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Central nervous system (CNS) neurons fail to regrow injured axons, often resulting in permanently lost neurolog-
ic function. Tacrolimus is an FDA-approved immunosuppressive drug with known neuroprotective and
neuroregenerative properties in the CNS. However, tacrolimus is typically administered systemically and blood
levels required to effectively treat CNS injuries can lead to lethal, off-target organ toxicity. Thus, delivering tacro-
limus locally to CNS tissuesmay provide therapeutic control over tacrolimus levels in CNS tissueswhileminimiz-
ing off-target toxicity. Herein we show an electrospun poly(ester urethane) urea and tacrolimus elastomeric
matrix (PEUU-Tac) can deliver tacrolimus trans-durally to CNS tissues. In an acute CNS ischemia model in rat,
the optic nerve (ON) was clamped for 10s and then PEUU-Tac was used as an ON wrap and sutured around
the injury site. Tacrolimus was detected in PEUU-Tac wrapped ONs at 24 h and 14 days, without significant in-
creases in tacrolimus blood levels. Similar to systemically administered tacrolimus, PEUU-Tac locally decreased
glial fibrillary acidic protein (GFAP) at the injury site and increased growth associated protein-43 (GAP-43) expres-
sion in ischemic ONs from the globe to the chiasm, consistent with decreased astrogliosis and increased retinal
ganglion cell (RGC) axon growth signaling pathways. These initial results suggest PEUU-Tac is a biocompatible
elastic matrix that delivers bioactive tacrolimus trans-durally to CNS tissues without significantly increasing
tacrolimus blood levels and off-target toxicity.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Tacrolimus
FK506
Retinal ganglion cell
CNS
Axon regeneration
Optic nerve
1. Introduction

In adult mammals, central nervous system (CNS) injury remains a
persistent experimental and clinical challenge. Trauma to CNS tissues
triggers a pro-inflammatory innate immune response that leads to sec-
ondary tissue damage, injury site expansion, and cellular and extracellu-
lar matrix (ECM) remodeling (Horn et al., 2008). This default healing
response contributes to failed axon regeneration (Peruzzotti-Jametti
logy, Center for Neuroscience,
of Pittsburgh, 450 Technology
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et al., 2014; Tang et al., 2001) and promotes scar tissue formation
(Silver and Miller, 2004), often leading to irreversible CNS neuron
death (Russo et al., 2016) and permanently lost neurological function.
Thus, combinatorial approaches are needed that can positively modu-
late the innate immune response to promote functional tissue remodel-
ing over scarring while also providing key neuroprotective and
neuroregenerative support to CNS neurons.

Tacrolimus, also called FK506, is a macrolide immunosuppressive
drug initially derived from Streptomyces tsukubaensis (Prograf ®
Astellas, NJ) (Petan et al., 2008) widely used clinically to prevent
organ transplant rejection (Starzl et al., 1989) as well as to treat various
dermatologic (Madan and Griffiths, 2007) and autoimmune diseases
(Chen et al., 2017). Tacrolimus binds to FK506-binding protein (FKBP)
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receptors of the immunophilin family, which comprises at least 15
members in humans. In humans, tacrolimus is thought to prevent
organ transplant rejection by suppressing T-cell activation via binding
to FKBP12 (Xu et al., 2002). In the CNS, FKBPs are widely expressed by
numerous cell types, including both neurons and glia, with different cel-
lular populations exhibiting distinct FKBP subtype expression patterns
and pharmacokinetics. In the CNS, tacrolimus is hypothesized to modu-
late the innate immune response by reducing neutrophil and macro-
phage infiltration and microglial (Zawadzka et al., 2012) and astrocyte
activation (Zawadzka and Kaminska, 2005; Szydlowska et al., 2006;
Liu et al., 2011), subsequently reducing oxidative stress, secondary
damage, and injury site expansion (Fukuta et al., 2015).

Experimentally, tacrolimus can also provide both neuroprotective
and neuroregenerative benefits to CNS neurons. Although FKBPs are
widely expressed by CNS neurons, tacrolimus appears tomodulate neu-
ronal activities by multiple mechanisms, including both FKBP-
dependent and FKBP-independent routes (Gold et al., 2005). After
optic nerve (ON) ischemia in rats, tacrolimus increases retinal ganglion
cell (RGC) survival by suppressing apoptotic signaling (Freeman and
Grosskreutz, 2000). After spinal cord injury in rats, tacrolimus increases
axon growth and the expression of growth associated protein-43
(GAP43), an axon growth marker (Wang and Gold, 1999; Madsen
et al., 1998) and has been reported to improve functional recovery
(Voda et al., 2005). In recent studies, tacrolimus has been shown to re-
duce ischemia reperfusion injury in white matter after cerebral artery
occlusion surgery (Fukuta et al., 2015) and to decrease apoptosis in hip-
pocampal neurons (Sharifi et al., 2012). However, most experimental
studies have relied on systemic administration to deliver tacrolimus to
CNS tissues (Sharifi et al., 2012; Fukuta et al., 2015). Tacrolimus is highly
lipophilic and thus accumulates in fatty tissues throughout the body, in-
cluding the myelin-based white matter in the CNS. However, systemic
delivery to CNS tissues is complicated by preferential uptake by other
organs, which requires higher systemic doses to effectively increase ta-
crolimus in CNS tissues. These increases in systemic tacrolimus often
lead to often life-threatening toxicity in other tissues and organs.

Clinically, tacrolimus is typically administered systemically either
orally or by injection (Varghese et al., 2014; Yamazoe et al., 2014). The
chemical properties of tacrolimus require careful considerationwith re-
gard to systemic administration. The method of administration, fre-
quency, and dosage, must be carefully monitored to maintain effective
therapeutic tissue levels without inducing toxicity in off-target tissues.
Improperly regulated systemic levels can lead to a number of life-
threatening side effects, including, but not limited to, diabetogenicity,
nephrotoxicity, neurotoxicity, and oncogenicity (Randhawa et al.,
1997; Starzl et al., 1989). Moreover, tacrolimus administration is further
complicated by the number and distribution of FKBP binding proteins.
Tacrolimus acts on at least 15 FKBP binding receptors in humans differ-
entially expressed by cellular populations in different tissues and or-
gans. Therefore, tacrolimus administration must be carefully
optimized to maintain effective concentrations within the tissues of in-
terest to maximize efficacy while minimizing toxic side-effects both to
targeted and to non-targeted cellular populations and tissues. Thus,
strategies are being developed to deliver tacrolimus locally. Local deliv-
ery approaches include hydrogels (Gabriel et al., 2016), inhalants
(Deuse et al., 2010), and micelle (Lapteva et al., 2014) or polymer en-
capsulation technologies (Tajdaran et al., 2015). However, these tech-
nologies are limited for many CNS applications due to ineffective and/
or inconsistent tacrolimus delivery to specific CNS tissues, incompatible
mechanical properties, and the inability to remain intact and/or local-
ized to the injury site.

To deliver tacrolimus locally and controllably to CNS tissues, this
study developed a biodegradable and elastic matrix using poly(ester
urethane) urea (PEUU) (Guan et al., 2002). PEUU polymers have desir-
able mechanical characteristics, including high elasticity and strength,
good cell-adhesive properties, and controllable biodegradation, all of
which can be tuned to match the tissue of interest. By modifying a
previously developed PEUU electrospinning platform (Stankus et al.,
2004), tacrolimus and PEUUwere successfully blended into PEUU poly-
mer matrices. This method allowed precise control over both the PEUU
and tacrolimus concentrations as well as control over the size and the
thickness of the PEUU-Tac matrices. PEUU-Tac material properties and
release kinetics were analyzed in vitro. The dose-dependent effects of
tacrolimus on primary RGC viability, toxicity, and differentiation were
analyzed in vitro. Finally, PEUU-Tac matrices were used as ON wraps
to analyze local, trans-dural tacrolimus delivery both to CNS tissues
and to the blood in an acute ON ischemia model in rat.

2. Materials and Methods

2.1. Animals

Sprague-Dawley rats were purchased from Charles River Laborato-
ries (Wilmington,MA). Animalswere housed andmaintained according
to the guidelines set forth by the University of Pittsburgh Institutional
Animal Care and Use Committee (IACUC) and the DOD Animal Care
and Use Review Office (ACURO). All procedures complied with the
American Association for the Accreditation of Laboratory Animal Care
(AALAC).

2.2. Retinal Ganglion Cells

Primary RGCs were isolated from female and male postnatal day
three (P3) Sprague-Dawley rat pups, purified by immunopanning, and
cultured in NB-SATO media as described (Barres et al., 1988). RGCs
were seeded (5 × 103/cm2) in cell culture plates coated with poly-D-
lysine (70 kDa, 10 μg/ml; Sigma-Aldrich Corp., St. Louis, MO, USA) and
laminin (2 μg/ml, Sigma-Aldrich Corp.). Tacrolimus (Invitrogen)was di-
luted in 100% EtOH to make a 20 mM stock. The tacrolimus stock was
then diluted in NB-SATO as specified and the RGC cultures maintained
at 37 °C in 10% CO2 for 3 days in vitro (DIV).

2.3. RGC Viability

Viability was analyzed after 3 DIV using a calcein and propidium io-
dide based live/dead kit permanufacturer's instructions (Life Technolo-
gies, R37601). For analysis, the first five non-overlapping fields of view
per well, moving from the left well edge, were imaged at 20× using
standard epi-fluorescence fluorescein and rhodamine filter sets (Zeiss,
Axio Observer). Experimentally blinded individuals analyzed live and
dead cells using ImageJ (National Institutes of Health, Bethesda, MD,
USA). Data represent triplicates from four experimental repeats, totaling
at least 27 fields of view and at least 300 neurons per group as previous-
ly described (Faust et al., 2017). Significance between groupswas deter-
mined by one-way analysis of variance (ANOVA) as noted in
Section 2.13.

2.4. RGC Neurite Growth

After 3 DIV, RGCs were fixedwith 4% paraformaldehyde (Alfa Aesar;
30525-89-4) in PBS, washed with PBS (2×), and permeabilized with
0.2% triton X-100 in PBS for 15 min. After blocking for 1 h (1% BSA in
PBS, Fisher Scientific), the RGCs were incubated with anti-β III tubulin
(1:300, TUJ-1, Millipore, RRID: AB 570918) at 4 °C overnight, washed
in PBS (3×), incubated with a FITC-rabbit anti-chicken IgY H + L sec-
ondary (1:150, #31501, Thermo Scientific) for 3 h, washed with PBS
(3×), counterstainedwith the nuclearmarker DAPI (1:3000, Invitrogen,
D1306) for 20 min at room temperature, and washed in PBS (2×, 5 min
each). The RGCs were imaged randomly as described above and neurite
growth measured by blinded individuals as described (Steketee et al.,
2011) using the ImageJ plugin, NeuronJ (National Institutes of Health,
Bethesda, MD, USA). The first ten non-contacting RGCs encountered,
moving right from the left edge of the well, were analyzed from
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triplicate wells in each of three independent experimental repeats, to-
taling at least 90 neurons per condition. Significance between groups
was determined by ANOVA as noted in Section 2.13.

2.5. PEUU-Tac

Poly(ester urethane) urea (PEUU) was synthesized from
polycaprolactone diol (Mn = 2000), 1,4-diisocyanatobutane and pu-
trescine, as described (Guan et al., 2002) and PEUU-Tac matrices were
fabricated by single stream electrospinning as described (Hong et al.,
2011). Briefly, 10 mg or 20 mg of tacrolimus was dissolved in 500 μL
of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP). Each tacrolimus solution
was mixed with 0.45 g PEUU (12% w/v in HFIP) and electrospun onto
a rotating stainless-steelmandrel (19mmdiameter) by feeding through
a charged capillary at a rate of 3 ml/h. The mandrel was located 17 cm
from the tip of the capillary and the voltage between the capillary and
the mandrel was 19 kV. PEUU-Tac matrices were sterilized under UV
light overnight and then with ethylene oxide (ETO) before use.

2.6. PEUU-Tac Release Kinetics

To determine tacrolimus release rate, PEUU-Tac matrices were cut
into three equal weight sections (15 mg) and each section was placed
in 25 ml of 0.5% Cremephor EL (C5135, Sigma, St. Louis, MO) in PBS
(CrEL-PBS) (Howrie et al., 1985) in Sigmacote (SL2, Sigma, St. Louis,
MO) treated 50ml glass beakerswith gentle agitation (60 RPM, Thermo
Labline 2314 Orbital Shaker). At the indicated time points ranging from
1 h to 14 days, 300 μl was removed for analysis and then replaced with
300 μl of fresh CrEL-PBS. For each sample, 50 μl wasmixedwith 450 μl of
blood and analyzed by Ultra performance liquid chromatography
(UPLC)-tandem mass spectrometry as described in section 2.11. Three
additional 50 ml glass beakers were coated with Sigmacote. One
PEUU-Tac section was placed in each beaker with 25 ml CrEL-PBS
with gentle agitation (60 RPM, Thermo Labline 2314 Orbital Shaker)
for 24 h. The three PEUU-Tac sections were removed from the CrEL-
PBS solution and each placed in 5 ml of HFIP with gentle agitation for
5 min to dissolve the PEUU scaffold. Three fresh PEUU-Tac sections of
equal weight to the pre-release scaffold weight were also placed in
5 ml HFIP. The tacrolimus concentration was then measured for each
sample by UPLC-tandem mass spectrometry as in section 2.11. Signifi-
cance between groups was determined by ANOVA as noted in
Section 2.13.

2.7. PEUU and PEUU-Tac Degradation

The degradation rate of PEUU-Tacwas analyzed at 37 °C in PBS as de-
scribed (Hong et al., 2010). Briefly, equal size samples (10 × 5 ×
0.1 mm) were cut from an unloaded PEUU matrix, 10 mg or 20 mg ta-
crolimus loaded PEUU-Tac and placed in 15 ml of PBS in a 20 ml vial.
At each time point, the samples were removed from the buffer, washed
with deionizedwater, and dried under vacuumat room temperature for
3 to 4 days before weighing to determine the mass, using the equation:

Mass Remaining %ð Þ ¼ md

morig

� �
� 100

wheremd is the sample after drying andmorig is the original mass. After
weighing, each sample was placed in fresh PBS. The time in PBS indi-
cates the total time in PBS, independent of the drying time. For visuali-
zation, the PEUUmatriceswere sputter-coatedwith gold/palladiumand
imaged using standard scanning electron microscopy methods (SEM;
JSM-6330F, JEOL USA). Data represent triplicates from three experimen-
tal repeats. The average mass is reported with the error bars indicating
one standard deviation. Significance between groups was determined
by ANOVA as noted in Section 2.13.
2.8. PEUU-Tac Mechanical Properties

To test themechanical properties of PEUU or PEUU-Tac, eachmatrix
was cut into a dumbbell shape geometry (ASTM D1708) using a
custom-made dog-bone cutting die with a 2.5 mm width, a 10 mm
gauge length, and a total length of 20 mm. PEUU and PEUU-Tac tensile
properties were analyzed by uniaxial tensile testing using an MTS In-
sight (MTS Systems Corporation, MN, USA) with a 10 N (0.01 N resolu-
tion) load cell at room temperature. The samples were extensionally
deformed at 10 mm/min, according to ASTM D638M. Young modulus
was calculated by finding the initial slope of the stress versus strain
curve (0 b ε b 10%) using linear regression. The ultimate stress was de-
termined as the maximum stress and the strain-at-break recorded as
the strain at the point where the force became zero. The averages and
error bars, indicating one standard deviation, are reported. Data repre-
sent triplicates from three experimental repeats. Significance between
groups was determined by ANOVA as noted in Section 2.13.

2.9. ON Ischemia and PEUU-Tac

Animals were anesthetized by injecting a 45:10 mg/kg ketamine/
xylazine cocktail intraperitoneally. The ON was exposed by making a
small incision in the conjunctiva and then blunt dissecting a nearly
bloodless plane back to the ON using #5 jeweler forceps. The muscle
and connective tissues around the ON were gently separated to expose
the ON sheath. Using a Yasargil aneurysm clip (Aesculap FT252T), the
right ON was clamped approx. 2 mm behind the globe for 10 s
(Sarikcioglu et al., 2007). After clamping, the ophthalmic artery was vi-
sualized to confirm integrity. A subset of animals (n = 5) had the ON
sheath fenestrated at the clamp site by making a 1–2 mm incision
using an ultra-sharp scalpel (#681.01, Oasis Medical). For animals re-
ceiving PEUU-Tac, a 2 × 5mm section of 10mg PEUU-Tacwaswrapped
around the injury site and sutured to itself and to the sheath. The con-
junctiva was then sutured closed and antibiotic ointment (NDC
24208-780-55, Gentamicin, Bausch & Lomb, Tampa, Florida) applied
to the eye. In total, forty-six animals were used. The experimental
groups included: 1. Injured. Nine animals received only ischemia to
the right ON. 2. Injured, PEUU-Tac. After ischemia to the right ON of
14 animals, a 2 mm × 5 mm section of 10 mg PEUU-Tac was sutured
around the injury site (no fenestration). 3. Injured, PEUU-Tac (fenestrat-
ed). After ischemia to the right ON of five animals, the ON sheath was
fenestrated as described above before a 2 mm × 5 mm section of
10 mg PEUU-Tac was sutured around the injury site. 4. Systemic. After
ischemia to the right ON, nine animals were injected intraperitoneally
with tacrolimus (2.2 mg/kg/day) for 14 days with the first injection ad-
ministered immediately after surgery. 5. Nine animals served as sham
surgery controls. Five animals per groupwere used for tacrolimus tissue
levels analysis and four were used for immunohistochemistry. The in-
jured, PEUU-Tac group had five additional animals that were used for
Tac tissue level analysis at 24 h. Power analysis was used to determine
sample size. The number of experimental animals was determined
using G*power software (G*power software 3.1.9.2, Germany). We cal-
culated the effect size to be 0.6 according to our previous experiments.
Power analysis for ANOVA dictates n = 4 animals for histological anal-
ysis and n = 5 animals for tacrolimus tissue levels per group for in vivo
studies to achieve 80% power for α = 0.05. Animals were randomly
assigned to groups by an experimentally blinded animal technician.

2.10. Tacrolimus Blood Tissue Analysis

Twenty-four hours after surgery, 500 μl of blood was drawn via the
tail vein. Additionally, at 24 h, four PEUU-Tac treated animals were
sacrificed and the ONs and retinas collected. At 14 days, the remaining
thirty-six animals were sacrificed and blood, retinas, and ONs collected.
Tacrolimus tissue levels were analyzed from five animals per group and
the remaining four animals per group were used for

astm:D1708
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immunohistochemistry. The blood was collected in BD Microtainer
blood collection tubes (Becton Dickinson, 363,706) pre-coated with
EDTA to avoid coagulation, and stored at 4 °C until analysis. Retinas
and ONs were weighed, homogenized in 100% methanol (MeOH)
using aMini-BeadBeater-1 sonicator (Mini-BeadBeater-16, Thomas Sci-
entific), and left overnight to ensure complete tacrolimus extraction.
The homogenate was centrifuged at 2100 ± 100 RPM for 10 min, the
MeOH transferred to a microcentrifuge tube, and evaporated complete-
ly using a vacufuge (Eppendorf Vacufuge Plus 5305 Concentrator Vacu-
um). The residuewas then reconstituted in 1ml of naïve rat blood prior
to quantification as described below.

2.11. Tacrolimus Quantification by UPLC-tandem Mass Spectrometry

Tacrolimus was analyzed by UPLC (Nova-pack® C18 column, 2.1
× 10 mm cartridge (Waters #186003523)) as described (Solari et al.,
2009; Unadkat et al., 2017). Briefly, standard curves and quality control
blood samples were prepared using dry tacrolimus (tlrl-fk5, Invivogen).
For each sample, 50 μL bloodwas added to a conical centrifugation tube,
followed by 200 μL zinc sulfate heptahydrate (ZnSO4·7H2O) to precip-
itate the blood proteins, and 500 μL ascomycin (20 ng/l in acetonitrile)
as an internal standard. The samples were vortexed for 2 min at 3000
RPM, centrifuged for 3 min at 13000 RPM, and the supernatants collect-
ed in LCMS vials (60180-508, Thermo Scientific). Analysis was done
using a fully validated, reverse phase UPLC method for detecting tacro-
limus in bloodwith an injection volume of 10 μL. Analyteswere separat-
ed 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 min. To optimize ionization and enhance the chro-
matographic output quality, both mobile phases contained 0.1% formic
acid (CH2O2) and 2 mM ammonium acetate. Both intra- and inter-day
precisionwere shown to be acceptable (C.V. b10%, n= 3) at concentra-
tions of 4.3, 15.7, and 24.6 ng/ml. Results are expressed as tacrolimus in
ng/g of tissue or ng/ml of blood. For animal blood and tissue tacrolimus
levels, data represent triplicates from at least five animals per condition
analyzed by ANOVA as noted in Section 2.13.

2.12. Immunohistochemistry

For immunohistochemistry, tissues were fixed in 4% paraformalde-
hyde for 4 h, cryoprotected in 30% sucrose for 4 h, embedded in optical
cutting temperature (OCT) medium (Tissue-Tek; Miles Inc., Elkhart, IN)
and stored at 4 °C overnight before freezing in liquid nitrogen. Embed-
ded tissues were stored at −80 °C prior to cryostat sectioning (15 μm
thickness). ON sections were permeabilized with 0.2% triton X-100 in
PBS for 15 mins, washed in PBS (2×), blocked for 1 h (1% BSA in PBS,
BP9706100, Fisher Scientific), and washed in PBS (2×). ON sections
were labeled with anti-glial fibrillary acidic protein antibody (Anti-
GFAP, 1:500, Abcam, AB7260, RRID:AB_296804) or anti-growth associ-
ated protein 43 (Anti-GAP-43GAP-43, 1:500, Abcam, AB16053,
RRID:AB_598153), and DAPI (1:2000, Thermo Scientific, 62,247). The
sectionswere imaged and pixel intensities measured by experimentally
blinded individuals using ImageJ as described (Mccloy et al., 2014).
Briefly, fifteen ROIs of 100 × 100 pixels were drawn around the crush
site (GFAP) and distal to the crush site (GAP-43). Four ROIs were
drawn on the image background. The area,meanfluorescence, and inte-
grated density for each imagewere analyzed using the following formu-
la: CTCF = integrated density − (area × mean background
fluorescence). Data represent triplicates from three experimental re-
peats analyzed by ANOVA as noted in Section 2.13.

2.13. Statistical Analysis

All analyseswere doneby experimentally blinded individuals. Tode-
termine significance between groups (p b 0.05), ANOVA was used in
conjunction with a Tukey's post-hoc test using SPSS Statistical Analysis
Software (IBM, Chicago, IL, USA). All error bars represent standard error
of the mean (SEM) unless noted otherwise.

3. Results

3.1. Tacrolimus Regulates RGC Viability Bi-modally

Previous studies indicate tacrolimus has both neuroprotective and
neuroregenerative effects on CNS neurons, including RGCs in vitro
(Rosenstiel et al., 2003) and in vivo (Freeman and Grosskreutz, 2000).
However, the effective concentration ranges on RGC viability and growth
have not been reported for primary RGCs in vitro. To determine the dose-
dependent effects of tacrolimus on RGC toxicity in vitro, RGCs were
cultured in tacrolimus concentrations, ranging from 0.1 to 100 μM
(Fig. 1b). Below 0.1 μM, RGC viability was unchanged. At 0.1 μM, RGC
viability was 66%, or 94% of the vehicle control, which is in the typical
range for primary RGCs cultured in vitro. Over 0.1 μM, RGC viability ini-
tially increased to a maximum of 91% viable, 21% greater than control,
at 0.5 μM, before decreasing dose-dependently to 0% at 75 μM. Lethal
dose (LD) response analysis was conducted by plotting the data points
on a semi-logarithmic graph and then using non-linear regression to
generate a dose response curve, which indicated an LD50 = 24.2 μM
(Fig. 1c).

3.2. Effect of Tacrolimus on RGC Axon Growth

To determine tacrolimus effects on RGC neurite growth, RGCs were
initially cultured at high density and total neurite growth,which includ-
ed both axons and dendrites, was analyzed (Fig. 2b). The average total
neurite growth per neuronal cell body was greatest at 5 nM but neurite
growth did not follow a typical dose-response relationship. From 10 nM
to 5 μM, total neurite growth remained largely unchanged before de-
creasing coordinately with viability to 0 at 75 μM. Thus, although 5 nM
stimulated growth to the greatest extent, tacrolimus appears to support
RGC neurite growth over a broad concentration range up to 5 μM
in vitro.

In high-density cultures, the specific effects of tacrolimus on neurite
growth, i.e. dendrite vs. axon growth or branching, is masked by neurite
to neurite contact and fasciculation (Steketee and Tosney, 1999). There-
fore, we analyzed the effects of 5 μM tacrolimus on total neurite growth,
axon growth, and branching in non-contacting neurons, cultured in
low-density cultures (Fig. 2c–e). In contrast to high-density cultures, ta-
crolimus increased total neurite growth by 66% and axon growth by 45%
(Fig. 2b), whereas branching frequency was unchanged (Fig. 2c). Thus,
the majority, 69%, of the total increase in neurite growth by tacrolimus
is due to increased axon growth in vitro. These data provide a basis for
identifying the receptors and the signaling pathways by which tacroli-
mus acts to differentially modulate neurite growth in CNS neurons,
like RGCs.

3.3. Electrospun PEUU and PEUU-Tac Constructs

To construct a tacrolimus releasing matrix, a previously reported
electrospinning protocol for PEUU (Stankus et al., 2004) was extended
by electrospinning either 10 or 20 mg of tacrolimus blended with
PEUU. Macroscopically, PEUU and 10 or 20 mg loaded PEUU-Tac matri-
ces were off-white, pliable sheets, and indistinguishable from one an-
other (Fig. 3a, inset). Microscopically, PEUU polymer fiber size and
gross organization were also similar after elecrospinning. In both
PEUU and PEUU-Tac matrices, scanning electron microscopy (SEM) re-
vealed randomly organized polymer fibers with varied diameters
(Fig. 3a). The average polymer fiber diameter was similar in all three
matrices; unloaded PEUU fibers were 510 ± 130 nm and 10 or 20 mg
loaded PEUU-Tac fibers averaged 560± 210 nm and 560± 160 nm, re-
spectively. Thus, tacrolimus loading does not alter the gross

nif-antibody:AB_296804
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Fig. 1. Tacrolimus regulates RGC viability bi-modally in a concentration dependent
manner. a. Representative images of live/dead stained RGCs grown in media or
tacrolimus for 3 DIV. b. Initially, tacrolimus increased RGC cell viability up to approx.
120% of control at 0.5 μM. At higher concentrations, viability decreased dose
dependently, returning to vehicle control values at approximately 1 μM. The actual %
viable cells at each concentration after 3 DIV were as follows: 0.1 μM (94%), 0.25 μM
(117%), 0.5 μM (120%), 1 μM (106%), 10 μM (86%), 20 μM (62%), 50 μM (24%), 75 μM
(0%). c. Dose response curve for tacrolimus toxicity. The individual points represent the
actual values and the curve represents the non-linear regression curve that indicates an
LD50 = 24.2 μM. n ≥ 150 random neurons cultured in triplicate for at least 3
experimental repeats. Error bars represent the SEM. *p b 0.05.
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macroscopic appearance of PEUU matrices nor the microscopic organi-
zation and diameter of electrospun PEUU polymer fibers.

3.4. PEUU-Tac Release Kinetics

Both the 10 and the 20 mg PEUU-Tac matrices released tacroli-
mus at similar rates, yielding final concentrations proportional to
their loading concentration (Fig. 3c). The 10 mg PEUU-Tac matrix
yielded a maximum concentration of 11.56 μg/ml (14.5 μM) within
the first 24 h and a final concentration that was not significantly dif-
ferent from the 24-hour time point of 9.53 μg/ml (11.3 μM) at
14 days. The 20 mg matrix released tacrolimus similarly, yielding a
concentration of 20.4 μg/ml (24.3 μM) within the first 24 h and a
final concentration of 23.7 μg/ml (28.2 μM) at 14 days that was also
not significantly different from the 24-hour time point. Analysis of
residual tacrolimus in PEUU-Tac matrices after 14 days showed
that 85.7 ± 2.4% was released within 24 h and the remainder was
retained in the matrix over the 14 day time point analyzed. Thus,
both 10 mg and 20 mg PEUU-Tac matrices release tacrolimus at sim-
ilar rates in vitro with near maximum concentrations reached in ap-
proximately 24 h without significant increases detected over the
next 13 days analyzed.

3.5. PEUU-Tac Matrix Degradation In Vitro

To determine if tacrolimus loading alters PEUU matrix degradation,
we analyzed the percent change in mass of unloaded PEUU and 10 or
20 mg loaded PEUU-Tac matrices over eight weeks (Hong et al.,
2010). Changes in mass were similar for all three matrices (Fig. 3d). At
1, 2, and 5 weeks, mass was largely unchanged. However, between
weeks five and eight the mass decreased similarly and significantly in
all three matrices. Unloaded PEUU matrix was reduced to 31 ± 1%
and PEUU-Tac, 10 and 20 mg tacrolimus loadedmatrices, were reduced
to 21± 9%, and 22± 18%, respectively. However, these similar changes
in mass, were accompanied by distinct microscopic changes in PEUU
fiber morphology that correlated with tacrolimus loading. At eight
weeks, SEM showed polymeric fibers were less defined but still distin-
guishable in PEUU. However, PEUU-Tac lacked identifiable polymer fi-
brils (Fig. 3b). Thus, although changes in mass were similar,
tacrolimus loading leads to amore rapid loss in polymeric fiber architec-
ture. Despite these changes in polymer organization and losses in mass,
the PEUU and PEUU-Tacmatrices remained sufficiently intact to be han-
dled manually after 8 weeks.

3.6. Mechanical Properties of PEUU-Tac

The stress-strain relationship, Young's modulus, ultimate stress, and
strain at break were calculated for the PEUU, 10 and 20 mg PEUU-Tac
matrices (Fig. 4). The stress-strain relationship is shown for each
PEUU device (Fig. 4a). Tacrolimus loading did not significantly change
Young's modulus. Unloaded PEUU was 25 ± 9 MPa, 10 mg PEUU-Tac
was 19±12MPa, and 20mgPEUU-Tacwas 15±11MPa (Fig. 4b). Sim-
ilarly, no significant difference in strain at break was observed between
thePEUU (262±21%), 10mg (217±67%), and 20mg (222±34%)ma-
trices (Fig. 4c). However, ultimate stress was reduced significantly in ta-
crolimus loaded PEUUmatrices compared to theunloadedmatrix. PEUU
ultimate stress was measured at 13 ± 4 MPa, 10 mg PEUU-Tac at 6 ±
0.5 MPa, and 20 mg PEUU-Tac at 6 ± 3 MPa (Fig. 4d).

3.7. PEUU-Tac in an Acute ON Ischemia in Rat

To determine if PEUU-Tac can deliver tacrolimus locally to CNS tis-
sues trans-durally without significantly increasing blood levels, 10 mg
PEUU-Tac matrices were used as nerve wraps after acute ON ischemia
in rat (Fig. 5a). The ON was clamped using a Yasargil aneurism clip for
10 s and then either left untreated or wrapped with PEUU or PEUU-
Tac around the injury site and sutured to itself and to the dura mater
to prevent movement (Fig. 5b). In a subset of animals, the sheath was
fenestrated at the injury site to expose the ON before applying the
PEUU-Tac matrix. In these in vivo studies, both the PEUU and PEUU-
Tac sheets remained intact after 14 days, similar to our in vitro degrada-
tion studies, aswell as previous studies using PEUUmatrices in other ro-
dent models (Takanari et al., 2016; D'amore et al., 2016). The PEUU-Tac
matrices were easily removed after 14 days (Fig. 5c) with obvious
growth of new muscular and connective tissues. In these studies, we



Fig. 2. a. Representative RGC images inmedia, EtOH (0.025%) vehicle, and tacrolimus (5 nM). b. Total neurite growthwas greatest at 5 nM, but did not follow a typical dose response curve
in high density cultures over the concentration range tested. However, at concentrations over 5 μM, total neurite growth decreased similarly to viability, reaching zero at 75 μM. The actual
total neurite growth values for the data in graph b are indicated in the table. c–e. In lowdensity cultures, analysis of neurite growth fromnon-contacting RGCs revealed distinct tacrolimus-
dependent changes in neurite growth. For these experiments, we used 5 μM, the highest concentration that supported 100% viability and robust neurite growth. c. At 5 μM, total neurite
growth in media was similar to vehicle at 96%. In contrast, tacrolimus treated neurons had 66% greater total neurite growth compared vehicle. d. Analysis of the longest neurite, the
presumptive axon, showed the longest neurite in media was similar to vehicle at 93%. In contrast, tacrolimus increased axon growth by 45%. e. Branching remained unchanged with or
without tacrolimus. b–e. Error bars represent the SEM. b. n ≥ 150 randomly analyzed neurons from triplicate cultures per experiment for at least 3 experimental repeats. c-d. n ≥ 30
neurons from triplicate wells for each of 3 experimental repeats, totaling ≥90 neurons per condition. *p b 0.05
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did not observe obvious cellular toxicity, necrosis, abnormal growth, nor
inflammation in the ONs, which exhibited typical gross anatomical or-
ganization (Fig. 5d).
3.8. PEUU-Tac Delivered Tacrolimus Trans-durally to the Optic Nerve

Tacrolimus concentrations were analyzed in the blood, the retinas,
and the ONs at 24 h and at 14 days post injury. At 24 h, PEUU-Tac in-
creased tacrolimus in both fenestrated and unfenestrated ONs, but to
significantly different extents (Fig. 6a–b). In fenestrated ONs, PEUU-
Tac increased tacrolimus to approximately 56,000 ± 4319 ng/g. In
these animals, tacrolimus was also detected in the ipsilateral retina
but at a much lower concentration, 1500 ± 898 ng/g, as well as in the
contralateral retina, at 438 ± 31 ng/g, and ON, at 569 ± 64 ng/g
(Fig. 6a). In unfenestrated nerves, PEUU-Tac increased tacrolimus to ap-
proximately 5000 ± 1246 ng/g, approximately 11-fold lower than in
fenestrated ONs. Similarly, tacrolimus also increased tacrolimus in the
ipsilateral retina to 1900 ± 1484 μg/g, which was not significantly dif-
ferent than the ON. Moreover, tacrolimus was also detected in the con-
tralateral retina at 341 ± 44 ng/g and ON at 1700 ± 225 ng/g.
In PEUU-Tac treated ONs, tacrolimus persisted over the 14-day time
point analyzed. Despite the rapid release kinetics measured in vitro, ta-
crolimus remained detectable in PEUU-Tac treated ONs at levels similar
to animals treated with tacrolimus systemically. At 14 days, tacrolimus
was measured at 3300 ± 1151 ng/g in the PEUU-Tac treated ONs and
at 609±144ng/g in the ipsilateral retina. In the contralateral ON, tacro-
limus was measured at 2200 ± 477 ng/g and at 559 ± 100 ng/g in the
contralateral retina. Thus, in the unfenestrated ONs, tacrolimus levels
were increased in the right ON compared to both retinas but not
the contralateral ON. Interestingly, systemic injections of tacrolimus at
2.2 mg/kg/day increased tacrolimus similarly in both ONs and in both
retinas, but at significantly lower levels than their accompanying ON.
Tacrolimus was measured at 2200 ± 304 ng/g in the right ON and at
1700± 175 ng/g in the left ON, and at 530± 44 ng/g in the right retina
and at 618±60 ng/g in the left retina. Interestingly, tacrolimus levels in
both the ONs and in the retinas were similar to the ONs and the retinas
in the PEUU-Tac treated animals at 14 days post implantation
(Fig. 6c–d). Though further study is required, these data suggest
PEUU-Tac applied to one ON delivers tacrolimus trans-durally to
the treated ON and contiguous ocular tissues as effectively as daily
systemic injections.



Fig. 3. Macro- and microscopic PEUU and PEUU-Tac morphologies, tacrolimus release
kinetics, and degradation rates. a. Initial microscopic polymer size and organization in
PEUU and 10 and 20 mg PEUU-Tac matrices. Inset shows typical macroscopic
appearance for all three matrices. b. Microscopic organization in PEUU and 10 or 20 mg
PEUU-Tac after 8 weeks of degradation in PBS. Note the almost complete absence of
identifiable polymers in the PEUU-Tac matrices. c. Both 10 and 20 mg PEUU-Tac
released tacrolimus rapidly and maximally by 24 h yielding concentrations of
approximately 9.5 μg/ml and 23.7 μg/ml respectively. In both the 10 mg and 20 mg
PEUU-Tac matrices, there were detectable changes in tacrolimus concentration. d. Based
on weight and despite tacrolimus released, PEUU and 10 mg and 20 mg PEUU-Tac
degraded similarly by weight in PBS at 37 °C, pH 7.4. All three matrices significantly
decreased in weight between 5 and 8 weeks. a. Scale bar is 5 μm. c–d. n = 3 per
experiment for three experimental repeats. Error bars in c indicate the SEM, and I error
bars in d indicate SD.

Fig. 4. Mechanical properties of PEUU and PEUU-Tac matrices. a. The stress-strain
response is shown for PEUU and 10 and 20 mg PEUU-Tac. b. PEUU and PEUU-Tac
matrices had similar Young's moduli and c. strains at break. d. Compared to PEUU,
10 mg PEUU-Tac had a significantly lower ultimate stress. Data represent triplicates per
experiment for three experimental repeats. Error bars indicate the SD. *p b 0.05.
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3.9. PEUU-Tac Fails to Increase Tacrolimus Blood Levels Significantly

Compared to systemic administration, tacrolimus blood levels in
PEUU-Tac treated animals were significantly lower (Fig. 6e–g). At
24 h, tacrolimus blood concentrations were below detection. At
14 days, tacrolimus was detected at 0.15 ± 0.05 ng/ml, which is
well below typical therapeutic trough levels, which typically range
from 10 to 20 ng/ml. In contrast, systemically administered tacrolimus



Fig. 5. Surgical approach to use PEUU-Tac to treat acute optic nerve (ON) ischemia. a.
Acute ischemia model. To induce acute ischemia, a Yasargil aneurism clip was clamped
on the ON approx. 2 mm behind the globe for 10s. Immediately after injury, a 2 mm
× 5 mm PEUU-Tac matrix was wrapped around the nerve and sutured to itself and to
the nerve sheath. b. In a euthanized animal the ON was completely exposed to more
clearly show how PEUU-Tac was positioned and sutured. c. Over 14 days in vivo, PEUU-
Tac matrices were clearly visible and easily removed. Note, by 14 days the sutures had
dissolved and new connective and muscle tissues were clearly growing around the ON
and under the PEUU-Tac matrix. Arrow indicates the PEUU-Tac matrix. d. Image of a
typical ON after 14 days. In this study, no overt signs of necrosis or inflammation were
observed in any of the animals. Arrow indicates typical ON morphology observed for
both injured and uninjured nerves.
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blood levels were measured at 7 ± 1 ng/ml at 24 h and 28 ± 4 ng/ml
at 14 days, above typical therapeutic trough levels. Thus, despite
similar tacrolimus concentrations in the ONs and in the retinas,
tacrolimus blood levels were significantly reduced in PEUU-Tac
treated animals, suggesting tacrolimus selectively accumulates in
both the retinas and to a greater degree in the ONs irrespective of
the administration route based on the 10 mg PEUU-Tac and systemic
concentrations (2.2 mg/kg/day) used in this study.

3.10. After Acute ON Ischemia, PEUU-Tac Downregulates GFAP Expression

To determine if PEUU-Tac delivers bioactive tacrolimus trans-durally
to glial cells, we analyzed GFAP expression, a marker for astrocyte acti-
vation, at the injury site (Fig. 7). Compared to sham, uninjured nerves,
GFAP expression increased significantly at the injury site in ONs after
acute ischemia, consistent with typical astrocyte GFAP expression, mi-
gration, and proliferation responses to acuteON injury (Fig. 7a–b). Qual-
itatively, increased magnification images showed obvious increases in
GFAP expression at the injury site compared to uninjured nerves. GFAP
was also increased in injured nerves treated with PEUU-Tac wraps or
systemic tacrolimus but to a lesser extent (Fig. 7c–f). Quantitatively,
GFAP expression increased significantly in injured ONs, but not ONs
wrapped in PEUU-Tac or treated systemically with tacrolimus
(Fig. 7g), consistent with previous systemic tacrolimus studies (Fields
et al., 2016).

3.11. After Acute ON Ischemia, PEUU-Tac Increases GAP-43 Expression

To determine if PEUU-Tac delivers bioactive tacrolimus that can pro-
mote RGC axon survival or growth, we asked if PEUU-Tac increased the
expression of the axon growth marker GAP-43 (Fig. 8). Compared to in-
jured nerves, PEUU-Tac increasedGAP-43 expression dramatically along
the length of theON (Fig. 8a–b). Highmagnification images of the injury
site showed qualitatively that both PEUU-Tac and systemic tacrolimus
increased GAP-43 expression compared to injured, untreated nerves
(Fig. 8c–f), consistent with previous studies analyzing the effects of sys-
temic tacrolimus on CNS axons after acute ischemic CNS injury (Madsen
et al., 1998; Rosenstiel et al., 2003). However, quantitatively, PEUU-Tac,
but not systemic tacrolimus, increased GAP-43 expression significantly
in the ON (Fig. 8g). Thoughmore detailed cellular analyses are warrant-
ed, these results demonstrate feasibility by showing that PEUU-Tac can
deliver bioactive tacrolimus trans-durally to the ON to positively effect
cellular markers indicative of a more positive tissue remodeling re-
sponse to injury in the CNS.

4. Discussion

This study shows PEUU-Tac matrices, manufactured by
electrospinning blended PEUUand tacrolimus, can be used to locally de-
liver bioactive tacrolimus trans-durally to CNS tissues without signifi-
cantly raising blood levels. Tacrolimus is a macrolide calcineurin
inhibitor often used as an immunosuppressant after allogeneic organ
transplantation. In solid organ transplantation, life-long systemic tacro-
limus immunosuppression is typically required to prevent rejection. Ta-
crolimus also has desirable neuroprotective and neuroregenerative
properties for treating peripheral nerve or CNS injury and disease. How-
ever, treating nervous system tissues with systemic tacrolimus is com-
plicated by the pharmacokinetic properties of tacrolimus. Tacrolimus
is highly lipophilic and thus accumulates in fatty tissues throughout
the body, including the myelin-based white matter in the CNS. Howev-
er, for reasons not completely understood, higher systemic tacrolimus
concentrations are necessary to effectively increase tacrolimus levels
in CNS tissues. Due to the narrow therapeutic window for tacrolimus,
systemic increases are not feasible since they would likely lead to
toxic secondary exposures and potentially life-threatening side effects
in non-targeted tissues or organs. Fortunately, pre-clinical models of
acute ischemic nervous system injury indicate shorter therapeutic
time windows are more effective in promoting positive CNS tissue re-
modeling, like increased axon growth (Yang et al., 2003; Madsen
et al., 1998; Voda et al., 2005). These shorter therapeutic windows are
in agreementwith earlymodulation of thepro-inflammatory innate im-
mune response and preventing or suppressing injury-induced
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Fig. 6. a–g. Tacrolimus concentrations in the optic nerves (ONs), in the retinas, and in the blood. a. In injured, fenestrated ON at 24 h, PEUU-Tac increased tacrolimus in the PEUU-Tac
wrapped ON significantly to approximately 56,000 ng/g and in the ipsilateral retina to 1501 ng/g, as well as in the contralateral ON (569 ng/g) and retina (438 ng/g). b. In injured,
unfenestrated ON at 24 h, PEUU-Tac increased tacrolimus in the PEUU-Tac wrapped ON to 4914 ng/g and in the ipsilateral retina to 1914 ng/g, as well as in the contralateral ON
(1700 ng/g) and retina (341 ng/g). c. At 14 days, PEUU-Tac tacrolimus in the PEUU-Tac wrapped ON was measured at 3201 ng/g and in the ipsilateral retina at 592 ng/g. Tacrolimus
also remained elevated in the contralateral ON (2219 ng/g) and retina (541 ng/g). d. After systemic administration, tacrolimus was elevated in both ONs and retinas. The tacrolimus
levels in the left ON was 1671 ng/g and 619 ng/g in the left retina similar to tacrolimus in the right ON measured at 2238 ng/g and retina measured at 530 ng/g. e. At 24 h, tacrolimus
was undetectable in the blood in PEUU-Tac treated animals, whereas tacrolimus in systemically treated animals was significantly higher at 7 (±1) ng/ml. At 14 days, tacrolimus
increased to 0.15 ± 0.05 ng/ml in PEUU-Tac treated animals. In contrast, tacrolimus increased to 28 ± 4 ng/ml in systemically treated animals. N = 5 animals per group. Significance
was determined by one-way ANOVA with Posthoc Tukey's test between groups. *p b 0.05.
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microglial and astrocyte activation (Wakita et al., 1998), which can in-
crease CNS neuron survival (Liddelow et al., 2017) and decrease cellular
and ECM remodeling preceding scar tissue formation (van der Merwe
and Steketee, 2016). Modulating the early innate immune response
has been shown to be a critical factor in vertebrates that can functionally
regenerate CNS tissues (Godwin et al., 2013). Thus, the PEUU-Tacmatrix
reported heremay fill a clinical need by providing a platform combining
two FDA approved materials, into a tunable platform that can be se-
cured in place to effectively deliver tacrolimus trans-durally to CNS
tissues. Moreover, PEUU can be easily tuned with additional genetic
and biochemical reagents tailored to the nature and the scope of the
injury.

PEUU-Tac has desirable mechanical and biocompatible properties
for treating CNS tissues. Like PEUU (Stankus et al., 2004), PEUU-Tac is
a flexible, biodegradable polymeric matrix that can be easily cut,
shaped, and sutured to the dura mater withmechanical and degrada-
tion properties that can be easily tuned to match the tissue of inter-
est. In this study, PEUU-Tac's mechanical properties closely matched



Fig. 7. PEUU-Tac decreases GFAP expression at the injury site. a. Representative full length
optic nerves (ONs) showing GFAP expression at 14 days in a. a sham and b. in an injured
ON after acute ischemia. c–f. Qualitatively, GFAP expression (green) is shown approx.
2 mm (*) behind the globe in c. an uninjured sham, d. an injured, untreated ON, e. an
injured PEUU-Tac wrapped ON, and f. an injured animal treated with systemic
tacrolimus (Systemic Tac). g. Quantitatively, GFAP expression increased significantly in
injured ONs but not in ONs treated by PEUU-Tac or systemic tacrolimus. n ≥ 4 per
condition at 14 days. Error bars represent the SEM. Significance was determined by one-
way ANOVA with Post-hoc Tukey's test between groups. *p b 0.05.

Fig. 8. PEUU-Tac increases GAP-43 expression. a. Representative full length optic nerves
(ONs) showing GAP-43 expression at 14 days in a. an injured nerve and b. an injured
nerve treated with PEUU-Tac c–f. Qualitatively, GAP-43 expression (green) is shown
approx. 2 mm (*) behind the globe in c. an uninjured sham ON, d. an injured untreated
ON, e. an injured PEUU-Tac wrapped ON, and f. an injured nerve treated systemically
with tacrolimus (Systemic Tac). g. Quantitatively, GAP-43 expression increased
significantly in PEUU-Tac treated ONs. n ≥ 4 per condition at 14 days. Error bars
represent the SEM. Significance was determined by one-way ANOVA with Post-hoc
Tukey's test between groups. *p b 0.05.
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the biomechanical properties of the dura mater surrounding the CNS
in both rodents and in humans. Matching biomechanics is necessary
to effectively sustain physiologically applied mechanical forces
(Griffin et al., 2016). In fact, PEUU was chosen specifically for this
reason since PEUU polymers can be easily tuned to match the biome-
chanical properties of different tissues of interest (Stankus et al.,
2004; Hong et al., 2011). In this study, PEUU-Tac matrices had break-
ing strains around 200% and tensile strengths around 6 MPa. In rat,
the tensile strength for rat dura mater is generally reported to be
under 3 MPA with breaking strains around 140% (Maikos et al.,
2008; Fiford and Bilston, 2005) and, similarly, tensile strengths for
human dura mater have been reported to be approximately
1–5 MPa with breaking strains considerably lower than PEUU (van
Noort et al., 1981; Bilston and Thibault, 1996; Raykin et al., 2017).
Thus, the PEUU-Tac matrices appear to be a good match biomechan-
ically for trans-dural drug delivery to CNS tissues.
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In vitro, PEUU-Tac released tacrolimus rapidly, approx. 85% was re-
leased within 24 h, resulting in a local concentration of 9.53 μg/ml or
11.3 μM for the 10 mg PEUU-Tac used in in vivo studies. After acute
ON ischemia in rat, an ophthalmic surgeon surgically inserted PEUU-
Tac through a narrow, almost bloodless conjunctival plane, wrapped
the PEUU-Tac around the ON at the injury site by looping a suture con-
nected to the wrap around the ON. The PEUU matrix was then sutured
both to itself and to the dura to prevent movement. Like PEUU, PEUU-
Tac exhibited good tolerance in vivo and possessed good suture reten-
tion. Obvious cellular toxicity, necrosis, abnormal growth, or inflamma-
tion were unobserved. After 2 weeks in vivo, PEUU-Tac matrices
appeared intact and were easily removed, suggesting that if necessary,
the matrices could have been removed earlier since tacrolimus release
from PEUU-Tac was essentially complete within 24 h. Moreover, PEUU
matrices could be replaced if neededwith the sameor differentmatrices
to treat different phases of the default healing response in the CNS
(Fitzgerald et al., 2010). Finally, the ability of a trained surgeon to per-
form this procedure in a rodent model is encouraging for treating ONs
in humans, which provide easier access and greater exposure, but also
for treating spinal cord, brain, and peripheral nerve injuries where bio-
mechanical tissue compliance during flexion and/or suturing are
desired.

PEUU-Tac delivered tacrolimus to ONs trans-durally without signif-
icantly increasing blood levels. In fenestrated ONs, tacrolimus increased
to 56,000 ng/g, or approximately 70 μM, well above the toxicity limit
(LD50 = 24 μM) measured for primary RGCs in vitro and above levels
considered safe clinically which are typically in the low ng/g range. In
unfenestrated nerves, PEUU-Tac also successfully increased tacrolimus
but to levels 10-fold lower at 5000 ng/g or approximately 6 μM within
24 h. In PEUU-Tac treated ONs, tacrolimus remained detectable at
14 days, at around 3200 ng/g or 3.8 μM,which is still well above clinical-
ly accepted levels. Moreover, these concentrations are several hundred
fold higher than blood trough concentrations (N10–30 ng/ml or
10–30 nM) shown to be neurotoxic in the CNS (Toledo Perdomo et al.,
2012; Bechstein, 2000) and in the PNS (Arnold et al., 2013). Tacrolimus
was also detected in the contralateral ON (2200 ng/g, 2.6 μM) and at
lower levels in both the ipsilateral (591 ng/g, 0.7 μM) and contralateral
(541 ng/g, 0.66 μM) retinas, indicating contiguous ocular tissues also
absorbed tacrolimus. However, despite high ON levels and detection
in other ocular tissues, tacrolimus was undetectable in the blood at
24 h and minimally detected at 0.15 ± 0.05 ng/ml after 14 days com-
pared to systemic tacrolimus blood levels measured at 27.66 ±
3.53 ng/ml after 14 days. These results indicate PEUU-Tac can deliver ta-
crolimus trans-durally to CNS tissues, However, the initial tacrolimus
concentration measured in this study are too high, requiring either
lower initial tacrolimus concentrations in the PEUU-Tac matrix and/or
slower release kinetics, both properties that are easily modified and ex-
pected to further reduce absorption by adjacent ocular tissues and by
the blood. Using data from this study and physiologically based pharma-
cokinetics, studies are ongoing to determine the appropriate tacrolimus
loading concentrations and release kinetics fromPEUU-Tac tomaximize
the cellular responses to acute ischemic injury and to minimize
neurotoxicity.

After acute ON ischemia, PEUU-Tac positively modulated typical
markers of the default healing response in CNS tissues. After ON inju-
ry, injured RGC axons typically degenerate (Benowitz et al., 2017)
and astrocytes, among other immune and glial cells, proliferate and
migrate to the injury site, locally increasing GFAP expression and
contributing to scar tissue formation (Silver and Miller, 2004). In
PEUU-Tac wrapped nerves, GFAP expression increased but to signifi-
cantly lower levels at the injury site than in untreated, injured ONs.
Moreover, in PEUU-Tac treated nerves GAP-43 expression increased
along the length of the ON, similar to observations after systemic ta-
crolimus delivery (Madsen et al., 1998; Rosenstiel et al., 2003).
Though additional cellular and functional studies are required,
these initial data show that, despite the high tacrolimus ON
concentrations measured, PEUU-Tac delivers bioactive tacrolimus
trans-durally that is sufficient to decrease GFAP expression and pre-
sumably astrogliosis, while increasing GAP-43 expression and pre-
sumably RGC axon growth. Once tacrolimus loading and/or release
kinetics are optimized for the PEUU-Tac matrices, future studies
will include functional studies to correlate axon growth and de-
creased astrocyte activation with neuronal signaling and visual
function.

Though these initial studies demonstrate feasibility, several caveats
need to be addressed for optimizing PEUU-Tac for functional studies.
FKBPs are enriched in CNS tissues (Lyson et al., 1993) and tacrolimus
is highly lipophilic, suggesting tacrolimus may selectively accumulate
in CNS tissues with high myelin content, like the ON. Though oligoden-
drocytesmay not express FKBP (Kato et al., 2000), tacrolimus influences
myelination (Gold et al., 2004) and oligodendrocyte survival in vitro
(Craighead et al., 1999; Nottingham et al., 2002). Second, different
FKBP receptors are differentially expressed by CNS neurons like RGCs
(Freeman andGrosskreutz, 2000) andmany glial cells, resulting in vary-
ing regulation of different signaling pathways involved in cell cycle con-
trol (Aghdasi et al., 2001), neuronal motility (Ahearn et al., 2011), and
apoptosis (Anghel et al., 2013), highlighting the importance of analyz-
ing the inter- and intracellular effects of tacrolimus within CNS cellular
populations. Third, tacrolimus has also been shown to effect blood brain
barrier integrity and function (Anghel et al., 2013) and thus may differ-
entially regulate absorption, particularly at local delivery siteswhere ta-
crolimus concentrations are high. Regulating tacrolimus tissue and
blood levels is critical due to the narrow therapeutic index, tissue ab-
sorption variability, and pharmokinetic variability, (Jacobson et al.,
2001) and thus is further complicated by the number of cellular targets
and compartmentalization. Hence, bioavailability of tacrolimus differs
across cellular populations. Whether the measured tacrolimus concen-
tration in the ON in this study accurately reflects tacrolimus bioavail-
ability is unknown, but this information is required to properly tune
PEUU-Tac matrices for dosing. Clinically, tacrolimus doses are based
on whole blood trough levels, which poorly predict tissue levels; even
within the therapeutic range, toxicity may occur (Sikma et al., 2015).
Furthermore, physiology, age, and concurrent medications can alter ta-
crolimus levels and biological activity (Diehl et al., 2017). Thus, tacroli-
mus tissue concentrations at target sites may better predict outcomes
(Noll et al., 2013), highlighting the need to optimize tacrolimus delivery
time and concentration indices for CNS tissues specifically prior to
conducting functional studies.
5. Conclusion

Injury to CNS tissues like the ON often leads to a pro-inflammatory
innate immune response, negative tissue remodeling to form scar tis-
sue, and axon degeneration that leads to permanently lost neurological
function. The PEUU-Tacmatrix proposed here utilizes cost effectivema-
terials alreadyused in FDA approved products. Thesematerials are read-
ily available, do not produce adverse immune responses when used
correctly, and are highly translatable clinically. The combination of the
two materials provides a device capable of being tailored to a patient's
specific injury, increasing the probability of a positive outcome. Clin-
ically, tacrolimus has a narrow therapeutic index and high inter- and
intra-individual pharmacokinetic variability, necessitating thera-
peutic drug monitoring to individualize dosage. The sustained
detection of tacrolimus in the ON and positive effects on tissue
remodeling indicate that a single PEUU-Tac application may be
sufficient to treat ON injury where systemic administration requires
frequent injections to maintain the same tacrolimus levels. Thus,
PEUU-Tac could greatly reduce issues with patient compliance/ad-
herence to the treatment and decrease the chances of unwanted,
potentially life-threatening side-effects (Bottiger et al., 1999;
Randhawa et al., 1997; Mayer et al., 1997).
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