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PURPOSE. To determine whether immunomodulation with cy-
closporine (CsA) affects reinnervation after surgical transection
of stromal nerves.

METHODS. Thy1-YFP� neurofluorescent mice underwent la-
mellar corneal surgery and 3 days later, received artificial
tears or CsA eye drops for 6 weeks. Serial in vivo wide-field
stereofluorescent microscopy was performed to determine
changes in nerve fiber density (NFD). Real-time quantitative
PCR was performed to determine the expression of neu-
rotrophins and cytokines (IL6 and TNF-�). Compartmental
culture of trigeminal ganglion neurons was performed in
Campenot devices to determine whether CsA directly affects
neurite outgrowth.

RESULTS. Yellow fluorescent protein (YFP)–positive cells signif-
icantly increased at 3 and 7 days after surgery. The number of
YFP-positive cells in the cornea was significantly lower in the
CsA group than that in the control group. The percentage
increase in NFD between 2 to 6 weeks was greater in the
control group (80% � 10%, P � 0.05) than that in the CsA
group (39% � 21%). The CsA group also exhibited lower
expression of IL6 and TNF-� (P � 0.01). In compartmental
culture experiments, neurite outgrowth toward side compart-
ments containing CsA was significantly less (2.29 � 0.4 mm,
P � 0.01) than that toward side compartments containing
vehicle (3.97 � 0.71 mm).

CONCLUSIONS. Immunomodulation with CsA reduces the expres-
sion of cytokines (IL6) in the cornea and retards regenerative
sprouting from transected corneal stromal nerve trunks. In
addition, CsA has a direct growth inhibitory action on neurites
as well. (Invest Ophthalmol Vis Sci. 2012;53:732–740) DOI:
10.1167/iovs.11-8445

Neurotrophins, regeneration-associated genes, and the
presence of inflammation are factors demonstrated to

affect regeneration of injured nerves.1–3 The emerging view
regarding inflammation is that it may not be deleterious to
regenerating nerves. Rather, it may have beneficial effects that
preserve injured neurons and promote regeneration. In the

literature, contrasting results have been reported regarding the
neuroprotective effect of inflammation.4,5 Schwartz et al.6 re-
ported that T-lymphocytes are neuroprotective after spinal
cord crush injury, whereas Jones et al.7 reported that T cells
exacerbate neuropathology after spinal cord injury. In the skin,
evidence suggests that inflammatory conditions are associated
with increased nerve innervation.8

In the cornea, specific cellular and molecular factors control
inflammation, promote resolution, and afford neuroprotec-
tion.9 The cornea is densely innervated with nerves that ter-
minate as free nerve endings. Although inflammation forms the
pathophysiologic basis of many corneal disorders, the connec-
tion between corneal inflammation and nerve regeneration is
largely unknown. Whether the inflammatory response is ben-
eficial or detrimental to the corneal nerves, especially regen-
erating ones, is unclear. Data published so far have been
conflicting with regard to corneal nerve density in eyes with
underlying inflammation such as that seen in dry eye disease.
Zhang et al.10 observed increased subbasal nerve counts in
patients with dry eye and tear deficiency, whereas decreased
nerve counts were noted by Benítez-del-Castillo et al.11,12 and
Villani et al.13 Tuisku et al.14 and Tuominen et al.15 reported
that, in patients with Sjögren syndrome, the corneal subbasal
nerve exhibits abnormal nerve growth cone-like patterns and
nerve sprouting, features suggestive of nerve regeneration.
Various mechanisms have been proposed to explain the ben-
eficial effect of inflammation on corneal nerve regeneration.
Infiltrating T cells, neutrophils, and platelets promote nerve
regeneration.16 Inflammatory cytokines in the tears have also
been reported to promote nerve regeneration.17–19

Here, we investigated whether immunomodulation with
cyclosporine (CsA), an anti-inflammatory drug, affects reinner-
vation after transection of corneal stromal nerves. Lamellar
corneal surgery was performed in thy1-YFP� mice, which
express yellow fluorescent protein (YFP) under the direction
of the promoter thy1, which is not only a pan T-cell marker in
mice but also a neuronal marker.20,21 Therefore, thy1-YFP�
mice allow for simultaneous visualization of inflammatory cells
and nerve fibers. To complement these in vivo studies, we
performed compartmental culture of trigeminal ganglion cells
to determine whether CsA has a direct effect on axonal growth
in addition to its immunomodulatory actions.

METHODS

Animals

All animals were managed and experiments were conducted according
to the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. The animal protocol was approved by the Animal
Care Committee of the University of Illinois at Chicago. Neurofluores-
cent homozygous adult mice (6–8 weeks old) of the thy1-YFP line
were purchased from a commercial supplier (Jackson Laboratories, Bar
Harbor, ME). For in vivo experiments, mice were anesthetized with
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intraperitoneal injections of ketamine (20 mg/kg; Phoenix Scientific,
St. Joseph, MO) and xylazine (6 mg/kg; Phoenix Scientific). For termi-
nal experiments, mice were euthanized according to the animal care
committee protocol. Animals were excluded from the study and eu-
thanized if, at any point, they developed corneal neovascularization or
opacity.

Animal Surgery

Surgery was performed on the left eye of each animal. The central
cornea was marked with a 2-mm-diameter disposable trephine (Vi-
siPunch; Huot Instruments, Menomonee Falls, WI). A partial-thickness
incision, 0.2 mm in length, was made perpendicular to the corneal
surface and tangential to the circular trephine mark using a 15°,
5.0-mm standard angle knife (iKnife model 8065401501; Alcon, Fort
Worth, TX). The peripheral lip of the corneal incision was depressed
to penetrate the stroma centripetally, creating a corneal pocket. A
1.0-mm paracentesis knife (ClearCut Sideport model 8065921540; Al-
con) was used to expand the corneal pocket to the 2-mm-diameter
trephine mark. Next, a 45°, 1.75-mm subretinal spatula (Grieshaber
UltraSharp model 682.11; Alcon) was used to enter the corneal pocket,
incise it from within, and exit out at the 2-mm-diameter trephine mark.
Micro spring-open scissors (Vannas) were then used to extend the
circumferential incision along the trephine mark. At three points (each
approximately 0.5 clock hours), the corneal pocket was left unincised.
This formed three hinges that allowed the flap to remain attached to
the cornea in the absence of sutures. Animals received antibiotic
ointment in the eye and underwent suture tarsorrhaphy, which was
opened after 3 days. Brightfield images were taken to ensure corneal
clarity over the course of the study.

Lamellar corneal flap surgery was performed in 18 mice. Animals
were subsequently divided randomly into treatment and control
groups (9 mice per group). One mouse was excluded from each group
because of corneal scarring (n � 1) or neovascularization (n � 1).
Starting 3 days after surgery, animals received 7 �L of 0.05% CsA eye
drops (Restasis; Allergan, Irvine, CA) or artificial tears (Optive; Aller-
gan) twice daily for 6 weeks. Serial in vivo nerve imaging was per-
formed at baseline and at 2-week intervals for 6 weeks.

In Vivo Stereofluorescent Microscopic Imaging

Serial imaging was performed using a fluorescence stereomicroscope
(StereoLumar V.12; Carl Zeiss Microscopy, Thornwood, NY) equipped
with a digital camera (AxioCam MRm; Carl Zeiss) and software (Axio-
vision 4.0). An anesthetized mouse was placed on the stereoscope
stage, after which 7 �L of proparacaine (0.5%; Bausch & Lomb, Tampa,
FL) was applied for 3 minutes and the pupil was constricted with
0.01% carbamylcholine (Carbachol, Miostat; Alcon) for 5 minutes.
Z-stack images were obtained at 5-�m intervals and compacted into
one maximum intensity projection (MIP) image after alignment (Zeiss
Axiovision software). Nerve fibers were traced manually using neuron
reconstruction, 3D mapping software (Neurolucida; MBF Bioscience,
Williston, VT). For time course studies, corresponding points on the
images from different time points were selected to make a contour,
and nerve tracing was performed within the contour area. A neuro-
physiologic data analysis software package (NeuroExplorer; Nex Tech-
nologies, Littleton, MA) was used to measure the total length of fibers
and the area of the contour in which nerves had been traced. Corneal
nerve fiber density (NFD) was calculated by dividing the total length of
nerve fibers (mm) with the area of the contour (mm2) as described by
Al-Aqaba et al.22

Corneal Whole-Mount Immunostaining

Excised corneas were processed for whole-mount immunofluores-
cence staining. Corneas were fixed in 4% paraformaldehyde overnight
at 4°C, and washed four times with PBS (for 15 minutes each). Corneas
were then permeabilized and blocked overnight at 4°C in 1% Triton
X-100, 1% bovine serum albumin, and 10% normal donkey serum in
PBS. The corneas were incubated in primary antibody diluted in the

blocking solution (1:100) for 48 hours at 4°C, washed four times in PBS
(for 15 minutes each), and incubated with secondary antibody diluted
in the blocking solution (1:350) overnight at 4°C. Corneas were further
washed and mounted in mounting medium on glass slides. Primary
antibody was purified hamster anti-mouse �� T-cell receptor (cat.
#553175; BD Pharmingen, San Diego, CA). The specificity of this
antibody has been established in murine tissue.16 Secondary antibody
was commercial conjugated donkey anti-hamster IgG (Dylight 594
AffiniPure; Jackson ImmunoResearch, West Grove, PA), which was
chosen to ensure nonoverlap with the YFP wavelength and to mini-
mize false-positive staining. The nuclei were stained with 4�,6�-di-
amidino-2-phenylindole (DAPI). Primary antibody was omitted for neg-
ative control. Z-stack images of corneal whole-mounts were obtained
using a confocal microscope (LSM 510 META; Carl Zeiss GmbH, Ham-
burg, Germany).

Isolation, Culture, and Immunostaining of
Corneal Stromal Cells

Murine corneal stromal cells were isolated using modified three se-
quential collagenase digestions as previously described.23 The isolated
cells were then cultured in keratocyte, fibroblast, or myofibroblast
induction media. Keratocytes were cultured using Dulbecco’s modi-
fied Eagle’s medium nutrient mixture F12 (DMEM/F12) without serum.
Fibroblasts were cultured in media with 10 ng/mL recombinant human
fibroblast growth factor basic (R&D Systems, Minneapolis, MN). Myo-
fibroblasts were cultured in media with 10 ng/mL recombinant human
TGF-�1 (R&D Systems). Immunostaining was performed as described
earlier. Primary antibody was polyclonal rabbit anti–�-smooth muscle
actin antibody (cat. #29553; AnaSpec, Fremont, CA). Secondary anti-
body was conjugated donkey anti-rabbit IgG (Dylight 594, AffiniPure;
Jackson ImmunoResearch), as used earlier. The nuclei were stained
with DAPI. Primary antibody was omitted for negative control.

Real-Time Quantitative PCR

At 6 weeks, corneas were harvested and expressions of neurotrophins
and inflammatory cytokines were analyzed by real-time quantitative
PCR (qPCR). At 6 days (1 day after exposure to CsA), cultured trigem-
inal neurons were harvested and the gene expression changes due to
CsA exposure were analyzed by qPCR. PCR was performed using
primers for nerve growth factor (NGF; cat. #PPM03596B; SABiosci-
ences, Frederick, MD), brain-derived neurotrophic factor (BDNF; cat.
#PPM03006B), neurotrophin 3 (NT3; cat. #PPM04325A), neurotrophin
5 (NT5; cat. #PPM04324A), glial cell line–derived neurotrophic factor
(GDNF; cat. #PPM04315E), interleukin-6 (IL6, cat. #PM03015A), tumor
necrosis factor-� (TNF-�; cat. #PPM03113F), FBJ osteosarcoma onco-
gene (FOS; cat. #PPM02940B), nuclear factor of activated T cells,
cytoplasmic, calcineurin-dependent 1 (NFATC1; cat. #PPM04560F),
mitogen-activated protein kinase 14 (MAPK14; cat. #PPM03578A), and
growth-associated protein 43 (GAP43; cat. #PPM03303A). The central
cornea was marked with a trephine, incised with scissors, and placed
directly in a commercial ready-to-use reagent (TRIzol; Invitrogen, Carls-
bad, CA) for RNA extraction, which was conducted according to the
manufacturer’s protocol. Reverse transcription was performed with 50
ng total RNA using a commercial kit (RT2 First Strand cDNA Synthesis
Kit; SABiosciences). The resulting cDNA was preamplified using a
commercial package (RT2 Nano PreAMP Kit; SABiosciences) according
to the manufacturer’s instructions (12 cycles of 95°C for 15 seconds
and one cycle of 60°C for 2 minutes). Real-time qPCR was performed
with a nucleic acid cyanine stain (SYBR) using a real-time instrument
(7900HT ABI). Samples were assayed in triplicate in a total volume of
25 �L using thermal cycling conditions of 10 minutes at 95°C followed
by 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds. A mouse
genomic DNA contamination control was used to confirm that DNA
contamination did not occur in reagents used for amplification. For
data analysis, the cycle threshold (CT) of each gene for the CsA-treated
eye was normalized to the corresponding value for the artificial-tear–
treated eye and then used to calculate the fold change with the 2���CT
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method. For trigeminal cultures, the CTs for each gene in the CsA-
exposed neurons were normalized to the corresponding value for
freshly dissociated trigeminal neurons (control) and then used to cal-
culate the fold change.

Trigeminal Ganglion Cell Culture

Trigeminal ganglia neurons were isolated from 10-day-old thy1-YFP
pups and cultured as described by Malin et al.24 Compartmental cul-
ture devices were assembled using a commercial divider (Teflon,
modified CAMP3NS; Tyler Research Corp., Edmonton, Alberta, Can-
ada) as described previously.25,26 Tracks were etched onto collagen-
coated culture dishes to direct the neurite growth. On day 1, trigeminal
neuronal cells (1 � 103) were plated in the central compartment and
maintained in F12 media containing 10% fetal calf serum (FCS; Invit-
rogen), penicillin–streptomycin (Invitrogen), and NGF (10 �g/mL;
Biomedical Technologies, Stoughton, MA). The side compartments
were filled with a mixture that was identical, except that it also
contained cytosine arabinoside (AraC, 0.3 �M; Sigma, St. Louis, MO) to
inhibit the growth of glial cells.27 On day 3, fresh media was added,
with the media mixtures in the central and side compartments being
reversed.

CsA Treatment of Trigeminal Ganglion Cultures

Cultures were treated with 5 �g/mL CsA (Sigma) or vehicle (PBS) on
day 5. The central compartment was filled with F12 media containing
10% FCS, penicillin–streptomycin, NGF (10 �g/mL), and AraC (0.3
�M), whereas the side compartments were filled with a mixture that
was identical, except that it lacked AraC and contained CsA (5 �g/mL).
Cultures were incubated for 24 hours. The media in all compartments
was then replaced with F12 supplemented with NGF (10 �g/mL), and
cells were cultured for an additional 24 hours. Therefore, neurites
were exposed to CsA or vehicle for 24 hours, and the total time of
neurite growth after intervention was 48 hours. The CsA concentration
was selected based on studies by Gortzak et al.27 and Chen et al.28

Images of neurite outgrowth along tracks were acquired on day 5 and
48 hours after treatment (on day 7). All images were analyzed using
neuron reconstruction, 3D mapping software (Neurolucida; MBF Bio-
science), as used earlier.

Analysis of Neurite Outgrowth in Trigeminal
Ganglion Cultures

After 3 days of culture, neurites extended from cell bodies in the
central compartment and crossed the divider (Teflon) to reach the
tracks in the side compartment. Tracks in which neurite extended
�750 �m beyond the divider barrier were selected a priori on day 5,
before any interventions. Only these tracks with robust neurite growth
were included in the analysis. Nerve fiber length (NFL) was measured
in each track using commercial neuron reconstruction software
(AutoNeuron; MBF Bioscience). NFL was calculated on day 5 (before
vehicle or CsA treatment) and on day 7 (after vehicle or CsA treat-
ment). The increase in NFL between days 5 and 7 was determined. In
vitro experiments were terminated on day 7. After removal of the
media, the contents of the central and side compartments were col-
lected in a commercial ready-to-use reagent (TRIzol) and processed for
PCR.

Statistical Analysis

Statistical analyses were performed using a commercial data analysis
spreadsheet software (Microsoft Excel). Student’s t-test was used to
compare mean values between groups. Differences were considered
significant when P 	 0.05.

RESULTS

Inflammatory Cell Influx after Lamellar
Corneal Surgery

After lamellar corneal surgery, we observed an influx of YFP-
positive cells in the cornea of thy1-YFP� mice (Figs. 1B1–B3).
Analysis of MIP images captured with a wide-field stereofluo-
rescence microscope showed that the number of YFP-positive
cells in the cornea was greater at postoperative day 3 (271 �
71, P � 0.006) and day 7 (61 � 25, P � 0.03) than before the
operation (4.0 � 0.8) (Fig. 1C). The YFP-positive cells de-
creased significantly between postoperative day 3 and day 7
(P � 0.004). The influx of YFP� cells thus peaked at day 3 and
regressed thereafter. Confocal microscopy revealed that the
thy1-YFP� cells (thy1 is a pan T-cell marker in mice20) were
approximately 12 �m in size (Fig. 1D1) with a large nucleus
(Fig. 1D2) characteristic of bone marrow–derived cells of lym-
phoid lineage.

Using three-dimensional reconstruction of confocal micro-
scopic images, we found that the YFP-positive cells were pres-
ent in the anterior stroma of the peripheral cornea just outside
the flap margin (Fig. 2A1) as well as in the anterior and
posterior stroma of the central corneal over the flap (Fig. 2A2).
The location of the posterior stromal YFP� cells approximated
the corneal flap/bed interface. The stained YFP� cells (��
T-cell receptor antibody) (Figs. 2B1–B4), confirming that the
YFP� cells are of T-cell lineage. The DAPI-stained corneal
stromal cells surrounding the YFP� nerves and T cells did not
show fluorescence. Cultured activated keratocytes (fibroblasts
and myofibroblasts) also did not show YFP fluorescence. Fibro-
blasts (Figs. 2C1, C2) showed less �-smooth muscle actin
staining compared with myofibroblasts (Figs. 2D1, D2), but
both were not YFP fluorescent.

Effect of CsA Immunomodulation on In Vivo
Nerve Regeneration

To understand whether CsA immunomodulation affects nerve
regeneration, we measured NFD in thy1-YFP� mice that had
undergone lamellar corneal surgery and had been treated with
either CsA or artificial tears (control) for 6 weeks. Serial in vivo
fluorescence imaging was performed and MIP images were
analyzed to calculate the NFD of corneas (Figs. 3A1–A4 and
B1–B4). In the control group, the NFD increased from 13.4 �
1.4 mm/mm2 at 2 weeks to 23.7 � 2.2 mm/mm2 at 6 weeks. In
the CsA group, the NFD was 12.5 � 1.6 mm/mm2 at 2 weeks
and 15.8 � 1.2 mm/mm2 at 6 weeks. The change in NFD
between weeks 2 and 6 was normalized to the 2-week NFD to
calculate the percentage increase in NFD. This percentage
increase was significantly greater in the control group (80% �
10%, P � 0.05) than that in the CsA group (39% � 21%) (Fig.
3C). Consistent with these findings, the number of YFP-posi-
tive cells in the cornea was lower in the CsA group than that in
the control group at 2 weeks (2.1 � 0.7 vs. 5.1 � 1.3), 4 weeks
(1.8 � 0.4 vs. 5.4 � 1.5), and 6 weeks (2.1 � 0.6 vs. 5.9 � 1.9)
(P 	 0.05) (Fig. 3D).

At 6 weeks, corneas were excised, pooled, and processed
for PCR analysis of neurotrophins and inflammatory cytokines.
Expression of NGF, BDNF, GDNF, and NT3 did not significantly
differ between the two groups (Fig. 3E). However, NT5 ex-
pression was lower in the CsA group than that in the control
group (P � 0.03) (Fig. 3E). The CsA group also exhibited
markedly lower levels of the inflammatory cytokines, IL6 and
TNF-� (P � 0.01) (Fig. 3F).
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Effect of CsA Immunomodulation on In Vitro
Nerve Regeneration

To investigate whether CsA has direct neuronal actions, we
performed compartmental culture of dissociated trigeminal
ganglion neurons and analyzed neurite outgrowth toward the
side compartment containing 5 �g/mL of CsA. We found that
the neurite outgrowth (nerve fiber length/track) over a 48-hour
period (between days 5 to 7) was less in the CsA group (0.04 �
0.1 mm, P 	 0.001) than that in the vehicle group (1.6 � 0.3)
(Fig. 4E). NFL at day 7 was significantly lower in the CsA group
(2.29 � 0.4 mm, P � 0.01) compared with the vehicle group
(3.97 � 0.71 mm), although at day 5 the NFL was similar
between the two groups. At day 7, the axons from the side

compartment and the cell bodies from the central compart-
ment were pooled and processed for PCR analysis of NGF,
BDNF, GDNF, NT3, and NT5. Of these neurotrophins, only
BDNF and NT5 differed between groups (Fig. 4F). Expression
of both these factors was lower in the CsA group than that in
the control group (P � 0.01 for BDNF and P � 0.03 for NT5).

To determine whether the effects seen on the neuronal
growth and gene expression are due to the specific effects of
CsA and not cytotoxicity, we analyzed the expression of
NFATC1,29 MAPK14 (P38),30,31 and FOS32,33 in cultured CsA-
exposed neurons and dissociated trigeminal neurons (Fig. 4G).
These genes are specific to CsA mechanism of action.29–33

Additionally, we analyzed the expression of GAP43, a proto-

FIGURE 1. Inflammatory cell influx after lamellar corneal surgery. (A1–A3) Color images of a cornea before surgery (A1), immediately after surgery
(A2; arrows point to flap hinges), and 1 week after surgery showing uncomplicated healing (A3). (B1–B3) In vivo maximum intensity projection
image of fluorescent nerves and inflammatory cells in thy1-YFP mouse cornea before surgery (B1), 3 days after surgery (B2), and 1 week after
surgery (B3). Black scale bar, 500 �m. Arrowheads point to YFP-positive inflammatory cells. (C) Quantification of YFP-positive cells, which peaked
at day 3. *P 	 0.05. (D) Confocal microscope image of thy1-YFP� cells (thy1 is a pan T-cell marker in mice20). The nucleus is stained blue with
DAPI. The YFP� cells are approximately 12 �m in size (D1), with a large nucleus (D2) characteristic of bone marrow–derived cells of lymphoid
lineage. White scale bar, 10 �m.
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type regeneration-associated gene.34 CsA exposure signifi-
cantly decreased the expression of NFATC1 and MAPK14 (P38)
but significantly increased the expression of FOS (c-fos) and
GAP43 (P 	 0.05).

DISCUSSION

This study yielded four findings. (1) Lamellar corneal surgery
induces a significant influx of inflammatory cells that peaks at
postoperative day 3 and regresses thereafter. These inflamma-
tory cells include YFP� �� T cells that have been previously
reported to promote corneal nerve regeneration after epithelial
wounds.16 (2) CsA immunomodulation reduces corneal inflam-
mation, as evidenced by significantly fewer YFP-positive cells
and significantly reduced expression of IL6. (3) Use of 0.05%
CsA twice daily for 6 weeks significantly retards regeneration
of transected nerves. (4) In compartmental cultures of dissoci-
ated trigeminal neurons, CsA (5 �g/mL, 24 hours) significantly
impedes axonal growth, suggesting that in addition to immu-
nomodulatory actions, CsA directly affects neurite growth.
Together, these in vivo and in vitro findings suggest that cor-

neal inflammation normally accompanying nerve regeneration
facilitates axonal growth. In the current investigation, a long
duration (6 weeks) of CsA immunomodulation did not pro-
mote nerve regeneration. The study was terminated at 6 weeks
because, in thy1-YFP� mice, corneal nerve regeneration peaks
between 4 and 6 weeks after nerve transection surgery, with
no significant increase in nerve density occurring after 6
weeks.35 Since we did not investigate whether blunting only
the initial rapid influx of cells in the cornea is beneficial or
detrimental to regenerating nerves, additional investigations
are needed to clarify whether short-duration immunomodula-
tion therapy is beneficial (limited to the first 1 to 2 weeks after
surgery). Our goal in this study was to determine the neuronal
effect of modulating inflammation that accompanies uncompli-
cated healing. For this reason, we excluded corneas that de-
veloped scar or vascularization as a result of infection or post-
operative trauma. Our data should not be extrapolated to nerve
regeneration in the setting of corneal healing complicated by
excessive inflammation.

Li et al.16 recently reported that nerve regeneration is
positively influenced by the inflammatory process after cor-

FIGURE 2. YFP fluorescent inflammatory cells in the cornea. (A1, A2) Three-dimensional reconstructed images of a thy1-YFP whole-mount cornea
showing YFP� nerves and cells (green) and DAPI-stained nuclei of epithelial and stromal cells (blue). The arrow points toward a stromal nerve
and the arrowhead toward a YFP fluorescent inflammatory cell. In A2, the flap interface is shown in the black dotted line. Confocal images were
taken 3 days after lamellar corneal surgery in the peripheral cornea just outside the flap edge (A1) and in the central cornea over the flap (A2).
Note that YFP-positive cells are present along the stromal nerves in the anterior stroma of the corneal periphery (A1). In the corneal center (A2),
nerves are absent and YFP-positive cells are present in both the anterior and posterior stroma (in the vicinity of the flap interface). (B1–B4)
Whole-mount immunofluorescent staining of cornea showing that YFP fluorescent cells are T cells. Arrowhead points toward a YFP fluorescent
inflammatory cell (B2, green) that shows positive staining with �� T-cell receptor antibody (B1, red). The cell nucleus stains with DAPI (B3, blue).
(C, D) Immunofluorescent staining of cultured activated keratocytes (fibroblasts and myofibroblasts) showing that these cells are not YFP
fluorescent. Corneal stromal fibroblasts (C1, C2) and myofibroblasts (D1, D2) show positive staining with �-smooth muscle actin antibody (red),
but do not show YFP fluorescence (C2, D2). The cell nucleus stains with DAPI (C2, D2, blue). White scale bar, 10 �m.
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neal epithelial abrasion, a superficial injury that likely tran-
sects only epithelial and subbasal nerves. We performed
lamellar corneal surgery and found that regenerative sprout-
ing from proximal ends of transected stromal nerve trunks is
also influenced by the inflammatory process. Several oph-
thalmic surgical procedures such as corneal transplants,
LASIK, and cataract surgery require incisions to be placed in
the cornea. These incisions will transect stromal corneal

nerves. If a main stromal trunk in the corneal periphery is
transected, phenomenologic events of nerve regeneration,
as reported here, can be reasonably expected to follow. The
most direct practical implication of our results, from the
narrow perspective of nerve regeneration alone, is that
avoiding long-duration immunomodulation or anti-inflamma-
tory treatment may benefit corneal reinnervation if the post-
operative healing is uncomplicated.

FIGURE 3. Effect of CsA on nerve regeneration after lamellar corneal surgery. (A1–B4) Serial in vivo maximum intensity projection images of
fluorescent nerves and inflammatory cells in a thy1-YFP mouse cornea before surgery (A1, B1) and 2 weeks (A2, B2), 4 weeks (A3, B3), and 6
weeks (A4, B4) after surgery. Eyes were treated with artificial tears (A1–A4) or CsA (B1–B4) twice daily for 6 weeks. The NFD growth between
weeks 2 and 6 (C) as well as the number of YFP-positive cells in the central 2-mm cornea (D) are significantly lower in the CsA group. Neurotrophin
expression (E) and inflammatory cytokine expression (F) at 6 weeks. Scale bar, 500 �m; *P 	 0.05.
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The inflammatory response in the cornea is complex, con-
sisting of infiltration of inflammatory cells of heterogeneous
lineages, activation of resident corneal cells, increased activity

of metalloproteinases, and elevated levels of inflammatory cy-
tokines such as IL-1, IL6, IL-8, and TNF-�.36–42 Our study does
not dissect the relative contribution of these various factors

FIGURE 4. Effect of CsA on neurite outgrowth in compartmental cultures of dissociated trigeminal ganglion cells. (A) A device (Teflon) used for
compartmental cultures of trigeminal ganglion neurons. The central compartment, which contains trypan blue dye, is isolated from side compartments
containing culture media. Note the absence of leakage of the dye from the central compartment to the side compartments. (B) Fluorescent image showing
neurites in the growth media. The cell bodies are isolated in the central compartment and the neurites extend into the side compartment parallel to the
tracks. (C1–D2) Comparison of outgrowth between neurites exposed to vehicle (C1, C2) or CsA (D1, D2) for 24 hours. Neurite outgrowth was assessed
on day 5 (C1, D1) before, and day 7 (C2, D2) after vehicle or CsA treatment. (E) Quantification of neurite outgrowth. The bars show the NFL per track
before (day 5) and after (day 7) vehicle or CsA treatment. (F) Real-time qPCR analysis at day 7 shows that BDNF and NT5 gene expressions are significantly
less after CsA treatment compared with vehicle treatment. (G) Real-time qPCR analysis of expression of genes that are specific to CsA mechanism of action
(NFATC1, MAPK14, and FOS). Graph shows fold increase or decrease in gene expression in CsA-exposed neurons compared with gene expression in
dissociated trigeminal neurons (control). CsA exposure significantly decreases the expression of NFATC1 and MAPK14 (P38) but significantly increases
the expression of FOS (c-fos) and GAP43. *P 	 0.05. Scale bar, 500 �m.
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toward promoting or retarding nerve regeneration. Instead, it
is concentrated on the investigation of neuronal effects of
inhibiting inflammation using a clinically relevant immuno-
modulating drug. We chose to investigate the expression of IL6
rather than other inflammatory cytokines for two reasons. First,
the primary mechanism of CsA action involves regulation of
T-cell activation through calcineurin, a major regulator of IL6
expression.43–45 Second, IL6 has independent neuronal actions
and promotes nerve regeneration.46–48 We found that, corneal
expression of both IL6 and TNF-� were reduced by CsA, more
so with the former than with the latter. Similarly, Keller et al.
reported that CsA inhibits IL6 more than TNF-� in skeletal
muscle cell cultures.49

Topical corticosteroids and CsA are the anti-inflammatory
agents of choice for the management of most immune-medi-
ated diseases of the ocular surface.42,50–52 In this study, we
used CsA because the anti-inflammatory effects of topical CsA
in vivo are mediated predominantly through its inhibitory ef-
fect on immune cells, primarily T cells. Unlike corticosteroids,
CsA does not have a significant direct anti-inflammatory effect
on the resident corneal cells. Therefore, our use of CsA mini-
mizes interference with the corneal epithelium and keratocyte
function as well as wound healing events. The pharmacologic
action of CsA is mediated by its binding to cyclophilin, which
inhibits the phosphatase calcineurin. CsA is approved by the
FDA to treat dry eye disease. It is also used to treat other ocular
surface disorders that may have an immune-based inflamma-
tory component such as post-LASIK dry eye, contact lens in-
tolerance, atopic keratoconjunctivitis, graft-versus-host dis-
ease, and herpetic stromal keratitis.53 Our in vivo data suggest
that CsA has neuronal actions. The inhibiting actions could be
attributed, in part, to the reduced expression of proinflamma-
tory, neurogenic cytokines such as IL6.

Our in vitro data show that CsA directly affects axonal
growth. Two explanations could account for this direct effect.
First, CsA may affect neurite outgrowth through downregula-
tion of neurotrophins. We found that CsA treatment was asso-
ciated with reduced expression of BDNF (in vitro) and NT5 (in
vivo and in vitro). In the in vitro experiments, CsA was added
to only the axonal compartment, and the trigeminal neuronal
cells were the only source of BDNF and NT5. These findings
suggest that CsA directly influences neurotrophin mRNA ex-
pression in neurons. Consistent with this idea, chronic admin-
istration of CsA has been shown to downregulate BDNF and its
receptor tyrosine kinase receptor B in the brain.28 An alterna-
tive explanation for a direct CsA effect on neurite growth in
vitro is neurotoxicity. McDonald and colleagues54 have re-
ported that neuronal cultures exposed to 1 to 20 �M CsA for
24 to 48 hours develop concentration-dependent neuronal
death, with most neurons being destroyed by 20 �M CsA. In
our in vitro study, we used a 5 �g/mL concentration of CsA
(equivalent to approximately 5 �M). In the study reported by
McDonald et al.,54 a 24-hour exposure to 5 �M CsA did not
induce neuronal death. Therefore, the concentration we used
should be sublethal to neurons. In addition, in our compart-
mental culture method, the axons in the side compartment
were exposed to CsA, whereas the neuronal cell bodies
were in the central compartment, fluidically isolated from
CsA. The rationale for performing compartmental culture
was to mimic the in vivo corneal environment. The neuronal
cell bodies reside in the trigeminal ganglion and only the
trigeminal axons innervate the cornea. By avoiding direct
contact of CsA with neuronal cell bodies, we expected to
have further limited direct toxicity. Our results show that
CsA exposure significantly decreases the expression of
NFATC1 and MAPK14 but significantly increases the expres-
sion of FOS and GAP43. These data are in conformity with
prior reported data on changes in gene expression due to

CsA.29 –33 Given the changes in the expression of genes that
are CsA action specific as well as significant expression of
regeneration-associated gene GAP43,34 our observed CsA
effects on the neuronal growth are likely due to the specific
effects of CsA and not cytotoxicity.

In humans, activated keratocytes (fibroblasts and myofibro-
blasts) express thy1.55 To determine whether corneal fibro-
blasts and myofibroblasts are fluorescent in thy1-YFP mice, we
activated the keratocytes isolated from corneal stroma using
fibroblast induction media and myofibroblast induction media.
We did not observe YFP fluorescence either in fibroblasts or in
myofibroblasts in vitro (data not shown). We immunostained
fibroblasts and myofibroblasts with anti–�-smooth muscle actin
antibody and DAPI (to visualize cells). Both cell phenotypes
showed appropriate staining with anti–�-smooth muscle actin
antibody and DAPI but were not fluorescent in the YFP wave-
length. By use of an identical immunostaining protocol, cul-
tured trigeminal neurons were shown to be YFP fluorescent
and stained with specific neuronal antibodies (data not
shown). Further, in whole-mount confocal immunofluorescent
microscopy we observed YFP fluorescence only in �� T cells,
but the surrounding stromal cells were not YFP fluorescent.
Taken together, these experiments reveal that, in thy1-YFP
transgenic mice, corneal stromal cells (resident or activated)
are not fluorescent.

In conclusion, using in vivo and in vitro methods, we found
that prolonged immunomodulation with CsA retards axonal
growth of transected corneal nerves. This suggests that inflam-
mation that accompanies uncomplicated healing facilitates
neurite growth.
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