although swelling of the tail peaked 
at 3 weeks after surgery and entered the pla-
teau at 6 weeks, the lymphedema did not fully 
resolve as the inflammatory reaction contin-
ued. Eventually, the number of CD4+ T cells was 
significantly reduced at 14 weeks after sur- 
gery.

Lymphatic vessel expansion and lymphatic 
reflow reconstruction during lymphedema 
development

We next evaluated lymphatic vessels using 
immunofluorescence staining for LYVE-1, which 
is a lymphatic vessel marker. The results sh- 
owed profound enlargement of lymphatic ves-
sels after surgery (Figure 4A). The lymphatic 
vessel cross-sectional area in the tail skin 
increased 1 week after surgery and peaked at 
3 weeks, showing significant expansion. In 

Figure 1. Lymphatic edema mouse tail model surgery and postoperative lymphatic drainage examination. (A) Surgi-
cal and measurement sites of the mouse tail. (B) Representative images of the surgical site under the microscope. 
(C) FITC-dextran was injected subcutaneously at the distal aspect of the incision after skin circumcision, and col-
lecting lymphatic vessels on both sides of the lateral vein were observed under a fluorescence microscope. (D, E) 
Lymphatic vessel transport evaluation using ICG (D) and FITC-dextran (E) 2 weeks after surgery (the arrow points to 
the surgical incision).
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Figure 2. Changes in edema and subcutaneous fat thickening in mouse tail lymphedema models. A. Representative 
images of the mouse tail at 1, 3, 6, and 9 weeks after surgery. B. Tail volume and diameter were measured before 
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and after surgery. C. Histologic sections of the mouse tails were stained with H&E. Subcutaneous tissue is indicated 
by the arrow. D. Subcutaneous tissue thickness. E. Whole-mount staining of the mouse tail showing intact lipid 
droplets. Sebaceous gland staining is indicated by the arrow, adipose tissue around the muscle is shown within the 
circle, and the double arrow indicates the subcutaneous adipose tissue layer. F. Whole-mount staining of a normal 
mouse tail and tail models at 1, 3, and 9 weeks after surgery showing the thickness of the subcutaneous adipose 
layer. G. A graph of the subcutaneous adipose thickness (each set of data was compared to the previous week’s 
values). Statistical analysis was performed with Student’s t-test. The results were considered significant at P<0.05. 
*P<0.05, **P<0.01, and ***P<0.001.

addition, we counted the number of lymphatic 
vessels per high-power field (HPF) of view; this 
number increased significantly at 3 weeks and 
continued to increase thereafter (Figure 4A-C).

Lymphatic reflux was measured by the subcuta-
neous injection of FITC-dextran and photo-
graphed by fluorescence microscopy. Fl- 
uorescent dyes were not observed through the 
surgical incision at 6 weeks after surgery. Eight 
weeks after surgery, no fluorescent dye was 

Figure 3. CD4+ T lymphocyte infiltration and subcutaneous tissue fibrosis 
in the lymphedema tail model. A. CD4+ T lymphocytes were stained for im-
munofluorescence in the normal tail and at 1, 3, and 9 weeks after surgery. 
B. The number of CD4+ T lymphocytes per HPF was measured. C. Masson 
staining was used to detect collagen fiber deposition in the subcutaneous 
tissue. D. Graph of the area ratio of collagen fibers. Collagen fiber deposi-
tion is represented by the area ratio measured by ImageJ. Statistical analy-
sis was performed with Student’s t-test. The results were considered signifi-
cant at P<0.05. *P<0.05, **P<0.01, and ***P<0.001.

observed passing through the 
surgical incision after 15 min-
utes of injection; however, the 
dye was observed after 45 
minutes. Fluorescent tracers in 
the proximal portion of the tail 
demonstrated markedly incr- 
eased transport of the fluores-
cent dye at 14 weeks. In addi-
tion, the perfused honeycomb 
pattern of lymphatic capillaries 
was clearly displayed at 14 
weeks after surgery (Figure 
4D).

Discussion

It has been reported that the 
mouse tail model has a low 
success rate (65%) and is 
prone to necrosis after surgery 
[3]. However, we found that 
attention to the following de- 
tails in the modeling process 
can effectively avoid necrosis. 
First, blood vessels must be 
protected from damage during 
the operation. We operated 
near the surgical margin wh- 
en ligating and disconnecting 
deep lymphatic vessels and 
tried to protect the vascular 
envelope and connective tis-
sue around it instead of skele-
tonizing the blood vessels. 
Second, a 3M Tegaderm dress-

ing was wrapped around the incision immedi-
ately after surgery. In addition to preventing 
infection, the dressing exerted a local moistur-
izing effect to prevent postoperative vascular 
injury caused by dryness. Third, only 2-3 mice 
were kept in each cage after the operation to 
avoid the tail-to-tail impact caused by frequent 
movement. Finally, when we handled the mice, 
we grasped the site proximal to the surgical 
incision rather than the distal site. This tech-
nique effectively avoided artificial damage 
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caused by violent movements, such as lifting 
the tail. The overall success rate of the tail 
model was more than 80% in our study, which 
was significantly higher than that reported in a 
previous study [3].

After demonstrating the exact effect of lym-
phatic reflux blockade during surgery, we mea-
sured the diameters and volumes of the tails. 
The results showed that swelling of the tail 
entered a plateau after 6 weeks, which indi-
cates that the swelling caused by surgery was 
relieved spontaneously. This result was consis-
tent with those from previous studies [2, 14]. 
The spontaneous resolution of swelling exposed 
an important limitation of the tail model (i.e., it 
could not closely simulate clinical chronic 

lymphedema). Secondary lymphedema disease 
is a chronic disease that develops months or 
even years after initial injury and is a progres-
sive disease once activated. Therefore, experi-
ments are required at an early stage if we 
expect to visually observe changes in tail 
edema when we use this model to study 
lymphedema.

As adipose hyperplasia is an important patho-
logical change in lymphedema, the thickness of 
adipose tissue detected by Oil Red O staining is 
used as an important indicator for assessing 
the severity of lymphedema in some studies 
[15, 16]. However, our study showed that Oil 
Red O staining is difficult to implement, as 
reflected by nonspecific coloration, which may 

Figure 4. Lymphatic vessel regeneration and lymphatic drainage in the mouse tail lymphedema model. A. Subcu-
taneous LYVE-1+ lymphatic vessels were detected by immunofluorescence staining. B. Statistical analysis of the 
lymphatic cross-sectional area at specified times. C. Statistical analysis of the number of lymphatic vessels per HPF. 
D. Lymphatic reflux was detected by the subcutaneous injection of FITC-dextran and photographed by fluorescence 
microscopy after 15 minutes and 45 minutes. Statistical analysis was performed with Student’s t-test. The results 
were considered significant at P<0.05. *P<0.05, **P<0.01, and ***P<0.001.
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be caused by broken lipid droplets. Therefore, 
we used whole-mount BODIPY staining to dis-
play lipid droplets. We showed that the thick-
ness of the subcutaneous adipose tissue was 
highly similar to that of the tail volume and 
diameter (i.e., there was significant thickening 
at 1 week after surgery, a significant increase 
at 3 weeks, and a decrease at 9 weeks).

In addition to adipose hyperplasia, fibrosis is 
another important pathologic change in lymph-
edema. Researchers believe that tissue fibrosis 
can limit adipose hyperplasia [17]. Therefore, 
we believe that the decrease in subcutaneous 
adipose thickness between 3 weeks and 9 
weeks after surgery was caused by progres-
sively increased fibrosis. In addition, the fibers 
around muscles and between the muscle fibers 
increased after modeling. This fibrous exuda-
tion may have been caused by local inflamma-
tory irritation.

Lymph fluid retention resulted in marked inflam-
mation in the local tissue, as reflected by 
immune cell infiltration and inflammatory fac-
tors. Garcia Nores [15] proposed that CD4+ T 
cells in skin-draining lymph nodes are activated 
following lymph fluid retention and are then 
released and migrate to the skin, promoting the 
development of lymphedema. Considering the 
important role of CD4+ T lymphocytes in lymph-
edema, we examined the infiltration of CD4+ T 
lymphocytes after modeling. We showed that 
lymphatic stasis led to a gradual increase in 
CD4+ T cell infiltration. This result suggests that 
a local inflammatory response still exists at 9 
weeks after surgery. Notably, the lymphedema 
did not resolve, although swelling of the tail pla-
teaued at 6 weeks postoperatively.

Lymphatic drainage is blocked in lymphedema, 
leading to the expansion of capillary lymphatic 
vessels in the skin. Moreover, the number of 
lymphatic vessels per HPF was significantly 
increased, and these vessels were considered 
to be newly generated lymphatic vessels. At 1 
week after surgery, there was no increase in 
the number of lymphatic vessels per HPF, 
although the area of the lymphatic vessels was 
expanded. Studies have reported that the peak 
of VEGF-C expression lags behind LEC prolifera-
tion and vessel hyperplasia peaks [18]. Th- 
erefore, we believe that the retention of lymph 
causes lymphatic vessel expansion followed by 
the generation of lymphatic vessels.

A previous study indicated a progressive loss of 
function of lymphatic vessels during lymphede-
ma development [14], and the excessive gen-
eration of immature lymphatic vessels is essen-
tial for initial edema development and the later 
development of lymphedema pathology [9]. We 
showed here that maximal swelling was noted 
shortly after surgery and resolved spontane-
ously over time in the tail model. How does 
edema resolve in cases where lymphatic vessel 
function continues to deteriorate? We hypoth-
esized that with the gradual healing of the sur-
gical incision, the newly formed lymphatic ves-
sels could subsequently promote lymphatic 
reflux and thus improve the edema. We showed 
here that reflux is not established until 8 weeks 
after surgery. The honeycomb lymphatic capil-
lary pattern was clearly observed at 14 weeks, 
indicating increased perfusion of the lymphatic 
capillary vessels [14].

In this study, we mainly explored details in mod-
eling methods and model characteristics of the 
mouse tail model, including swelling of the tail, 
thickness of the subcutaneous adipose tissue, 
fibrosis, CD4+ T cell infiltration, number and 
morphology of the lymphatic vessels, and lym-
phatic drainage. In fact, these pathologic ch- 
anges are interrelated. Lymphatic stagnation 
leads to local inflammatory conditions, which in 
turn lead to pathologic changes characterized 
by adipose tissue hyperplasia and fibrosis [13, 
16]. Adipose tissue is considered an important 
endocrine organ [19]. Studies have found that 
adipose tissue in obese patients can promote 
the abnormal recruitment and inflammatory 
responses of immune cells through multiple 
pathways [20-23]. For example, hypertrophic 
adipocytes secrete a variety of cytokines, such 
as monocyte TNF-α, IL-6, IL-8, and leptin [24, 
25]. A variety of immune cells and inflammatory 
factors are involved in the regulation of fibrosis 
in lymphedema. Among these are factors that 
may play a profibrotic role in lymphedema, 
including TGF-β1 [26-32], PDGF [33, 34], IL-6 
[35-39], IL-4, and IL-13 [4, 40-42]. In addition, 
exocrine factors, including IL-10 [43], adiponec-
tin [44-47], and PPAR-γ [48], may exert antifi-
brosis effects. Based on these findings, we 
speculated that hyperplastic adipose tissue 
caused by inflammation in turn participates in 
the local inflammatory response and fibrosis. In 
turn, tissue fibrosis can limit adipose hyperpla-
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sia. Studies have found that fibrosis occurs not 
only in subcutaneous tissue [13] but also in the 
wall of lymphatic vessels [49], and this fibrosis 
severely affects the function of lymphatic ves-
sels and aggravates lymphedema [16, 49, 50].

These findings are of great significance for the 
application of the mouse tail model in research. 
As we show here, tissue fibrosis continued to 
deteriorate, although the tail swelling, subcuta-
neous adipose hyperplasia, and CD4+ T cell 
infiltration were alleviated, and lymphatic reflux 
was established over time. If the study period is 
more than 9 weeks, then tissue fibrosis can be 
used as an evaluation index instead of charac-
teristic changes, such as tail swelling. In addi-
tion, by mastering the changes after modeling, 
such as the time necessary to establish lym-
phatic reflow, we can grasp the detection time 
and the reasonable comparison index more 
accurately when applying the model. Our 
results demonstrate the irreversibility of fibro-
sis, suggesting an important role for fibrosis in 
the later stages of lymphedema, and the impor-
tance of treating lymphedema by preventing 
the development of fibrosis.
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