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Background: The mouse hind limb model represents a powerful research tool in vas-
cularized composite tissue allotransplantation, but its applicability is limited due to
poor graft survival (62%-83%). Vascular thrombosis and massive hemorrhage are the
major causes for these drop-outs. We hypothesize that because of better anticoagulation
effect and lower risk of thrombocytopenia, application of low molecular weight heparin
(LMWH) will minimize vascular complications and enhance graft and animal survival.
Methods: Fifty allogeneic hind limb transplantations were performed (C57BL/6 to
DBA/2 mice) using five different anticoagulation protocols. Bleeding and throm-
boembolic events were recorded macroscopically by postoperative hemorrhage
and livid discoloration of the graft, respectively. Graft perfusion and survival were
monitored daily by capillary-refill-time of graft toes within 2-3 seconds. Vascular
congestion and tissue necrosis were examined by histological evaluation of hema-
toxylin-eosin-stained tissue sections.

Results: All transplantations were technically successful. Increase in thromboembolic
events and a concomitant decrease in bleeding events were observed with the decreas-
ing concentration of heparin in the perfusion solution. Although treatment of donor
and recipient with low dose of LMWH could not reduce thromboembolic events,
moderate dose effectively reduced these events. Compared with the poor outcome of
graft perfusion with heparin alone, additional treatment of donor and recipient with
low dose of LMWH improved graft and animal survival by 18%. Interestingly, animals
treated with moderate dose of LMWH demonstrated 100% graft and animal survival.
Conclusions: Treatment of donor and recipient mice with a moderate dose
of LMWH prevents vascular complications and improves the outcome of
murine hind limb transplants. (Plast Reconstr Surg Glob Open 2023; 11:e5249;
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INTRODUCTION

Conceptional and procedural achievements in vascu-
larized composite tissue allotransplantation have trans-
formed this field from a very experimental approach to
a clinical reality, with more than 200 published cases
to date.'” Animal-based research played a pivotal role
in these advancements in vascularized composite tis-
sue allotransplantation. However, many fundamental
questions regarding acute and chronic rejection, nerve
regeneration, and the improvement of functional out-
comes are still unanswered.*’ Besides, there is a criti-
cal need to investigate promising data obtained from
in vitro experiments in in vivo small and large animal
models.!*-!?

Traditionally, microsurgical transplant models in the
rat are favored over mice because the critical anatomi-
cal structures are approximately 10 times larger and,
thus, render relatively less surgical complications. The
mouse model, on the other hand, is superior due to its
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closer genetic resemblance to human and the vast array of
genetic tools and resources available for detailed mecha-
nistic and translational studies.”"' However, surgery per-
formed on mice is highly sophisticated and requires a very
high level of microsurgical expertise.'*'* In particular, the
femoral artery and vein are very fragile and narrow at the
site of vascular anastomosis. Thus, proper handling and
well-controlled anticoagulation therapy is required to
avoid any potential vascular complications. Current anti-
coagulation protocols rely mainly on unfractionated hep-
arin, which does not suffice the anticoagulation need in
such a complicated model and often results in higher fre-
quency of vascular complications.'° For instance, Sucher
and colleagues identified that vascular thrombosis due to
insufficient anticoagulation was the major cause of graft
failure in the mouse model of hind limb transplantation."
Thus, there is a critical need of optimizing anticoagula-
tion protocols for this model.

In the clinical setting, low molecular weight hepa-
rin (LMWH) has demonstrated several advantages over
unfractionated heparin, including more a precise antico-
agulation effect, longer halflife, and lower risk of hepa-
rin-induced thrombocytopenia (HIT).'? Therefore, we
hypothesize that adding LMWH to the anticoagulation
protocol will reduce vascular complications associated with
inefficient coagulation and will thus improve graft and ani-
mal outcomes in this complex microsurgical model.

MATERIAL AND METHODS

Animals

Female mice that were 2-3 months old, weighing
25 +1.2g, were used in this study. Fifty mice of DBA/2]
and CH7BL/6] backgrounds each served as recipient
and donor, respectively. All animals were purchased
from Charles River Laboratories (Charles River Research
Models and Services, Germany GmbH, Sulzfeld, Germany)
and housed at the animal facility (Forschungseinrichtung
fur Experimentelle Medizin, Campus Virchow-Klinikum,
Berlin) with unlimited supply of autoclaved food and
water. The project was approved by the state office of
health and social affairs in Berlin, Germany (Landesamt
fiir Gesundheit und Soziales, Berlin, G 0300/17).

Experimental Design

Five different anticoagulation protocols were used
with varying concentrations and combinations of heparin
(Heparin-Natrium-Braun, B Braun, Hessen, Germany) and
LMWH (Fraxiparine, Mylan Healthcare GmbH, Hessen,
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Takeaways

Question: How to avoid graft and animal loss due to vas-
cular complications in a complex VCA transplant model.

Findings: Implementation of a feasible perioperative
anticoagulation protocol including LMWH significantly
improves overall success rates.

Meaning: Refinement of a murine hind limb transplant
model by introducing a novel anticoagulation protocol to
avoid vascular complications.

Germany), as described in Table 1 and Figure 1. In all
groups, grafts were flushed with 2mL of ice cold heparin-
saline solutions in specified concentrations shortly before
vessel anastomosis. The grafts in the high-heparin-flush
group (group I), moderate-heparin-flush group (group II),
and low-heparin-flush group (group III) received 100 IU,
75 IU and 50 IU of heparin, respectively. In addition to per-
fusion of the grafts with low dose of heparin (50 IU/mL),
donors of the low-LMWH-low-flush group (group IV) and
the moderate-LMWH-low-flush group (group V) received
subcutaneous injections of 9 IU and 13.5 IU of LMWH,
respectively, 15 minutes before organ procurement. Besides
that, 15 minutes before transplantation, the recipient mice
in group IV and group V were subcutaneously treated with
2.25 IU and 4.5 IU of LMWH, respectively. The low-hepa-
rin-flush group (group III) served as control.

Surgical Procedure

Orthotopic hind limb transplantations were per-
formed under inhalation anesthesia with isoflurane
(2%), as previously described by Sucher et al."” In brief,
for donor operation, the animals were placed on a warm
plate in a supine position and the skin incision was made
at the level of the inguinal ligament. The femoral artery
and vein were identified and dissected over an adequate
length for vessel anastomosis. The femur osteotomy was
performed with a sharp scalpel and a 25-gauge needle was
placed as an intramedullary rod. The “backtable prepara-
tion” started with perfusion of the graft via femoral artery
with 2mL of ice cold histidine-tryptophan-ketoglutarate
(HTK) solution (Cardiolink, Barcelona, Spain). The suc-
cess of the graft perfusion was marked by a clear outflow
of the HTK solution from the femoral vein. Polyamid
cuffs were placed over the femoral vessels and fixed with
a 10-0 silk suture (Ethilon, Ethicon Deutschland, Johnson
& Johnson Medical GmbH, Schleswig-Holstein), followed
by cold storage of the graft in ice cold HTK solution until
transplantation.

Table 1. Overview of All Anticoagulation Regimens Subdivided into Five Different Groups

High-heparinflush Moderate-heparinflush Low-heparinflush Low-LMWH-low-flush Moderate-LMWH-low-flush

Group (Group I) Group (Group II)

Group (Group III)

Group (Group IV) Group (Group V)

(n=10) n=9) (n=38) (n=11) (n=12)
Heparin-saline for 100 TU/mL 75 TU/mL 50 TU/mL 50 TU/mL 50 TU/mL
flush
LMWH donors — — — 91U 13.5 TU
LMWH recipients — — — 2.251U 451U
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5 Groups with different anticoagulation protocols

High-heparin- Moderate-heparin- Low-heparin- Low-LMWH- Moderate-LMWH-
flush group flush group flush group low-flush group  low-flush group
(100Ul/CC) (75u1/cC) (50U1/CC) (50U1/CC) (50U1/CC)
+ LMWH: + LMWH:
Donor 9.00 IU Donor 13.50 IU

50 Hind Limb Transplants
C57BL6 to DBA2 Mice

Recipient 2.25 U Recipient 4.50 IU

Study Endpoint
POD 6
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- Macroscopic Evaluation
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Fig. 1. Experimental design of the study. Fifty hind limb transplantations were performed by following five anticoagulation protocols.
After transplantation, bleeding and thromboembolic events were macroscopically recorded. Successful graft and animal survival was

defined thorough perfusion of the graft until POD 6.

To prepare the recipient for implantation, hind limb
amputation was performed similar to donor surgery, but
vessels were isolated and transected proximal to the epi-
gastric branches for anastomosis. The graft was placed in
an orthotopic position and connected via osteosynthesis,
followed by the re-connection of thigh muscle groups.
Vascular anastomosis was performed with a nonsuture cuff
technique using a 10-0 nylon suture.'”'* Nerve coaptation
was not performed, as functional examination was not
part of the study protocol. For postoperative analgesia,
animals received 0.05mg per kg BW of buprenorphine
(Temgesic, Indivior Europe Limited, Dublin, Ireland)
and b mg per kg BW of carprofen (Rimadyl, Pfizer, Berlin,
Germany). No immunosuppressive medications were
used. All surgical procedures were performed by a single
qualified microsurgeon. Animal deaths due to technical
failure were excluded from the study.

Analysis of Bleeding and Thromboembolic Events

Massive bleeding from the osteotomy and vascular
thromboembolism at anastomosis site were the two most
frequently observed complications after successful hind
limb transplantations in the mouse model. Bleeding from
the osteotomy was marked by unstoppable and continuous
bleeding at the site of osteosynthesis, leading to death of
the animal either shortly after transplantation or within
12 hours. Thromboembolic events were daily recorded by

macroscopic evaluation of the grafts for livid discoloration
until the observation period of postoperative day (POD) 6.

Assessment of Graft Perfusion and Survival

The perfusion of grafts was monitored daily via capillary
refill test of toes within 2-3 seconds, and the macroscopic
appearance was documented via photographs. Technical
success was defined as survival of the transplanted limb
without vascular complications, and overall success was
defined as survival of both, the transplanted limb and the
mouse itself until the study endpoint (POD 6).

Histopathological Analysis

At the study endpoint (POD 6), skin and muscle
biopsies were taken. The tissue samples were fixed in 4%
paraformaldehyde, followed by processing and paraffin
embedding following standard procedures. Paraffin sec-
tions of 5-pm thickness were cut and stained with hema-
toxylin-eosin (H&E) dye to analyze infiltration and graft
morphology. Results were analyzed by a blinded and inde-
pendent pathologist (E.M.), who did not receive any infor-
mation regarding sample or the treatment groups.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
(Prism 8 for Macintosh Version 8.4.3, GraphPad Software,
La Jolla, Calif.). The D’Agostino and Pearson omnibus
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Fig. 2. Incidence of bleeding and thromboembolic events after hind limb transplantation in the mouse model. The number of bleeding
events at osteotomy (A) and thromboembolic events (B) were recorded macroscopically and presented as percentages of the animals

showing said events (yes).“No” denotes absence of the event. (n =8-12).

normality test was used to test normal data distribution.
For the comparison of complications and thromboem-
bolic events, contingency tables were used, and statistical
differences were calculated by Fisher exact test or chi-
square test, respectively. Graft survival was analyzed by the
Kaplan-Meier method followed by the log-rank test to eval-
uate statistical differences between groups. A two-tailed P
value less than 0.05 was considered statistically significant.

RESULTS

The Procedure of Mouse Hind Limb Transplantation Was
Technically Successful

A total of 50 technically successful mouse hind limb
transplantations were performed in a randomized man-
ner. The surgical procedure of the donor lasted for 49+4
minutes with an additional backtable preparation time
of 26+3 minutes, where the graft was flushed with HTK
and cuffs were mounted on both vessels. Recipient sur-
gery was performed in 84+10 minutes. The variation of
operation time is attributed to the technical complexity
of the microsurgical procedure. Upon reperfusion, both
femoral artery and vein showed an adequate blood flow
and pulse with no signs of congestion or stenosis. [See fig-
ure, Supplemental Digital Content 1, which displays the
surgical procedure of mouse hind limb transplantation.
Representative images taken during (A, B) and shortly after
transplantation (C). Image A and B confirm reperfusion
of the graft soon after removing micro clamps, which were
placed for vessel anastomosis. (C) Color of transplanted
limb (left) was comparable to the native limb (right) with
no signs of bleeding through the femur (representative
image of moderate-LMWH-low-flush group). http://links.
Iww.com/PRSGO/C757.] [See Video 1 (online), which
displays the successful vessel anastomosis via nonsuture
cuff technique. After clamp removal, an adequate reper-
fusion of femoral artery and vein has been observed. ]

Pink coloration of digits confirmed blood circulation
in the smaller capillaries of the graft. Importantly, as shown
in the figure, the pedis plant and digits of the transplanted
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foot showed thorough reperfusion of the graft, like that of
anative limb. [See figure, Supplemental Digital Content 2,
which displays the macroscopic comparison of a failed and
successful mouse hind limb transplant. Visual comparison
of (A) a thrombotic hind limb graft with livid discolor-
ation (low-LMWH-low-flush group) that was considered a
failed graft compared with (B) a pink, well-perfused graft
(moderate-LMWH-low-flush group). Representative pic-
tures taken at POD 2 are shown. http://links.lww.com/
PRSGO/C758.] [See Video 2 (online), which displays the
proper blood perfusion of the graft that has been proven
evident by reperfusion of toes.]

Bleeding and/or Thromboembolic Events Were Observed in
All Groups Except the Moderate-LMWH-low-flush Group

Recipients of the high-heparin-flush grafts (group
I) demonstrated the highest number of bleeding events
compared with recipients in the other groups (Fig. 2A).
Importantly, the number of bleeding events decreased with
the decreasing concentration of heparin in the flush solu-
tion. In contrast, the number of thromboembolic events
increased, with the decreasing concentration of heparin,
reaching 100% at the lowest heparin concentration (50 IU;
group III) (Fig. 2B). The number of thromboembolic events
decreased slightly (18%) in the low-LMWH-low-flush group
(group IV), wherein the grafts were flushed with a low dose
of heparin (50 IU), combined with treatment of donor and
recipients with low doses of LMWH. This indicates that
the low dose of LMWH was insufficient to prevent vascular
thrombosis, though bleeding events were controlled owing
to low heparin dosing. Interestingly, treatment of donor
and recipients with moderate doses of LMWH, in addition
to graft perfusion with a low dose of heparin (group V),
almost completely abolished posttransplant bleeding and
thromboembolic complications (Fig. 2).

The Moderate-LMWH-low-flush Group Demonstrated
Highest Graft Survival

Recipients of the grafts flushed with higher concen-
tration of heparin (group I) demonstrated the poorest
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Fig. 3. Effect of anticoagulation protocols on overall graft and animal survival in the mouse model of
hind limb transplantation. Best overall survival was observed in the moderate-LMWH-low-flush group
with significant differences to all remaining groups (P < 0.0001) (n = 8-12). The survival data were ana-
lyzed by log-rank test and are presented as Kaplan-Meier survival curve.

survival rates. All animals died either shortly after trans-
plantation or within 12 hours due to massive hemorrhage
from the osteotomy (Fig. 3). In total, 44% (4/12) of the
recipients died of uncontrollable hemorrhage shortly
after transplantation in the moderate-heparin-flush group
(group II); the remaining 55.6% (5/9) had to be eutha-
nized at the latest by POD 3, as the graft became necrotic.
Likewise, the grafts flushed with a low concentration of
heparin (group III) demonstrated a median graft survival
of 2 days, resulting from sever vascular thrombosis and tis-
sue necrosis due to insufficient anticoagulation. The treat-
ment of donor and recipient with low doses of LMWH
(group IV) improved the graft survival, with 18% (2/11)
of the grafts surviving until the study endpoint (POD 6).
Interestingly, the graft and the recipient treatment with
moderate doses of LMWH (group V) resulted in the over-
all graft and animal survival of 100% (P< 0.0001).

Macroscopic and Histological Evaluation of Grafts
Confirmed Adequate Blood Perfusion in the Moderate-
LMWH-low-flush Group

Next, we sought to determine if higher graft and ani-
mal survival in the moderate-LMWH-low-flush group cor-
relates with the better blood reperfusion in these grafts.
Severe congestion of the transplanted limb with livid
discoloration was evident in the low-LMWH-low-flush
group animals at POD 2 (Supplemetal Digital Content 2A,
http:/ /links.lww.com/PRSGO/C758). In contrast, grafts
of moderate-LMWH-low-flush group recipients demon-
strated a well-perfused limb with sufficient blood flow
[Supplemental Digital Content 2B (http://links.lww.com/
PRSGO/C758) and Video 2].

Histological examination of grafts at POD 6 showed
severe tissue necrosis with 0% graft survival in the low-hep-
arin-flush group (group III; Fig. 4A). Tissue congestions

with massive infiltration, but relatively less damage to the
smooth muscle fibers was detected in the grafts of the
low-LMWH-low-flush group (group IV) (Fig. 4B). Grafts
of the moderate-LMWH-low-flush group demonstrated
intact morphology, with vital muscle fibers and skin tissue
(Fig. 4C).

DISCUSSION

Hind limb transplantation in the mouse serves as an
outstanding model for preclinical research in the field of
vascularized composite tissue allotransplantation (VCA).
Mouse models in general offer a better translational rel-
evance and broad availability of genetically defined inbred
and knockout strains to answer causalities of critical mech-
anisms when compared with other rodents such as the
rat-11,21—26

Nevertheless, the performance of the murine hind
limb transplant model remains demanding due to the
intricate nature of the technical procedure, as it requires
precise surgical skills to ensure proper osteosynthesis,
muscle approximation, and connection of vessels. The
smaller size of the femoral vessels, with extremely thin
vessel walls and a diameter of only 0.2-0.4mm, and their
fragility pose additional challenges and, thus, require
advanced technical expertise.'””” The microsurgeon
(BK) has more than 12 years of experience in experi-
mental microsurgery and performed the transplantation
with technical success of 100%. Success of the transplan-
tation was marked by adequate reperfusion of the graft
soon after opening the clamp, equal size of the vessel
diameter proximal and distal to the anastomosis site, and
no instant bleeding, as shown in Supplemental Digital
Content 1  (http://links.lww.com/PRSGO/C757).
Several vascular complications following VCA in the
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Fig. 4. Effect of LMWH on the histopathology of mouse hind limb transplants. Representative images
of the H&E-stained sections of mouse hind limb transplants at POD 6. A, Necrotic debris of the epider-
mis in a nonvital limb indicative of a failed graft in low-heparin-flush group; necrotic muscle fibers are
framed in boxes. B, Brisk inflammatory infiltrate associated—damage to smooth muscle fibers (arrow-
heads) in the grafts of the low-LMWH-low-flush group. C, A well-perfused graft with no vascular com-
plications (moderate-LMWH-low-flush group).

mouse model have been reported, including stenosis,
bleeding, etc., accounting for lower rates of graft survival
(62%—-83%).'*1>102" Unfractionated heparin has been
used as an anticoagulant agent in these studies at vary-
ing concentrations and treatment protocols. Heparin is
probably the most frequently used anticoagulant in the
clinical settings, which acts by enhancing the activity of
antithrombin III, leading to inhibition of multiple clot-
ting factors, including thrombin (factor IIa) and factor
Xa.'™! However, it acts rapidly but has a relatively short
duration of action. An imprecise dosing of the heparin
may result in several complications such as excessive
bleeding, HIT, increased risk of blood clot formation,
and thromboembolic events. In our study, we also
observed massive bleeding events through the osteotomy
when grafts were flushed with a relatively higher dose
of heparin-saline solution (100 IU/mL) (Fig. 2A), con-
sequently all animals died in the postoperative course
(Fig. 3). Contrarily, Foster et al reported a graft loss of
27% due to venous and arterial thrombosis with the same
dose of heparin (100 IU/mL).** It should be noted that
Swiss-Webster mice were used in the study by Foster et al,
which are twice as big as other mouse strains. In contrast,
Zhang et al repeatedly flushed stumps of both donor and
recipient vessels with heparinized saline. They reported
a graft survival of 83%, but technical success was defined
by patent vessel anastomosis. Importantly, the drop-outs
due to hypovolemic shock within the first 24-48 hours
postoperatively were not included in their study.'®

All animals where grafts were flushed with 50 IU/mL
heparin solution did not reach the study end point of POD
6 (Fig. 3), because of graft loss due to vascular thrombosis
(Fig. 2B). Sucher et al, who published the first report on
the orthotopic mouse hind limb transplantation model via
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nonsuture super-microsurgery, demonstrated an overall
success rate of only 62%. They reported vascular thrombo-
sis being the main reason for graft loss. The anticoagula-
tion protocol of this study included heparinization of the
donor animal only with 50 IU at the time of skin incision,
whereas the recipient had not received anticoagulation."”

Furthermore, all transplants flushed with a heparin-
saline solution of 75 IU/mL failed, either due to vascular
thrombosis, followed by graft loss or due to massive bleed-
ing, followed by animal death in the posttransplant course
(Figs. 2 and 3). With both complications occurring in the
same group, which appears contradictory on a first glance,
we assume that the single use of heparinized saline repre-
sents an unsteady anticoagulation protocol in this micro-
surgical mouse model.

The administration of LMWH changed the outcomesin
this study drastically, resulting in 18% and 100% graft sur-
vival in low-LMWH-low-flush group and moderate-LMWH-
low-flush group, respectively. LMWH consists of smaller
fragments of heparin and differs slightly in its mechanism
of action from heparin. LMWH primarily inhibits factor
Xa with less effect on thrombin. Compared with heparin,
it has a longer half-life and more selective and predict-
able anticoagulant effects. LMWH has proven superior in
the prophylaxis and therapy of venous thromboembolism
and arterial thrombosis in humans.” In the clinical set-
ting, LMWH has replaced unfractionated heparin in many
cases because of its pharmacokinetic advantages, which
provide a safe and effective application without hospital
admission or the risk of dangerous complications such as
HIT." We suggest that a well-balanced anticoagulation by
the addition of moderate level of LMWH is the basis for
preventing vascular complications and achieving a suc-
cessful graft and animal survival.
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One limitation of this study is the absence of an actual
control group with no anticoagulation protocol. Such a
control, however, is unnecessary because without any
anticoagulation the transplants would fail anyway due to
higher incidence of vascular thrombosis. To date, pub-
lished data are conflicting with respect to the posttrans-
plant complications as well as animal and graft outcomes.
Further studies with comparable anticoagulation proto-
cols are needed to confirm our findings. This report will,
therefore, not only help advance research in reconstruc-
tive transplantation through an effective experimental
model but will also help to reduce the number of animals
used in experimental research studies.

CONCLUSIONS
In comparison with previous reports, we successfully
performed the mouse hind limb transplant model with
100% graft survival using a novel LMWH anticoagula-
tion protocol. The protocol successfully balanced the risk
between thromboembolic events and hemorrhage in a
transplant model requiring an open osteotomy.
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