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Abstract: Peripheral nerve injuries (PNIs) occur frequently and can lead to devastating and permanent
sensory and motor function disabilities. Systemic tacrolimus (FK506) administration has been shown
to hasten recovery and improve functional outcomes after PNI repair. Unfortunately, high systemic
levels of FK506 can result in adverse side effects. The localized administration of FK506 could provide
the neuroregenerative benefits of FK506 while avoiding systemic, off-target side effects. This study
investigates the utility of a novel FK506-impregnated polyester urethane urea (PEUU) nerve wrap
to treat PNI in a previously validated rat infraorbital nerve (ION) transection and repair model.
ION function was assessed by microelectrode recordings of trigeminal ganglion cells responding to
controlled vibrissae deflections in ION-transected and -repaired animals, with and without the nerve
wrap. Peristimulus time histograms (PSTHs) having 1 ms bins were constructed from spike times of
individual single units. Responses to stimulus onsets (ON responses) were calculated during a 20 ms
period beginning 1 ms after deflection onset; this epoch captures the initial, transient phase of the
whisker-evoked response. Compared to no-wrap controls, rats with PEUU-FK506 wraps functionally
recovered earlier, displaying larger response magnitudes. With nerve wrap treatment, FK506 blood
levels up to six weeks were measured nearly at the limit of quantification (LOQ ≥ 2.0 ng/mL);
whereas the drug concentrations within the ION and muscle were much higher, demonstrating the
local delivery of FK506 to treat PNI. An immunohistological assessment of ION showed increased
myelin expression for animals assigned to neurorrhaphy with PEUU-FK506 treatment compared
to untreated or systemic-FK506-treated animals, suggesting that improved PNI outcomes using
PEUU-FK506 is mediated by the modulation of Schwann cell activity.

Keywords: peripheral nerve injury; tacrolimus; neuroregeneration; immunology; infraorbital nerve;
biopolymer

1. Introduction

The poor outcomes following treatment of peripheral nerve injury (PNI) are a frequent
clinical challenge that affects the overall quality of life for patients across the world. The
most common peripheral neuropathies are traumatic nerve injuries, representing nearly 5%
of patients admitted to Level I trauma centers [1]. Severe neuropathic pain and disability
contribute to a poor quality of life in those with traumatic neuropathies [2]. While nerve
regeneration in the central nervous system (CNS) is very limited, peripheral nerves can
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regenerate their axons if the injury is relatively small, though larger injuries necessitate
surgical intervention [3,4]. Surgical treatment of PNI such as end-to-end repair and nerve
grafting provide some return of function, but many patients exhibit incomplete recovery.
Follow-up reports of median and ulnar nerve surgical repair found that 51.6% of patients
achieved satisfactory motor recovery, while only 42.6% experienced satisfactory sensory
recovery, resulting in substantial disability [5–7]. The surgical repair technique appears
to play a minor role in functional outcomes following PNI treatment [8]. Instead, nerve
regeneration properties may play a larger role in recovery. Canonical descriptions of
peripheral nerve recovery after PNI begins with (1) Wallerian degeneration and concurrent
distal stump demyelination due to the loss of Schwann cell contact, followed by (2) a robust
axon regenerative program including growth cone formation and axon outgrowth that is
promoted by trophic factors associated with dedifferentiated Schwann cells, and, finally
(3) end-organ reinnervate and axon re-myelination after Schwann cells regain contact and
re-differentiate into myelinating cells [9,10]. Expression of intrinsic growth factors and
neurotropic factors needed for axonal regeneration is negatively correlated to increased
time and transection gap distance [11–14]. In cases where large transection gap distances
between proximal and distal nerve segments persist for an extended duration, neurons
undergo cellular apoptosis, curtailing regeneration [8]. Thus, novel neuroregenerative
strategies for increasing the rate of peripheral nerve regeneration are needed to improve
outcomes in these PNI patients.

FK506 (Tacrolimus) along with rapamycin are two of the most widely used immuno-
suppressive drugs in solid organ transplantation (SOT) and vascularized composite al-
lotransplantation (VCA) to improve graft survival and reduce rejection [15]. FK506 is
an FDA-approved immunosuppressant that acts as a potent inhibitor of calcineurin to
modulate T-cell-mediated allograft rejection [16,17]. Beyond its immunosuppressive effects,
FK506 mediates neurotrophic and neuroprotective effects via several mechanisms [18–22].
Experimentally, FK506 significantly increases both the rate of axonal regeneration and
myelinated nerve fiber density following peripheral nerve transection and repair [23–25].
Overall, systemic FK506 administration accelerates nerve recovery and improves outcomes
after nerve injury and repair [26–31]. However, systemic immunosuppression is responsible
for numerous poorly tolerated, global side effects that can lead to organ failure [32–37].

Since 1998, more than 200 VCA procedures have been successfully performed [38].
VCAs such as hand, face, uterus, or abdominal wall transplants are unique from SOTs
because of their heterogenous tissue composition that may include skin, muscle, vessels,
tendon, nerve, lymph nodes, cartilage, bone, and bone marrow. Notably, skin has been
shown to be the most immunogenic constituent of certain VCAs, mandating long-term
immunosuppression for graft survival [39]. Unlike SOTs, VCAs uniquely offer oppor-
tunities for the local delivery of immunosuppressants directly to the graft, potentially
reducing the systemic exposure and global collateral of end-organ adverse effects. Addi-
tionally, the transplantation of a whole limb allograft reportedly elicits a lower immune
response compared to that of individual tissue components in the form of vascularized or
non-vascularized grafts [39]. Thus, site-specific graft immunosuppression could minimize
the overall dosing, frequency, and duration of systemic immunosuppression. Another
potential benefit includes the concomitant reduction of the total number of systemic drugs
needed to ensure or improve graft survival [15]. As such, studies have focused on various
carriers for the delivery of FK506 [40–43]. Initial efforts to limit systemic toxicity by the local
delivery of FK506 to treat PNI [44,45] were complicated by the need for a controlled and
sustained release of FK506 [46]. More recently, engineered delivery solutions are reported to
address these issues successfully in treating sciatic nerve models of PNI [15,40,43]. Studies
have reported decreased neuroma formation and improved nerve healing when bridging
small gaps with nerve wraps during repair [47–49]. Previously, we demonstrated a flexible
polyester urethane urea (PEUU) elastomer blended with FK506 (PEUU-FK506) consistently



Int. J. Mol. Sci. 2024, 25, 847 3 of 17

releases FK506 over 14 days with positive effects on axon outgrowth in vitro or in a rat
optic nerve crush model [50]. In this study, we investigate the use of PEUU-FK506 as a
new pre-clinical therapy targeted at the enhanced recovery of sensory function in damaged
peripheral nerves.

To test the bioactivity of PEUU-FK506 nerve wrap in vivo, we examined its effects
when used in repairing infraorbital nerve (ION) transection in rat. In rats, mechanotrans-
duction of tactile information is detected by facial vibrissae (whiskers) [51,52]. The signal
travels through several synaptic stations from the primary sensory nerves (branches of the
infraorbital nerve) to the somatosensory cortex. Previously, we reported on the response
properties of trigeminal ganglion cells evoked by controlled whisker stimulation follow-
ing ION transection and microsurgical repair in adult rats [53]. Here, we use the rodent
whisker/trigeminal system model to assess the effect of PEUU-FK506 on mechanoreceptive
afferents [51,52,54]. Additionally, we measured the concentration of FK506 in the blood
serum, ION, and distal tissues of subjects treated with the PEUU-based wraps to quantify
the level of systemic FK506 produced by these wraps in vivo. Lastly, we performed an
immunohistochemical analysis of the recovered tissue to assess the neurotrophic properties
of PEUU-FK506 upon myelin and axonal neurofilament dynamics in the recovery of a
purely sensory nerve.

2. Results
2.1. Concentration of FK506 in PEUU-FK506 Wrap, Serum, and Tissue Samples

The FK506 concentration was quantified in the PEUU-FK506 wrap, ION, medial rectus
muscle, and peripheral blood serum up to six weeks postoperatively for the 12 rats treated
with PEUU-FK506 wrap. Six additional rats were given daily intraperitoneal (IP) injections
of 2.2 mg/kg FK506. These IP-FK506 treated rats were assayed for FK506 concentration
within the ION, medial rectus muscle, and blood serum. Each nerve wrap contained
0.4 mg of FK506 prior to implantation. The PEUU-FK506 wrap exhibited sustained re-
lease of drug up to six weeks postoperatively (Figure 1A). Blood serum concentrations
of FK506 were lower in the PEUU-FK506 group compared to the IP-FK506 group during
this time (Figure 1B). At 0.4 weeks, the FK506 blood serum concentration for PEUU-FK506
and IP-FK506 groups measured 1.52 ± 0.32 ng/mL and 9.5 ± 2.1 ng/mL (mean ± SEM,
Mann–Whitney test, p = 0.03), respectively. At one week, the blood serum level of FK506 re-
mained significantly lower for PEUU-FK506-treated animals compared to the IP-FK506 group
(1.50 ± 0.41 ng/mL vs. 7.15 ± 1.62 ng/mL; mean ± SEM, Mann–Whitney test, p = 0.02). At two
weeks postoperatively, the blood serum FK506 concentration measured 2.93 ± 0.54 ng/mL
(mean ± SEM) for PEUU-FK506-treated animals, while the level for daily IP-FK506-
treated animals was 14.0 ± 6.16 ng/mL (mean ± SEM). The systemic concentration of
FK506 after two weeks of treatment was significantly lower in the PEUU-FK506 animals,
measuring approximately ~78% lower than IP-FK506-treated animals (Mann–Whitney
test, p = 0.05).

We found that, at two weeks postoperatively, the FK506 concentration in the ION of
PEUU-FK506-treated animals was 20.46 ± 9.31 mg/kg compared to 0.19 ± 0.03 mg/kg in
IP-FK506-treated animals (mean ± SEM, Mann–Whitney test, p = 0.048), representing sig-
nificantly greater drug enrichment within the nerve with wrap-based treatment (Figure 1C).
The measured FK506 concentration within the PEUU-FK506 wrap itself was 51.27 mg/kg
at 2-weeks. Lastly, PEUU-FK506 treatment delivered higher concentrations of the drug
locally, within the ION versus in distal tissues up to six weeks postoperatively (Figure 1D).
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or PEUU-FK506 infraorbital nerve wrap for two weeks. FK506 concentration represented as a log10 
transformation of mean ± SEM. (D) PEUU-FK506 delivers drug in higher concentrations locally ver-
sus in distal tissues. FK506 concentrations in the infraorbital nerve and medial rectus muscle over 
time among PEUU-FK506-treated animals (n = 3–6/group/time point). FK506 concentration repre-
sented as a log10 transformation of mean ± SEM. 

2.2. Trigeminal Ganglion Cell Recordings 
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are spike counts for all deflections accumulated in successive 0.1 ms bins for a period of 
30 ms following movement onset which occurs at time 0; the height of each bin is scaled 
to the total number of stimuli (number of animals x 8 angles x 10 repetitions). ANOVAs 
for each experimental group indicated that there are no differences related to individual 
animal subjects; therefore, data are pooled for all recorded cells. In all groups (as in un-
treated animals [53]), responses are highly transient to the initial movement, display sim-
ilar time courses, and diminish to low-level firing when the whisker is held in a fixed, 

Figure 1. (A) FK506 concentration within PEUU-FK506 wrap over six weeks shows sustained release
of drug. FK506 concentration represented as a log10 transformation of mean ± SEM. (B) Blood serum
levels of FK506 are lower for PEUU-FK506-treated animals versus IP-FK506-treated animals. FK506
blood concentration for animals (n = 3–6/group/time point) treated with PEUU-FK506 (black line)
and animals treated with IP-FK506 (dotted line) over six weeks. Significant difference in mean FK506
blood serum concentration between groups denoted as * with p < 0.05 using Mann–Whitney test.
Beyond two weeks, IP-treated animals reached steady state FK506 blood concentrations represented
as mean concentration (dotted arrow) and standard error of means (bracket). Blood concentration
values represented as mean ± SEM. (C) PEUU-FK506 delivers higher drug concentrations to the
infraorbital nerve when compared to IP-FK506 treatment at two weeks postoperatively. Comparative
FK506 concentrations within the infraorbital nerve, medial rectus muscle, blood serum, and PEUU-
FK506 wrap among animals (n = 3–6/group/time point) treated with IP-FK506 2 mg/kg/day or
PEUU-FK506 infraorbital nerve wrap for two weeks. FK506 concentration represented as a log10

transformation of mean ± SEM. (D) PEUU-FK506 delivers drug in higher concentrations locally
versus in distal tissues. FK506 concentrations in the infraorbital nerve and medial rectus muscle
over time among PEUU-FK506-treated animals (n = 3–6/group/time point). FK506 concentration
represented as a log10 transformation of mean ± SEM.

2.2. Trigeminal Ganglion Cell Recordings

The effects of the different treatments on trigeminal ganglion cell responses to whisker
deflection are illustrated qualitatively by population PSTHs in Figure 2. Shown are spike
counts for all deflections accumulated in successive 0.1 ms bins for a period of 30 ms
following movement onset which occurs at time 0; the height of each bin is scaled to the
total number of stimuli (number of animals x 8 angles x 10 repetitions). ANOVAs for each
experimental group indicated that there are no differences related to individual animal
subjects; therefore, data are pooled for all recorded cells. In all groups (as in untreated
animals [53]), responses are highly transient to the initial movement, display similar time
courses, and diminish to low-level firing when the whisker is held in a fixed, deflected
position (Figure 2A–D). Overall, the recovery of response magnitude is noticeably smaller
for four-week cut-and-repair-only animals (Figure 2D).
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Data were quantified as average spikes per stimulus evoked during the first 20 ms
of the response, i.e., ON responses (Table 1 and Figure 3). For deflections at each cell’s
maximally effective direction (“Max Angle”, Figure 3A), the six-week PEUU-FK506 units
were found to respond with the same overall firing rates as control six-week cut-and-
repair-only firing rates (Dunnett’s test, p = 0.97). Thus, PEUU-FK506 treatment did not
increase the functional outcome six weeks after nerve transection and repair. Interestingly,
four-week PEUU-FK506 animals were as responsive to whisker deflections as six-week
cut-and-repair-only animals (p = 0.49), whereas untreated four-week cut-and-repair-only
animals were less responsive (p = 0.001). Similar results were obtained when ON responses
were averaged over all eight deflection angles and for plateau responses (Table 1). Taken
together, the findings indicate that PEUU-FK506 treatment accelerated the recovery from
ION transection but did not improve longer-term functional outcomes.
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Figure 2. Response magnitude is lower for 4-week recovery cases without PEUU-FK506 treatment.
Representative peristimulus time histograms of trigeminal ganglion cell to whisker deflection among
treatment groups (A–D). Each peri-stimulus time histogram consists of n = 300 (0.1 ms) bins and
is constructed from responses of all neurons within each experimental group (10 deflections × 8
directions × number of neurons; n = number of cells); histograms are scaled to the total number of
stimuli. Stimulus waveform for movement onsets is shown in panel (E).

Table 1. ON responses.

Group ON Max (20 ms) ON ALL (20 ms) Max Plateau (100 ms)

6-wk cut & repair only (n = 113) 3.05 ± 1.61 1.26 ± 0.65 2.10 ± 3.80
6-wk PEEU-FK506 (n = 57) 2.95 ± 1.67; p = 0.97 1.30 ± 0.68; p = 0.96 1.99 ± 3.07; p = 0.99
4-wk PEEU-FK506 (n = 68) 2.76 ± 1.51; p = 0.49 1.15 ± 0.64; p = 0.34 1.62 ± 2.56; p = 0.65
4-wk cut & repair only (n = 53) 2.15 ± 1.08; p = 0.001 0.89 ± 0.55; p = 0.002 0.78 ± 1.50; p = 0.03
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Table 1 PEUU-FK506 treatment accelerates the recovery process of transected infraor-
bital nerves. The trigeminal ganglion cell to whisker deflection response magnitudes shown
as ON responses per stimulus evoked during the first 20 or 100 ms of the response. p-values
were calculated in relation to the six-week cut-and-repair-only group by Dunnett’s test
with a significance level of p < 0.05.
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Figure 3. PEUU-FK506 treatment accelerates recovery but does not lead to improved long-term
outcomes. Trigeminal ganglion cell to whisker deflection response magnitudes (A–C). ON responses
are calculated as average spikes per stimulus evoked during the first 20 ms of the response following
deflection onset. (A) ON responses evoked by movement at each cell’s maximally effective deflection
angle. (B) ON responses averaged over all 8 deflection angles. (C) Maximal angle plateau responses
calculated over 100 ms. Data for individual neurons within the 4 experimental groups are represented
as discrete points. Population mean per group are represented as filled square blocks. Number of
cells per group are reported in Table 1.

2.3. Infraorbital Nerve Immunohistochemistry

Myelination in the proximal stump was greater in PEUU-FK506-treated IONs com-
pared to IP-FK506 treatment up to six weeks following transection and immediate neuror-
rhaphy (Figure 4A–I). In the ION of naïve animals, the myelin expression was greater com-
pared to the neurofilament medium chain (NFM) (p < 0.01) (Figure 4G). Both cut-and-repair
and IP-FK506 groups exhibited a greater NFM expression compared to myelin (p < 0.01)
and a reduced myelin signal as compared to the naïve controls (p < 0.01) (Figure 4G–I).
Conversely, PEUU-FK506 treatment increased the ratio of myelin:NFM in the ION, albeit
not significantly. With PEUU-FK506 treatment, Schwann cell myelin expression was higher
compared against both cut-and-repair and IP-FK506 treatments (p < 0.01), but this increase
was not significant when compared to the naïve controls (p = 0.55) (Figure 4H).
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IP-FK506 treatment. (A–F) Representative confocal images of infraorbital nerves stained for myelin
(red/TRITC), neurofilament medium chain (green/FITC), and nucleus (blue/DAPI). Confocal im-
ages acquired for each sample were modified using NIS-Elements software version 4.4.0. Scale
bar = 50 microns. (A) Naїve; (B) cut-and-repair; (C) IP-FK506 4-wk; (D) IP-FK506 6-wk; (E) PEUU-
FK506 wrap 4-wk; and (F) PEUU-FK506 wrap 6-wk. (G) Measured neurofilament medium chain
(FITC) and myelin (TRITC) signal within each study cohort (n = 2–4 per group). (H) Comparison
of myelin (TRITC) signal within each study cohort (n = 2–4 per group). (I) Proportion of infraor-
bital nerve FITC per TRITC signal within each study cohort (n = 2–4 per group). Signal intensity
represented as mean ± SEM with significance denoted as p < 0.05.

3. Discussion

Given the known issues of toxicity associated with systemic FK506 treatment [55], this
study investigated whether PEUU-FK506 wraps could locally enrich dedicated sensory
peripheral nervous tissue with FK506 while minimizing accumulation within the systemic
circulation. Local drug delivery is superior to systemic administration because lower
drug dosages are delivered with greater precision to the affected tissues over a desired
period. Effective local drug delivery systems can minimize off-target side effects, attenuate
metabolism or clearance, reduce administration frequency, and improve patient compliance.
Such features are especially important in inflammatory settings [56].

To confirm the local delivery of FK506 by PEUU-FK506, the concentration of FK506
in the systemic circulation and tissues proximal and distal to the transection and repair
site were measured using HPLC-tandem mass spectrometry. We found that the levels of
FK506 within the ION when delivered using the PEUU-FK506 wrap was 20,461.66 ng/mL
(20.46 mg/kg). Meanwhile, daily administration of 2.2 mg/kg (IP) over 14 days enriched
the ION FK506 concentration to 195.73 ± 25.43 ng/mL, or approximately ~0.2 mg/kg,
representing a 100-fold difference in tissue-specific enrichment of FK506 within the ION.
This demonstrates a 100-fold increase in drug delivery to the target tissue, while using
twenty-fold less of the total administered drug (~0.4 mg with PEUU-FK506 treatment
vs. 7.7 mg with IP-FK506 treatment) over a specific time of 14 days. Regardless of treat-
ment modality, systemic FK506 was either below or nearly below the typical therapeutic
trough levels, which range from 10–20 ng/mL. The results are a clear demonstration of the
superiority and potential of engineered local drug delivery systems.
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The optimal FK506 dose varies among previous reports. Confounders include the
type of animal injury model and modality of administration, as well as whether FK506 is
used for its neuroregenerative or immunosuppressive properties. Yang et al. report that
immunosuppressive doses of 2.0 mg/kg were necessary to prevent skin allograft rejection
while nerve regeneration was augmented with sub-immunosuppressive FK506 doses of
0.5 mg/kg and 1.0 mg/kg [57]. Additionally, using a sciatic nerve crush model in Sprague–
Dawley rats, Wang et al. found 5.0 mg/kg administered subcutaneously to be optimal
for neuroregeneration [58]. Udina et al. used a mouse sciatic nerve crush model to report
greatest axonal regeneration at a FK506 dose of 5.0 mg/kg per day [59]. For these studies,
the enrichment of FK506 at the nerve is most likely less than the injection concentration
due to the combined effects of drug dilution and global distribution. Indeed, our study
shows that much higher levels of FK506 within the nerve itself are beneficial to nerve
regeneration than previously thought [59]. Future studies with the PEUU-FK506 wrap
should aim to elucidate what FK506 concentration within the wrap results in the largest
increase in neuroregenerative capacity. As this is the first study to evaluate such a modality
in a purely sensory nerve, we aimed to uncover any benefits of using our PEUU-FK506
nerve wrap to treat ION transection.

Previous research has uncovered some of the molecular mechanisms that underly the
neurotrophic effect FK506 exerts on peripheral nerve regeneration, including an FK506
interaction with axons at the level of the growth cone [60–62]. Importantly, FK506 has been
shown to stimulate Schwann cell proliferation in culture and to decrease myelin debris
within the distal stump of transected nerves [23,24]. Myelinated axons are critical to the fast
signaling found in the nervous system of healthy mammals. In the CNS, oligodendrocytes
myelinate multiple axons, while Schwann cells (SCs) myelinate a single axon in the PNS.
Recently, Harty et al. demonstrated that the mutation of Fbxw7 in Schwann cells permitted
them to unsheathe multiple axons. They suggest that the difference in the myelinating cell:
axon ratio between PNS and CNS could account for the limited response to injury in the
CNS, while Schwann cells can rapidly and faithfully respond to injuries in the PNS [63].
Therefore, the response to injury by both the neuron and SCs of the PNS can be evaluated
by measurements of the axon to myelin ratio dynamics. In this study, we immunolabelled
both NFM and myelin in IONs recovered from the various treatment groups and found a
greater myelin expression in PEUU-FK506-treated IONs compared to traditional IP-FK506
treatment. This comports with previous demonstrations of enhanced myelinated fiber
density in FK506-treated animals at seven weeks after peripheral nerve grafting [23]. These
results suggest that PEUU-FK506-treatment-enhanced Schwann cell myelin expression is
associated with positive functional outcomes in our study.

While peripheral nerves can regenerate after injury, maximal functional recovery with
surgical neurorrhaphy alone is limited without additional rehabilitation [4,7,64,65]. In this
scenario, the degree of functional recovery is achieved as a function of time and specific
character or neuronal unit response. For example, we previously demonstrated that the
six-week responses of slowly adapting cells (SA) are smaller than those after eight weeks
of recovery [53]. Accordingly, maximal recovery of the whisker-evoked response was
found to be achieved at six weeks in both groups tested in this study. Importantly, we
observed that PEUU-FK506 treatment accelerated the functional recovery of the whisker-
evoked trigeminal neuron responses (Figure 3). At four weeks postoperatively, PEUU-
FK506-treated animals had already achieved functional recovery as measured by evoked
responses comparable to those of the six-week rapidly adapting cells (RA). While we did
not distinguish between RAs and SAs, the results of this study suggest that FK506 is most
beneficial at the early stages of recovery, and, therefore, such treatment should be initiated
as quickly as possible following injury. The choice not to distinguish between RA and SA
responses limits this study; however, our principal conclusion agrees with general medical
treatment and also improved nerve repair outcomes with early treatment after injury [66].
Other limitations of this study include the decision to record from the trigeminal ganglion
which is a mixed sensory and motor nerve. In humans, functional outcome following
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sensory nerve repair worsens with time. Future work could include discrete cortical
recordings from either the primary somatosensory or motor cortex to investigate possible
differences in FK506 wrap treatment on neuron type. Another possible experiment could
investigate whether accelerated two-point discrimination recovery following nerve injury
might result with FK506 nerve wrap treatment. Further, sex differences in the outcomes of
PNI have been reported, where female rats appear more susceptible to the development of
spread mechanical hypersensitivity, compared with male rats [67]. The potential for sex
differences in this study were not investigated but should be undertaken in future work.
Regardless of these limitations, the benefits of earlier functional recovery following PNI is
clearly clinically meaningful to patients and their quality of life.

The potentially fatal side effects of systemic immunosuppression in composite tissue
allotransplantation such as infection and malignancy have severely limited its scope in
practice. As such, many studies are investigating ways to avoid systemic immunosuppres-
sion while still inhibiting the rejection of the transplanted tissue [15]. Additionally, there is
at least one account of composite allograft rejection due to medication non-adherence [68].
All this engenders great promise for identifying a method of local immunosuppression that
is not dependent on patient compliance. In this study, we showed that the target nerve was
highly enriched in FK506, whereas the systemic blood level was nearly negligible with a
maximum measurement at 2.93 ng/mL. The levels of FK506 associated with nephrotoxicity
range from 14.5–50.5 ng/mL [69]. This is a promising result for the possibility of using lo-
calized FK506 in VCA as both an immunosuppressant and an adjuvant therapy to promote
neuroregeneration and improve functional outcomes.

4. Materials and Methods
4.1. Animals

This study used 8–10-week-old male Lewis (RT1) rats (Charles River Laboratories, Inc.,
Wilmington, MA, USA) with weights ranging from 290–350 g. Animals were matched based
on strain, sex, and age to maintain homogeneity of characteristics between cohorts. All
animals received care in compliance with the Institutional Animal Care and Use Committee
and protocol approval from the University of Pittsburgh and followed guidelines from the
Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of
Health (Bethesda, MD, USA).

4.2. Animals for FK506 Concentration Measurements

Eighteen 8–10-week-old Lewis (RT1) rats underwent surgery to expose the ION (n = 12
in PEUU-FK506 group, n = 6 in systemic FK506 group). Subjects in the PEUU-FK506 group
received a 5 mm × 1.5 mm section of 10 mg PEUU-FK506 wrap around the ION whereas
systemic FK506 subjects were injected daily with 2.2 mg/kg/day FK506 intraperitoneally
(hereafter denoted as “IP-FK506”). In the PEUU-FK506-treated group, FK506 levels were
measured in the blood serum, ION, medial rectus muscle, and recovered nerve wrap up to
six weeks postoperatively (Figure 5A). In the IP-FK506-treated group, blood serum mea-
surements were taken up to two weeks postoperatively (Figure 5B). FK506 concentration
in the ION and medial rectus muscle were recorded at the 2-week (POD14) timepoint for
IP-FK506-treated subjects. Detailed characterization of the PEUU-FK506 wrap can be found
below and are also previously reported [50,70].

4.3. Animals for Trigeminal Ganglion Cell Recordings

Two groups were created from 24 total 8–10-week-old Lewis (RT1) rats to measure
response at four weeks and six weeks after ION transection and repair: (1) PEUU-FK506
treatment group (n = 3–6/group/timepoint) and (2) neurorrhaphy-only non-treatment
group (n = 5–10/group/timepoint). PEUU-FK506 treatment animals received PEUU-FK506
wrap (as above) in addition to neurorrhaphy after ION transection.
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Figure 5. Flowchart of cohorts assigned to FK506 concentration measurements in the blood serum,
ION, medial rectus muscle, and PEUU-FK506 at designated timepoints. (A) Animal cohorts assigned
to PEUU-FK506 treatment. (B) Animal cohorts assigned to IP-FK506 treatment. (C) Representative
diagram of whisker/trigeminal system model for recording trigeminal nerve nuclei signal. (D) Spatial
representation of anatomical structures involved in measuring mechanoreceptive afferent signal.
(E) Naïve rat with intact ION (no surgery). (F) ION transection and repair with PEUU-FK506 treatment.

4.4. Infraorbital Nerve Transection and Repair

Surgery animals were anesthetized with 50 mg/kg intraperitoneal pentobarbital
sodium and supplemented as necessary with 10 mg/kg injections. Sterile technique was
utilized for all surgeries and a servo-controlled heating blanket (Harvard Apparatus, Cam-
bridge, MA, USA) was used to maintain core animal temperature at 37 ◦C. The surgical
procedure was performed as previously described [53]. Briefly, proximal to the mystacial
pad, an incision was made on the left hemiface, distal to where the infraorbital nerve exits
from the infraorbital foramen. Tissue was discretely dissected to expose the infraorbital
branch of the trigeminal nerve and was then transected using micro-scissors. Following
transection, the nerve trunks were coapted using standard microsurgical nerve repair
procedure with 10-0 nylon suture using approximately 10 sutures. Following coaptation of
the nerve in the treatment group, a 5 mm × 1.5 mm section of 10 mg PEUU-FK506 wrap
was sutured to itself around the transection and repair portion of the nerve. Finally, the
skin incision was closed with 5-0 chromic dissolvable sutures. The rats were observed until
recovery from anesthesia and returned to individual cages. Rats were given a standard
12 h light–dark cycle with rat chow and water available ad libitum.

4.5. PEUU-FK506 Sheet Fabrication

PEUU was synthesized using a two-step solution polymerization from polycapro-
lactone and 1,4-diisocyanatobutane. Putrescine was used as chain extender [71]. Sheets
containing FK506 were fabricated by electrospinning [72]. The synthesis of PEUU-FK506
sheets has been previously described in detail [50]. Briefly, 20 mg of FK506 was dissolved
in DMSO to create a 20 mM solution. This FK506 solution was mixed with 0.45 g PEUU,
which was dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at a concentration of 12%
(w/v), and electrospun onto a rotating stainless-steel mandrel (17 cm from capillary tip) by
feeding through a charged capillary at a rate of 1.5 mL/h. Voltage between the capillary
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and mandrel was 19 kV. The 0.1 mm thick sheet with total volume 370 mm3 was sterilized
under UV light overnight and then with EtOH prior to surgical implantation.

4.6. Structural and Mechanical Properties of PEUU-FK506 Sheet

A tacrolimus-releasing matrix was constructed by extending a previously reported
electrospinning protocol for PEUU [70]. Macroscopically, both unloaded PEUU and the
PEUU-FK506 matrices exhibited an off-white, pliable appearance and were indistinguish-
able from each other [50]. The smooth surface characteristics were maintained, contributing
to the desirable features of the matrix in the context of CNS nerve applications. Scanning
electron microscopy (SEM) was conducted to investigate the electrospun fibers in both
PEUU and PEUU-FK506 matrices. The analysis revealed randomly organized polymer
fibers with varied diameters in both matrices. Notably, the average polymer fiber di-
ameter remained consistent across all matrices, with unloaded PEUU fibers measuring
510 ± 130 nm, and 10 or 20 mg loaded PEUU-FK506 fibers having average diameters of
560 ± 210 nm and 560 ± 160 nm, respectively.

Evaluation of mechanical properties [50] included the impact of FK506 loading on
Young’s modulus, strain at break, and ultimate stress. Tacrolimus loading did not signif-
icantly alter Young’s modulus, indicating values of 25 ± 9 MPa for PEUU, 19 ± 12 MPa
for 10 mg PEUU-FK506, and 15 ± 11 MPa for 20 mg PEUU-FK506. Strain at break exhib-
ited no significant differences, with values of 262 ± 21% for PEUU, 217 ± 67% for 10 mg
PEUU-FK506, and 222 ± 34% for 20 mg PEUU-FK506. However, ultimate stress decreased
significantly in tacrolimus-loaded matrices compared to PEUU, measuring 13 ± 4 MPa for
PEUU, 6 ± 0.5 MPa for 10 mg PEUU-Tac, and 6 ± 3 MPa for 20 mg PEUU-FK506.

We previously assessed the surface properties of the electrospun PEUU and tacrolimus
elastomeric matrix. Through zeta potential analysis, we characterized the surface charge,
revealing a slightly negative charge that has potential implications for cellular interactions.
Fourier-transform infrared spectroscopy (FTIR) elucidated specific functional groups, such
as ester and urea groups in the polymer structure. These surface properties play a vital role
in influencing cellular adhesion and overall biocompatibility, enhancing the potential for
effective interactions with biological tissues in drug delivery applications.

The safety and biocompatibility of PEUU-FK506 were also rigorously evaluated us-
ing cell culture and in vivo assessments in rat model of nerve injury [50]. In this study
targeted at the infraorbital nerve, careful observations for any signs of adverse reactions
or inflammation were conducted, and, notably, no overt signs of necrosis or inflammation
were observed in any of the animals subjected to the PEUU and tacrolimus elastomeric
matrix. Overall, these structural and mechanical analyses affirm the consistency of the drug
carrier’s properties crucial for in vivo performance.

4.7. Extraction of FK506 from Tissue and Wrap

Infraorbital nerve, medial rectus muscle, and/or PEUU-FK506 wrap were discretely
dissected from the 18 animals assigned for FK506 concentration analysis as described above,
then weighed prior to homogenization with methanol (100%) using Mini-BeadBeater-1
(BioSpec, Bartlesville, OK, USA) for cell or scaffold disruption. The homogenate was left
overnight in a sonicator to allow for the complete extraction of the drug from the material.
The recovered homogenate was centrifuged at 2100 ± 100 rpm for 10 min. Supernatant was
evaporated by a sample concentrator, and the drug residue was reconstituted with blood.

4.8. Quantification of FK506 by LC-Tandem Mass Spectrometry (LC-MS/MS)

To precipitate plasma proteins, 50 µL of blood containing an unknown concentration
of FK506 was combined with 200 µL of zinc sulfate heptahydrate (ZnSO4·7H2O) in a conical
centrifuge tube. Then, 500 µL of an acetonitrile-based solution containing a deuterated
internal standard (ascomycin at a concentration of 15 ng/mL) was added to the mixture
followed by vortexing at 3000 rpm for 2 min, and then centrifuged at 13,000 rpm for 3 min.
The supernatants were collected in LCMS vials for analysis. As described previously [50],
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sample analysis was performed using a fully validated, reverse-phased high-performance
liquid chromatographic method for detecting tacrolimus on a Waters micromass Quattro
micro-API mass spectrometer (Waters, Milford, MA, USA) that is operated in positive
electrospray ionization mode, utilizing multiple reaction monitoring, with an injection
volume of 20 µL. The Waters 2795 Alliance Separations Module was equipped with a
Nova-Pak® C18 column, 2.1 × 10 mm cartridge (Waters #186003523, Milford, MA, USA)
heated to 55 ◦C. Analytes were effectively separated using a gradient elution consisting
of an aqueous mobile phase (95% H2O/5% MeOH) and an organic mobile phase (100%
MeOH), at a flow rate of 0.6 mL per minute. Mobile phases also contained 0.1% formic acid
(CH2O2) and 2 mM ammonium acetate. Statistical analysis was conducted using Student
t-tests for significance.

4.9. Trigeminal Ganglion Cell Recordings

Responses of individual trigeminal ganglion neurons were recorded as previously
described [53,54]. Briefly, rats were anesthetized with 1–2% isoflurane in a 1:1 mixture of
N2 and O2. A servo-controlled heating pad was used to maintain core temperature at 37 ◦C.
Polyethylene tubing was inserted into the trachea as a cannula, the dorsal surface of the
skull was exposed, and a steel post fixed to it with dental acrylic, allowing unimpeded
access to the left facial whiskers. For electrical grounding, a stainless-steel screw was
inserted into the frontal region of the animal’s skull. A dental drill was used to create a
left-sided craniotomy overlying the left trigeminal ganglion at the skull base approximately
10 mm below the cortical surface. Neural recordings lasted ~10 h after which the animal
was euthanized with an overdose of isoflurane.

Electrophysiological signals were amplified and filtered at 0.3–10 kHz using a Grass
pre-amplifier. Single-cell or “unit” activity was monitored aurally using a noise-clipping
circuit and visualized by oscilloscope. Varnish-coated stainless steel or tungsten micro-
electrodes (2–4 MW at 1000 Hz (FHC, Bowdoin, ME, USA)) were advanced from the
brain’s dorsal surface into the left trigeminal ganglion using a hydraulic microdrive. As the
microelectrode was advanced, whiskers were deflected using hand-held probes; at each
responsive site, the whisker evoking the most robust and consistent response was identified
as the Principal Whisker (PW) [52,73]. All whiskers were trimmed to ~12 mm. To identify
individual whiskers, the face was observed using a stereoscope. Evoked somatosensory
responses were identified as short-latency activity that could be evoked by gentle manual
deflection of the whiskers. Evoked responses were quantified recorded by deflecting the
PW in a controlled fashion using a multi-angle piezoelectric stimulator that moved the
whisker in 8 directions in 45◦ increments [74]. Each whisker was attached to the stimulator
at 10 mm from the skin surface and moved 1 mm using a ramp-and-hold stimulus of 125
mm/s and held steady at that plateau position for 200 ms prior to return of the whisker to
its undeflected or neutral position. Deflections were randomized in 10 blocks of 8 directions
for a total of 80 stimulus presentations. A laboratory computer controlled the stimulator
and collected the spike times measured at 32 kHz, and spike waveforms were saved to disk
for analysis.

4.10. Experimental Design and Data Analysis for Trigeminal Ganglion Cell Response

Response data were obtained from four groups of animals, with all receiving surgical
nerve transection and repair: (group 1) 4-week post-transection (hereafter denoted as
“4-wk cut & repair only”, n = 5); (group 2) 4-week post-transection with PEUU-FK506
treatment (“4-wk PEUU-FK506”, n= 6); (group 3) 6-week post-transection (“6-wk cut &
repair only”, n = 10); and (group 4) 6-week post-transection with PEUU-FK506 treatment
(“6-wk PEUU-FK506”, n = 3). Electrophysiological data were analyzed with Microsoft
Excel version 16.8 using custom software written in Visual Basic (Microsoft Visual Studio
2022 version 17.8.1). Responses to whisker movement are transient and brief, followed in
some cells by lower levels of sustained discharge during the steady-state stimulus plateau
(Figure 2). ON responses were quantified as average spike counts per deflection during
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the first 20 ms following stimulus onset and during the latter 100 ms of the steady state
phase of the stimulus, i.e., the plateau. These counts, expressed as spike per stimulus, were
used to identify each cell’s maximally effective or “best” deflection angle; deflections in the
other directions evoke fewer or no spikes. ON response data were examined separately
for maximal angle deflections (n = 10) and for deflections averaged over all directions
(n = 80). Plateau firing rates are low and often null; therefore, we examined only maximal
angle spike counts. Statistical analyses were performed using the Microsoft Excel add-on
Analyze-it (Analyze-it Software version 16.5.4, Leeds, UK). Dunnett tests for multiple
comparisons examined spike counts for all four groups using the “6-wk cut & repair only”
cohort as the control group.

4.11. Immunohistochemistry

Myelin and axonal neurofilament staining after ION transection and repair were as-
sessed in animals assigned to neurorrhaphy ± FK506 treatment groups for comparison with
naïve animals. Immunofluorescent staining of histological ION samples was performed as
previously described [75]. Briefly, animals were euthanized, and IONs were dissected at the
4- and 6-week timepoints postoperatively. Collected nerves were immediately fixed with
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for a minimum time of 2 h.
Fixed nerves were then cryoprotected in 30% sucrose in PBS (4–12 h), embedded in optimal
cutting temperature medium, and frozen in liquid nitrogen followed by storage at −80 ◦C
prior to sectioning. The ION samples were cut into 15 µm transverse sections anterior to
the repair site on a cryostat and transferred to glass slides for immunolabelling. These
ION sections were then labeled with anti-neurofilament medium chain (1:400, Thermo
Scientific/Pierce, Waltham, MA USA) and anti-myelin (1:300, Life Technologies, Carlsbad,
CA, USA), and nuclei were stained with DAPI (Vector Laboratories, Newark, CA, USA).
Samples were imaged with confocal microscopy, and fluorescence intensity was measured
using ImageJ version 1.53e software.

5. Conclusions

The PEUU-FK506 nerve wraps used in this study appeared to significantly accelerate
neuroregeneration in a sensory nerve at four weeks after axotomy and repair. Histomor-
phometric analysis showed greater myelin expression in PEUU-FK506-treated infraorbital
nerves up to six weeks after axotomy and repair. Additionally, PEUU-FK506 wraps were
able to enrich local tissue with FK506 without spilling over appreciably into the systemic
circulation. This modality can be specifically titrated for the tissue of interest and may
result in a promising method for nerve regeneration, as well as local immunosuppression
in composite tissue allotransplantation.

Author Contributions: Conceptualization, K.M.W., D.J.S. and W.R.W.; methodology, K.M.W., D.J.S.,
Y.V.d.M., A.-J.A.S., F.F. and B.X.; software, D.J.S.; validation, D.J.S., M.G.S., Y.V.d.M., F.F. and B.X.;
formal analysis, D.J.S., K.J., A.-J.A.S., F.F., B.X. and R.V.; investigation, K.M.W., D.J.S., W.R.W., M.B.S.,
R.V., E.B.K., B.L., N.J.K., K.J., Y.V.d.M., A.-J.A.S., F.F. and B.X.; resources, K.M.W., W.R.W. and R.V.;
data curation, K.M.W., D.J.S., K.J., A.-J.A.S., F.F. and B.X.; writing—original draft preparation, D.J.S.,
K.J., J.M.B., A.-J.A.S., F.F., B.X. and E.B.K.; writing—review and editing, K.M.W., D.J.S., M.B.S., B.L.,
N.J.K., K.J., J.M.B., Y.V.d.M., A.-J.A.S., F.F. and B.X.; visualization, D.J.S., K.J., Y.V.d.M., A.-J.A.S.,
F.F. and B.X.; supervision, K.M.W.; project administration, K.M.W.; funding acquisition, M.B.S. and
K.M.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Department of Plastic Surgery, University of Pittsburgh
School of Medicine, and the Department of Defense Office of Congressionally Directed Medical
Research Program W81XWH-15-1-0026 and Department of Defense (U.S. Army Medical Research
and Materiel Command) W81XWH-14-1-0421.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) of University of Pittsburgh School of Medicine (approved
code: 13061898).



Int. J. Mol. Sci. 2024, 25, 847 14 of 17

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the main text or upon
request from the corresponding author.

Acknowledgments: We would like to acknowledge the current institutional affiliation for Bo Xiao: De-
partment of Plastic Surgery, Xijing Hospital, The Fourth Military Medical University, Xi’an, China, 710032.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Taylor, C.A.; Braza, D.; Rice, J.B.; Dillingham, T. The incidence of peripheral nerve injury in extremity trauma. Am. J. Phys. Med.

Rehabil. 2008, 87, 381–385. [CrossRef] [PubMed]
2. Ciaramitaro, P.; Mondelli, M.; Logullo, F.; Grimaldi, S.; Battiston, B.; Sard, A.; Scarinzi, C.; Migliaretti, G.; Faccani, G.; Cocito,

D.; et al. Traumatic peripheral nerve injuries: Epidemiological findings, neuropathic pain and quality of life in 158 patients. J.
Peripher. Nerv. Syst. 2010, 15, 120–127. [CrossRef]

3. Schmidt, C.E.; Leach, J.B. Neural tissue engineering: Strategies for repair and regeneration. Annu. Rev. Biomed. Eng. 2003,
5, 293–347. [CrossRef]

4. Allodi, I.; Udina, E.; Navarro, X. Specificity of peripheral nerve regeneration: Interactions at the axon level. Prog. Neurobiol. 2012,
98, 16–37. [CrossRef] [PubMed]

5. Noble, J.; Munro, C.A.; Prasad, V.S.; Midha, R. Analysis of upper and lower extremity peripheral nerve injuries in a population of
patients with multiple injuries. J. Trauma 1998, 45, 116–122. [CrossRef] [PubMed]

6. Houdek, M.T.; Shin, A.Y. Management and complications of traumatic peripheral nerve injuries. Hand Clin. 2015, 31, 151–163.
[CrossRef]

7. Grinsell, D.; Keating, C.P. Peripheral nerve reconstruction after injury: A review of clinical and experimental therapies. Biomed
Res. Int. 2014, 2014, 698256. [CrossRef]

8. Lundborg, G.; Richard, P. Bunge memorial lecture. Nerve injury and repair—A challenge to the plastic brain. J. Peripher. Nerv.
Syst. 2003, 8, 209–226. [CrossRef]

9. Menorca, R.M.; Fussell, T.S.; Elfar, J.C. Nerve physiology: Mechanisms of injury and recovery. Hand Clin. 2013, 29, 317–330.
[CrossRef]

10. Glenn, T.D.; Talbot, W.S. Signals regulating myelination in peripheral nerves and the Schwann cell response to injury. Curr. Opin.
Neurobiol. 2013, 23, 1041–1048. [CrossRef]

11. Brushart, T.M.; Aspalter, M.; Griffin, J.W.; Redett, R.; Hameed, H.; Zhou, C.; Wright, M.; Vyas, A.; Hoke, A. Schwann cell
pheno-type is regulated by axon modality and central-peripheral location, and persists in vitro. Exp. Neurol. 2013, 247, 272–281.
[CrossRef]

12. Gordon, T.; Tetzlaff, W. Regeneration-associated genes decline in chronically injured rat sciatic motoneurons. Eur. J. Neurosci.
2015, 42, 2783–2791. [CrossRef] [PubMed]

13. Gordon, T.; You, S.; Cassar, S.L.; Tetzlaff, W. Reduced expression of regeneration associated genes in chronically axotomized facial
motoneurons. Exp. Neurol. 2015, 264, 26–32. [CrossRef]

14. You, S.; Petrov, T.; Chung, P.H.; Gordon, T. The expression of the low affinity nerve growth factor receptor in long-term dener-vated
Schwann cells. Glia 1997, 20, 87–100. [CrossRef]

15. Schnider, J.T.; Weinstock, M.; Plock, J.A.; Solari, M.G.; Venkataramanan, R.; Zheng, X.X.; Gorantla, V.S. Site-specific immuno-
suppression in vascularized composite allotransplantation: Prospects and potential. Clin. Dev. Immunol. 2013, 2013, 495212.
[CrossRef] [PubMed]

16. Starzl, T.E.; Todo, S.; Fung, J.; Demetris, A.J.; Venkataramman, R.; Jain, A. FK 506 for liver, kidney, and pancreas transplanta-tion.
Lancet 1989, 2, 1000–1004. [CrossRef] [PubMed]

17. Schwaninger, M.; Blume, R.; Oetjen, E.; Knepel, W. The immunosuppressive drugs cyclosporin A and FK506 inhibit calcineurin
phosphatase activity and gene transcription mediated through the cAMP-responsive element in a nonimmune cell line. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 1993, 348, 541–545. [CrossRef]

18. Saffari, T.M.; Bedar, M.; Zuidam, J.M.; Shin, A.Y.; Baan, C.C.; Hesselink, D.A.; Hundepool, C.A. Exploring the neuroregenerative
potential of tacrolimus. Expert. Rev. Clin. Pharmacol. 2019, 12, 1047–1057. [CrossRef]

19. Butcher, S.P.; Henshall, D.C.; Teramura, Y.; Iwasaki, K.; Sharkey, J. Neuroprotective actions of FK506 in experimental stroke:
In vivo evidence against an antiexcitotoxic mechanism. J. Neurosci. 1997, 17, 6939–6946. [CrossRef]

20. Furuichi, Y.; Maeda, M.; Moriguchi, A.; Sawamoto, T.; Kawamura, A.; Matsuoka, N.; Mutoh, S.; Yanagihara, T. Tacrolimus,
a potential neuroprotective agent, ameliorates ischemic brain damage and neurologic deficits after focal cerebral ischemia in
nonhuman primates. J. Cereb. Blood Flow. Metab. 2003, 23, 1183–1194. [CrossRef]

https://doi.org/10.1097/PHM.0b013e31815e6370
https://www.ncbi.nlm.nih.gov/pubmed/18334923
https://doi.org/10.1111/j.1529-8027.2010.00260.x
https://doi.org/10.1146/annurev.bioeng.5.011303.120731
https://doi.org/10.1016/j.pneurobio.2012.05.005
https://www.ncbi.nlm.nih.gov/pubmed/22609046
https://doi.org/10.1097/00005373-199807000-00025
https://www.ncbi.nlm.nih.gov/pubmed/9680023
https://doi.org/10.1016/j.hcl.2015.01.007
https://doi.org/10.1155/2014/698256
https://doi.org/10.1111/j.1085-9489.2003.03027.x
https://doi.org/10.1016/j.hcl.2013.04.002
https://doi.org/10.1016/j.conb.2013.06.010
https://doi.org/10.1016/j.expneurol.2013.05.007
https://doi.org/10.1111/ejn.13070
https://www.ncbi.nlm.nih.gov/pubmed/26369395
https://doi.org/10.1016/j.expneurol.2014.10.022
https://doi.org/10.1002/(SICI)1098-1136(199706)20:2%3C87::AID-GLIA1%3E3.0.CO;2-1
https://doi.org/10.1155/2013/495212
https://www.ncbi.nlm.nih.gov/pubmed/23476677
https://doi.org/10.1016/S0140-6736(89)91014-3
https://www.ncbi.nlm.nih.gov/pubmed/2478846
https://doi.org/10.1007/BF00173216
https://doi.org/10.1080/17512433.2019.1675507
https://doi.org/10.1523/JNEUROSCI.17-18-06939.1997
https://doi.org/10.1097/01.WCB.0000088761.02615.EB


Int. J. Mol. Sci. 2024, 25, 847 15 of 17

21. Quinta, H.R.; Galigniana, M.D. The neuroregenerative mechanism mediated by the Hsp90-binding immunophilin FKBP52
resembles the early steps of neuronal differentiation. Br. J. Pharmacol. 2012, 166, 637–649. [CrossRef] [PubMed]

22. Gold, B.G.; Zhong, Y.P. FK506 requires stimulation of the extracellular signal-regulated kinase 1/2 and the steroid receptor
chaperone protein p23 for neurite elongation. Neurosignals 2004, 13, 122–129. [CrossRef] [PubMed]

23. Fansa, H.; Keilhoff, G.; Altmann, S.; Plogmeier, K.; Wolf, G.; Schneider, W. The effect of the immunosuppressant FK 506 on
pe-ripheral nerve regeneration following nerve grafting. J. Hand Surg. Br. 1999, 24, 38–42. [CrossRef] [PubMed]

24. Fansa, H.; Keilhoff, G.; Horn, T.; Altmann, S.; Wolf, G.; Schneider, W. Stimulation of Schwann cell proliferation and axonal
regeneration by FK 506. Restor. Neurol. Neurosci. 2000, 16, 77–86. [PubMed]

25. Que, J.; Cao, Q.; Sui, T.; Du, S.; Zhang, A.; Kong, D.; Cao, X. Tacrolimus reduces scar formation and promotes sciatic nerve
re-generation. Neural Regen. Res. 2012, 7, 2500–2506. [CrossRef] [PubMed]

26. Cottrell, B.L.; Perez-Abadia, G.; Onifer, S.M.; Magnuson, D.S.; Burke, D.A.; Grossi, F.V.; Francois, C.G.; Barker, J.H.; Maldonado, C.
Neuroregeneration in composite tissue allografts: Effect of low-dose FK506 and mycophenolate mofetil immunotherapy. Plast.
Reconstr. Surg. 2006, 118, 615–623; discussion 615–624. [CrossRef] [PubMed]

27. Konofaos, P.; Terzis, J.K. FK506 and nerve regeneration: Past, present, and future. J. Reconstr. Microsurg. 2013, 29, 141–148.
[CrossRef]

28. Kim, J.S.; Baek, G.H.; Chung, M.S.; Park, H.Y.; Sun, J.H. Effects of FK-506 and CTLA4--Ig on nerve allografts in mice. J. Plast.
Reconstr. Aesthetic Surg. JPRAS 2014, 67, e49–e53. [CrossRef]

29. Li, T.; Zhang, X.J.; Li, J.; Kan, Q.C. Effect of FK506 nanospheres on regeneration of allogeneic nerve after transplant. Asian Pac. J.
Trop. Med. 2014, 7, 478–482. [CrossRef]

30. Shahraki, M.; Mohammadi, R.; Najafpour, A. Influence of Tacrolimus (FK506) on Nerve Regeneration Using Allografts: A Rat
Sciatic Nerve Model. J. Oral. Maxil Surg. 2015, 73, 1438.E1–1438.E9. [CrossRef]

31. Yang, L.M.; Wu, Y.X.; Zhang, X.P.; Li, X.H. Experimental research on end-to-side anastomosis of peripheral nerves and effect of
FK506 on end-to-side anastomosis. Bratisl. Lek. Listy 2014, 115, 625–631. [CrossRef] [PubMed]

32. Tricot, L.; Lebbe, C.; Pillebout, E.; Martinez, F.; Legendre, C.; Thervet, E. Tacrolimus-induced alopecia in female kidney-pancreas
transplant recipients. Transplantation 2005, 80, 1546–1549. [CrossRef]

33. Oto, T.; Okazaki, M.; Takata, K.; Egi, M.; Yamane, M.; Toyooka, S.; Sano, Y.; Snell, G.I.; Goto, K.; Miyoshi, S. Calcineurin
inhib-itor-related cholestasis complicating lung transplantation. Ann. Thorac. Surg. 2010, 89, 1664–1665. [CrossRef] [PubMed]

34. Leroy, S.; Isapof, A.; Fargue, S.; Fakhoury, M.; Bensman, A.; Deschenes, G.; Jacqz-Aigrain, E.; Ulinski, T. Tacrolimus nephrotox-icity:
Beware of the association of diarrhea, drug interaction and pharmacogenetics. Pediatr. Nephrol. 2010, 25, 965–969. [CrossRef]

35. Gnatta, D.; Keitel, E.; Heineck, I.; Cardoso, B.; Rodrigues, A.; Michel, K.; Garcia, V. Use of tacrolimus and the development of
posttransplant diabetes mellitus: A Brazilian single-center, observational study. In Transplantation Proceedings; Elsevier Sci-ence
Publishers: Amsterdam, The Netherlands, 2010; pp. 475–478.

36. Dehghani, S.M.; Haghighat, M.; Imanieh, M.H.; Zahmatkeshan, M.; Borzooei, M.; Amoozegar, H.; Zamirian, M.; Gholami, S.;
Bahador, A.; Nikeghbalian, S.; et al. Tacrolimus related hypertrophic cardiomyopathy in liver transplant recipients. Arch. Iran.
Med. 2010, 13, 116–119.

37. Davaus Gasparetto, T.; Marchiori, E.; Menezes, P.; Zanetti, G. Pulmonary toxicity associated with sirolimus following kidney
transplantation: Computed tomography findings. Nefrologia 2010, 30, 259–260. [CrossRef] [PubMed]

38. Lewis, H.C.; Cendales, L.C. Vascularized composite allotransplantation in the United States: A retrospective analysis of the Organ
Procurement and Transplantation Network data after 5 years of the Final Rule. Am. J. Transplant. 2021, 21, 291–296. [CrossRef]

39. Lee, W.P.; Yaremchuk, M.J.; Pan, Y.C.; Randolph, M.A.; Tan, C.M.; Weiland, A.J. Relative antigenicity of components of a
vascu-larized limb allograft. Plast. Reconstr. Surg. 1991, 87, 401–411. [CrossRef]

40. Davis, B.; Hilgart, D.; Erickson, S.; Labroo, P.; Burton, J.; Sant, H.; Shea, J.; Gale, B.; Agarwal, J. Local FK506 delivery at the di-rect
nerve repair site improves nerve regeneration. Muscle Nerve 2019, 60, 613–620. [CrossRef]

41. Rosenstiel, P.; Schramm, P.; Isenmann, S.; Brecht, S.; Eickmeier, C.; Burger, E.; Herdegen, T.; Sievers, J.; Lucius, R. Differential
effects of immunophilin-ligands (FK506 and V-10,367) on survival and regeneration of rat retinal ganglion cells in vitro and after
optic nerve crush in vivo. J. Neurotrauma 2003, 20, 297–307. [CrossRef]

42. Tajdaran, K.; Chan, K.; Zhang, J.; Gordon, T.; Borschel, G.H. Local FK506 dose-dependent study using a novel three-dimensional
organotypic assay. Biotechnol. Bioeng. 2019, 116, 405–414. [CrossRef] [PubMed]

43. Tajdaran, K.; Shoichet, M.S.; Gordon, T.; Borschel, G.H. A novel polymeric drug delivery system for localized and sustained
release of tacrolimus (FK506). Biotechnol. Bioeng. 2015, 112, 1948–1953. [CrossRef] [PubMed]

44. Zhang, G.; Yu, J.; Shao, X.; Zhang, L. Application of FK506 slow-releasing film in peripheral nerve allotransplantation: An
experimental study in mice. Chin. J. Hand Surg. 2007, 23, 8–10.

45. Lamprecht, A.; Yamamoto, H.; Takeuchi, H.; Kawashima, Y. Design of pH-sensitive microspheres for the colonic delivery of the
immunosuppressive drug tacrolimus. Eur. J. Pharm. Biopharm. 2004, 58, 37–43. [CrossRef] [PubMed]

46. Taddeo, A.; Tsai, C.; Vogelin, E.; Rieben, R. Novel targeted drug delivery systems to minimize systemic immunosuppression in
vascularized composite allotransplantation. Curr. Opin. Organ Transplant. 2018, 23, 568–576. [CrossRef] [PubMed]

47. Mackinnon, S.E.; Dellon, A.L. Clinical nerve reconstruction with a bioabsorbable polyglycolic acid tube. Plast. Reconstr. Surg.
1990, 85, 419–424. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1476-5381.2011.01783.x
https://www.ncbi.nlm.nih.gov/pubmed/22091865
https://doi.org/10.1159/000076565
https://www.ncbi.nlm.nih.gov/pubmed/15067199
https://doi.org/10.1016/S0266-7681(99)90021-9
https://www.ncbi.nlm.nih.gov/pubmed/10190602
https://www.ncbi.nlm.nih.gov/pubmed/12671210
https://doi.org/10.3969/j.issn.1673-5374.2012.32.003
https://www.ncbi.nlm.nih.gov/pubmed/25337101
https://doi.org/10.1097/01.prs.0000233029.57397.4a
https://www.ncbi.nlm.nih.gov/pubmed/16932168
https://doi.org/10.1055/s-0032-1333316
https://doi.org/10.1016/j.bjps.2013.09.024
https://doi.org/10.1016/S1995-7645(14)60078-X
https://doi.org/10.1016/j.joms.2015.03.032
https://doi.org/10.4149/BLL_2014_121
https://www.ncbi.nlm.nih.gov/pubmed/25573729
https://doi.org/10.1097/01.tp.0000181195.67084.94
https://doi.org/10.1016/j.athoracsur.2009.09.081
https://www.ncbi.nlm.nih.gov/pubmed/20417810
https://doi.org/10.1007/s00467-009-1402-8
https://doi.org/10.3265/Nefrologia.pre2010.Mar.10339
https://www.ncbi.nlm.nih.gov/pubmed/20393625
https://doi.org/10.1111/ajt.16086
https://doi.org/10.1097/00006534-199103000-00001
https://doi.org/10.1002/mus.26656
https://doi.org/10.1089/089771503321532888
https://doi.org/10.1002/bit.26853
https://www.ncbi.nlm.nih.gov/pubmed/30345505
https://doi.org/10.1002/bit.25598
https://www.ncbi.nlm.nih.gov/pubmed/25850693
https://doi.org/10.1016/j.ejpb.2004.01.003
https://www.ncbi.nlm.nih.gov/pubmed/15207535
https://doi.org/10.1097/MOT.0000000000000564
https://www.ncbi.nlm.nih.gov/pubmed/30074507
https://doi.org/10.1097/00006534-199003000-00015
https://www.ncbi.nlm.nih.gov/pubmed/2154831


Int. J. Mol. Sci. 2024, 25, 847 16 of 17

48. Weber, R.A.; Breidenbach, W.C.; Brown, R.E.; Jabaley, M.E.; Mass, D.P. A randomized prospective study of polyglycolic acid
conduits for digital nerve reconstruction in humans. Plast. Reconstr. Surg. 2000, 106, 1036–1045; discussion 1038–1046. [CrossRef]

49. Meek, M.F.; Coert, J.H. Recovery of two-point discrimination function after digital nerve repair in the hand using resorbable FDA-
and CE-approved nerve conduits. J. Plast. Reconstr. Aesthetic Surg. JPRAS 2013, 66, 1307–1315. [CrossRef]

50. van der Merwe, Y.; Faust, A.E.; Conner, I.; Gu, X.; Feturi, F.; Zhao, W.; Leonard, B.; Roy, S.; Gorantla, V.S.; Venkataramanan, R.;
et al. An Elastomeric Polymer Matrix, PEUU-Tac, Delivers Bioactive Tacrolimus Transdurally to the CNS in Rat. EBioMedicine
2017, 26, 47–59. [CrossRef]

51. Woolsey, T.A.; Van der Loos, H. The structural organization of layer IV in the somatosensory region (SI) of mouse cerebral cortex.
The description of a cortical field composed of discrete cytoarchitectonic units. Brain Res. 1970, 17, 205–242. [CrossRef]

52. Simons, D.J. Response properties of vibrissa units in rat SI somatosensory neocortex. J. Neurophysiol. 1978, 41, 798–820. [CrossRef]
[PubMed]

53. Xiao, B.; Zanoun, R.R.; Carvell, G.E.; Simons, D.J.; Washington, K.M. Response properties of whisker-associated primary afferent
neurons following infraorbital nerve transection with microsurgical repair in adult rats. J. Neurophysiol. 2016, 115, 1458–1467.
[CrossRef]

54. Fraser, G.; Hartings, J.A.; Simons, D.J. Adaptation of trigeminal ganglion cells to periodic whisker deflections. Somatosens. Mot.
Res. 2006, 23, 111–118. [CrossRef]

55. Zuo, K.J.; Saffari, T.M.; Chan, K.; Shin, A.Y.; Borschel, G.H. Systemic and Local FK506 (Tacrolimus) and its Application in
Pe-ripheral Nerve Surgery. J. Hand Surg. Am. 2020, 45, 759–765. [CrossRef] [PubMed]

56. Chen, Y.C.; Gad, S.F.; Chobisa, D.; Li, Y.; Yeo, Y. Local drug delivery systems for inflammatory diseases: Status quo, challenges,
and opportunities. J. Control. Release 2021, 330, 438–460. [CrossRef]

57. Yang, R.K.; Lowe, J.B., 3rd; Sobol, J.B.; Sen, S.K.; Hunter, D.A.; Mackinnon, S.E. Dose-dependent effects of FK506 on neuroregen-
eration in a rat model. Plast. Reconstr. Surg. 2003, 112, 1832–1840. [CrossRef] [PubMed]

58. Wang, M.S.; Zeleny-Pooley, M.; Gold, B.G. Comparative dose-dependence study of FK506 and cyclosporin A on the rate of
ax-onal regeneration in the rat sciatic nerve. J. Pharmacol. Exp. Ther. 1997, 282, 1084–1093.

59. Udina, E.; Ceballos, D.; Verdu, E.; Gold, B.G.; Navarro, X. Bimodal dose-dependence of FK506 on the rate of axonal regeneration
in mouse peripheral nerve. Muscle Nerve 2002, 26, 348–355. [CrossRef]

60. Benowitz, L.I.; Routtenberg, A. GAP-43: An intrinsic determinant of neuronal development and plasticity. Trends Neurosci. 1997,
20, 84–91. [CrossRef]

61. Steiner, J.P.; Connolly, M.A.; Valentine, H.L.; Hamilton, G.S.; Dawson, T.M.; Hester, L.; Snyder, S.H. Neurotrophic actions of
nonimmunosuppressive analogues of immunosuppressive drugs FK506, rapamycin and cyclosporin A. Nat. Med. 1997, 3, 421–428.
[CrossRef]

62. Gold, B.G.; Zeleny-Pooley, M.; Wang, M.S.; Chaturvedi, P.; Armistead, D.M. A nonimmunosuppressant FKBP-12 ligand in-creases
nerve regeneration. Exp. Neurol. 1997, 147, 269–278. [CrossRef] [PubMed]

63. Harty, B.L.; Coelho, F.; Pease-Raissi, S.E.; Mogha, A.; Ackerman, S.D.; Herbert, A.L.; Gereau, R.W.; Golden, J.P.; Lyons, D.A.; Chan,
J.R.; et al. Myelinating Schwann cells ensheath multiple axons in the absence of E3 ligase component Fbxw7. Nat. Com-mun. 2019,
10, 2976. [CrossRef] [PubMed]

64. Benga, A.; Zor, F.; Korkmaz, A.; Marinescu, B.; Gorantla, V. The neurochemistry of peripheral nerve regeneration. Indian. J. Plast.
Surg. 2017, 50, 5–15. [CrossRef]

65. Li, R.; Liu, Z.; Pan, Y.; Chen, L.; Zhang, Z.; Lu, L. Peripheral nerve injuries treatment: A systematic review. Cell Biochem. Biophys.
2014, 68, 449–454. [CrossRef] [PubMed]

66. Sunderland, S. The anatomy and physiology of nerve injury. Muscle Nerve 1990, 13, 771–784. [CrossRef]
67. Dominguez, C.A.; Kouya, P.F.; Wu, W.P.; Hao, J.X.; Xu, X.J.; Wiesenfeld-Hallin, Z. Sex differences in the development of local-ized

and spread mechanical hypersensitivity in rats after injury to the infraorbital or sciatic nerves to create a model for neu-ropathic
pain. Gend. Med. 2009, 6 (Suppl. S2), 225–234. [CrossRef]

68. Carty, M.J.; Bueno, E.; Lehmann, L.S.; Pomahac, B. A position paper in support of hand transplantation in the blind. Plast.
Re-constr. Surg. 2011, 128, 510e–515e. [CrossRef]

69. Kramer, M.R.; Amital, A.; Fuks, L.; Shitrit, D. Voriconazole and itraconazole in lung transplant recipients receiving tacroli-mus
(FK 506): Efficacy and drug interaction. Clin. Transplant. 2011, 25, E163–E167. [CrossRef]

70. Stankus, J.J.; Guan, J.; Wagner, W.R. Fabrication of biodegradable elastomeric scaffolds with sub-micron morphologies. J. Bi-omed.
Mater. Res. Part A 2004, 70, 603–614. [CrossRef]

71. Guan, J.; Sacks, M.S.; Beckman, E.J.; Wagner, W.R. Synthesis, characterization, and cytocompatibility of elastomeric, biode-
gradable poly(ester-urethane)ureas based on poly(caprolactone) and putrescine. J. Biomed. Mater. Res. 2002, 61, 493–503.
[CrossRef]

72. Hong, Y.; Huber, A.; Takanari, K.; Amoroso, N.J.; Hashizume, R.; Badylak, S.F.; Wagner, W.R. Mechanical properties and in vivo
behavior of a biodegradable synthetic polymer microfiber-extracellular matrix hydrogel biohybrid scaffold. Biomaterials 2011,
32, 3387–3394. [CrossRef] [PubMed]

73. Chapin, J.K.; Sorensen, S.M.; Woodward, D.J. Acute ethanol effects on sensory responses of single units in the somatosensory
cortex of rats during different behavioral states. Pharmacol. Biochem. Behav. 1986, 25, 607–614. [CrossRef] [PubMed]

https://doi.org/10.1097/00006534-200010000-00013
https://doi.org/10.1016/j.bjps.2013.04.058
https://doi.org/10.1016/j.ebiom.2017.11.017
https://doi.org/10.1016/0006-8993(70)90079-X
https://doi.org/10.1152/jn.1978.41.3.798
https://www.ncbi.nlm.nih.gov/pubmed/660231
https://doi.org/10.1152/jn.00970.2015
https://doi.org/10.1080/08990220600906589
https://doi.org/10.1016/j.jhsa.2020.03.018
https://www.ncbi.nlm.nih.gov/pubmed/32359866
https://doi.org/10.1016/j.jconrel.2020.12.025
https://doi.org/10.1097/01.PRS.0000091167.27303.18
https://www.ncbi.nlm.nih.gov/pubmed/14663227
https://doi.org/10.1002/mus.10195
https://doi.org/10.1016/S0166-2236(96)10072-2
https://doi.org/10.1038/nm0497-421
https://doi.org/10.1006/exnr.1997.6630
https://www.ncbi.nlm.nih.gov/pubmed/9344552
https://doi.org/10.1038/s41467-019-10881-y
https://www.ncbi.nlm.nih.gov/pubmed/31278268
https://doi.org/10.4103/ijps.IJPS_14_17
https://doi.org/10.1007/s12013-013-9742-1
https://www.ncbi.nlm.nih.gov/pubmed/24037713
https://doi.org/10.1002/mus.880130903
https://doi.org/10.1016/j.genm.2009.01.003
https://doi.org/10.1097/PRS.0b013e31822b62e7
https://doi.org/10.1111/j.1399-0012.2010.01373.x
https://doi.org/10.1002/jbm.a.30122
https://doi.org/10.1002/jbm.10204
https://doi.org/10.1016/j.biomaterials.2011.01.025
https://www.ncbi.nlm.nih.gov/pubmed/21303718
https://doi.org/10.1016/0091-3057(86)90149-8
https://www.ncbi.nlm.nih.gov/pubmed/3774826


Int. J. Mol. Sci. 2024, 25, 847 17 of 17

74. Simons, D.J. Multi-whisker stimulation and its effects on vibrissa units in rat SmI barrel cortex. Brain Res. 1983, 276, 178–182.
[CrossRef] [PubMed]

75. Ren, T.; Faust, A.; van der Merwe, Y.; Xiao, B.; Johnson, S.; Kandakatla, A.; Gorantla, V.S.; Badylak, S.F.; Washington, K.M.;
Ste-ketee, M.B. Fetal extracellular matrix nerve wraps locally improve peripheral nerve remodeling after complete transection
and direct repair in rat. Sci. Rep. 2018, 8, 4474. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/0006-8993(83)90561-9
https://www.ncbi.nlm.nih.gov/pubmed/6626997
https://doi.org/10.1038/s41598-018-22628-8

	Introduction 
	Results 
	Concentration of FK506 in PEUU-FK506 Wrap, Serum, and Tissue Samples 
	Trigeminal Ganglion Cell Recordings 
	Infraorbital Nerve Immunohistochemistry 

	Discussion 
	Materials and Methods 
	Animals 
	Animals for FK506 Concentration Measurements 
	Animals for Trigeminal Ganglion Cell Recordings 
	Infraorbital Nerve Transection and Repair 
	PEUU-FK506 Sheet Fabrication 
	Structural and Mechanical Properties of PEUU-FK506 Sheet 
	Extraction of FK506 from Tissue and Wrap 
	Quantification of FK506 by LC-Tandem Mass Spectrometry (LC-MS/MS) 
	Trigeminal Ganglion Cell Recordings 
	Experimental Design and Data Analysis for Trigeminal Ganglion Cell Response 
	Immunohistochemistry 

	Conclusions 
	References

