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Abstract
Background/aims—Androgens have been
reported to influence the structural
organisation, functional activity, and/or
pathological features of many ocular tissues. In addition, these hormones have
been proposed as a topical therapy for
such conditions as dry eye syndromes,
corneal wound healing, and high intraocular pressure. To advance our understanding of androgen action in the eye, the
purpose of the present study was twofold:
firstly, to determine whether tissues of the
anterior and posterior segments contain
androgen receptor protein, which might
make them susceptible to hormone eVects
following topical application; and, secondly, to examine whether these tissues
contain the mRNA for types 1 and/or 2
5á-reductase, an enzyme that converts
testosterone to the very potent metabolite,
dihydrotestosterone.
Methods—Human ocular tissues and cells
were obtained and processed for histochemical and molecular biological procedures. Androgen receptor protein was
identified by utilising specific immunoperoxidase techniques. The analysis of
type 1 and type 2 5á-reductase mRNAs
was performed by the use of RT-PCR,
agarose gel electrophoresis, and DNA
sequence analysis. All immunohistochemical evaluations and PCR amplifications included positive and negative
controls.
Results—These findings show that
androgen receptor protein exists in the
human lacrimal gland, meibomian gland,
cornea, bulbar and forniceal conjunctivae, lens epithelial cells, and retinal
pigment epithelial cells. In addition, our
results demonstrate that the mRNAs for
types 1 and 2 5á-reductase occur in the
human lacrimal gland, meibomian gland,
bulbar conjunctiva, cornea, and RPE
cells.
Conclusion—These combined results indicate that multiple ocular tissues may be
target sites for androgen action.
(Br J Ophthalmol 2000;84:76–84)

During the past several decades, it has become
quite apparent that androgens exert a significant influence on the structural organisation,
functional activity, and/or pathological features
of many ocular tissues, including the lacrimal
gland, meibomian gland, conjunctiva, cornea,
lens, uvea, and/or retina.1–16 The nature of this
hormone action appears to involve the regulation of such ocular factors as glandular
morphology, gene expression, protein synthesis
and secretion, lipid production, tear film
stability, immune function, epithelial cell mitosis, aqueous outflow pathway characteristics,
intraocular
pressure,
and
vascular
permeability.1–5 10 13–16 In addition, androgens
have been proposed as a topical therapy for
such conditions as aqueous deficient and
evaporative dry eye syndromes, corneal wound
healing, and glaucoma.2 6 7 13 16 17 However,
despite these findings, very little information
exists concerning the precise target cells for
androgen action, the specific ocular processes
controlled by these hormones, or the mechanisms underlying androgen-eye interactions in
humans.
The mechanism(s) by which androgens act
on the human eye most likely involves the local,
intracrine synthesis of these hormones from
adrenal sex steroid precursors (that is, dehydroepiandrosterone (DHEA) and DHEA sulphate (DHEA-S)) and a consequent androgen
association with saturable, high aYnity, and
steroid specific receptors in ocular tissues.18 19
The rationale for this hypothesis is twofold.
Firstly, a large proportion of androgens in men,
and the majority of these hormones in women,
are produced in peripheral tissues from adrenal
precursors.18 In fact, humans and primates are
unique in possessing adrenal glands that
secrete large amounts of DHEA and DHEA-S,
which are then converted into potent androgens and oestrogens by steroidogenic enzymes
in peripheral sites and thereby permit target
tissues to adjust the formation and metabolism
of sex steroids to local requirements.18 20
Secondly, androgen receptors, which are members of the steroid/thyroid hormone/retinoic
acid family of ligand activated transcription
factors, appear to mediate almost all of the
“classic” actions of androgens.19 The location
of androgen receptor protein is predominantly
intranuclear because of the existence of a
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nuclear targeting signal, similar to that of the
SV 40 large T antigen, which occurs in the
receptor hinge region immediately following
the DNA binding domain.21 After androgen
binding to the receptor, the monomeric,
activated hormone receptor complex associates
with an androgen response element in the
regulatory region of specific target genes, typically dimerises with another androgen bound
complex and, in combination with appropriate
silencers, co-activators, tissue specific, and
basal promoter elements, controls gene
transcription.19 22 This androgen activity induces an alteration in mRNA production and
eventually protein synthesis in a variety of
tissues.1 19 22
In support of this hypothesis, investigators
have found that several steroidogenic enzymes
exist in the rat and/or rabbit cornea, iris, ciliary
body, lens, and retina, and that these enzymes
are involved in the formation or catabolism of
androgens.23–26 In addition, we have discovered
that androgen receptor mRNA is present in the
lacrimal gland, meibomian gland, palpebral
and bulbar conjunctivae, cornea, iris/ciliary
body, lens, retina/uvea, and/or retina/choroid of
mice, rats, hamsters, guinea pigs, and/or
rabbits (Wickham LA, Gao J, Toda I, et al,
manuscript submitted).27 28 Moreover, we and
others have observed that: (a) androgen receptor protein occurs within epithelial cell nuclei
of lacrimal glands of mice, rats, and
hamsters29 30; (b) rat lacrimal glands contain a
single class of saturable, high aYnity and steroid specific androgen binding sites, which possess a dissociation constant and stereochemical
selectivity analogous to those found in numerous cells and tissues throughout the body27 31;
(c) androgen receptor complexes in rat lacrimal tissue adhere to DNA31; (d) androgens
control the accumulation of various mRNA
species, and enhance or attenuate the synthesis
of many proteins, in the lacrimal gland1; (e)
androgen eVects in rat lacrimal tissue or
isolated acinar epithelial cells may be suppressed by antagonists of, or mutations within,
androgen receptors, as well as by inhibitors of
transcription and translation32–35; and (f) androgen binding sites exist in the bovine corneal
epithelium.36 37
These findings, though, do not address the
potential mechanism(s) by which androgens
act on the human eye. However, we have
recently discovered that androgen receptor
mRNA is present in the lacrimal gland, meibomian gland, bulbar conjunctiva, cornea, and
retinal pigment epithelial (RPE) cells from
women and/or men (Wickham LA, Gao J,
Toda I, et al, manuscript submitted). If these
transcripts are translated, then numerous ocular sites may be target organs for androgens,
and may be susceptible to hormone action following local synthesis and/or topical application. Therefore, the purpose of the present
study was to examine whether androgen receptor mRNA is translated in suYcient amounts
to permit the identification of androgen receptor protein in the anterior and posterior
segments of the human eye. As a corollary to
this objective, we also sought to determine

whether human ocular tissues contain the
mRNA for types 1 and/or 2 5á-reductase. This
steroidogenic enzyme governs a critical pathway in the local synthesis of androgens and is
responsible for converting testosterone to a
very potent metabolite, dihydrotestosterone
(DHT).18 20
Materials and methods
HUMAN TISSUES AND CELL LINES

Human lacrimal glands, lower lids, bulbar and
forniceal conjunctivae, corneas, and prostatic
tissue were obtained during surgical procedures (ocular tissues were generously provided
by Drs Devinder P Cheema, John Choi, Elizabeth Daher, Kenneth Kenyon, Masafumi Ono,
Peter A. Rapoza, John W Shore and Daniel J
Townsend, Boston, MA, USA) and meibomian
glands, when indicated, were isolated from
human lid tissues. Samples were frozen immediately after collection and stored in liquid
nitrogen until experimental use. Human retinal
pigment epithelial (RPE) cells were generously
donated by Dr Kathleen Dorey (Boston, MA,
USA) and maintained in RPMI 1640 medium
(Gibco/BRL, Grand Island, NY, USA), 1%
penicillin-streptomycin (Gibco/BRL) and 10%
fetal bovine serum (FBS; Hyclone, Logan, UT,
USA) in a 37°C humidified incubator containing 5% carbon dioxide. Human lens epithelial
cells were generously provided by Dr Toshi
Shinahara (Boston, MA, USA) and cultured in
DMEM-low glucose (Gibco/BRL), 0.1% gentamicin sulphate (Gibco/BRL), and 10% FBS
in the 37°C humidified chamber containing
5% carbon dioxide. Two human cell lines were
obtained from American Type Culture Collection (ATCC; Rockville, MD, USA), including
Hs68 fibroblasts (foreskin, ATCC No CRL
1635) and LNCaP epithelial cells (prostate
carcinoma, clone FGC, ATCC No CRL
1740). These cell lines were cultured according
to the recommendations of ATCC. In addition, an RNA sample from a male lacrimal
gland was generously donated by Dr John
Ubels (Grand Rapids, MI, USA), human prostate total RNA was acquired from Clontech
Laboratories (Palo Alto, CA, USA), and
corneal tissues were purchased from the New
England Eye Bank (Boston, MA, USA). These
research studies were approved by the human
studies committee of the Schepens Eye Research Institute (Boston, MA, USA) and were
conducted in accordance with guidelines established by the Declaration of Helsinki.
ANIMAL TISSUES

Young adult male Sprague-Dawley rats (6
weeks old) were obtained from Zivic-Miller
Laboratories (Allison Park, PA, USA) and
housed in constant temperature rooms with
light/dark intervals of 12 hours’ duration.
Following animal sacrifice, prostates were
removed, embedded in OCT compound
(Miles Laboratories Inc, Naperville, IL, USA)
and stored in liquid nitrogen until experimental utilisation. All studies with these animals
adhered to the Association for Research in
Vision and Ophthalmology resolution on the
use of animals in research.
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To examine the distribution of androgen receptor protein in ocular tissues and cells, samples
were evaluated according to published immunohistochemical procedures.29 In brief, frozen
human tissues were placed in OCT compound
and cut at −20°C into 6 µm sections. Sections
were transferred to poly-L-lysine coated glass
slides (Sigma Chemical Co, St Louis, MO,
USA) and fixed in acetone (JT Baker, Phillipsburg, NJ, USA). The RPE, lens epithelial,
and LNCaP cells were grown to >90% confluence and attached cells were washed with HBSS
(Gibco/BRL), removed from the culture plates
by trypsin/EDTA (Gibco BRL) treatment, cytocentrifuged (Shandon, Inc, Pittsburgh, PA,
USA) onto poly-L-lysine coated glass slides (105
cells/slide), and fixed in acetone for 5 minutes at
4°C. After sequential exposure of slides to 4%
paraformaldehyde (Sigma) and a 2% “normal”
goat serum solution (Vector Laboratories, Burlingame, CA, USA), sections were overlaid with
an aliquot of purified rabbit polyclonal antibody
to the human and rat androgen receptor (2 µg
antibody/ml; gift from Dr Gail S Prins, Chicago,
IL, USA), or appropriate control solutions.
These control preparations included: (1) 0.1%
gelatin (Fisher Scientific, Medford, MA, USA)
in PBS (0.05 M sodium phosphate, 0.15 M
sodium chloride, pH 7.3); (2) irrelevant rabbit
IgG antibodies (ICN Biomedicals, Inc, Costa
Mesa, CA, USA); and (3) rabbit anti-androgen
receptor antibody, after antibody preincubation
for 60 minutes at 4°C with either peptide “AR
1–21” or “AR 462–478” (donations from Dr
Prins). The “AR 1–21” competitor contained
the first 21 amino acids of the androgen
receptor and had been used to generate the
original antibody.38 The “AR 462–478” peptide
was derived from a distant part of the androgen
receptor (that is, amino acid residues 462 to
478) and was not reactive with the rabbit
anti-receptor antibody.38 Following incubation
with first antibody for 2 hours or overnight in a
humidified chamber at 4°C, sections were incubated with diVerent avidin D and biotin
solutions, then with a biotinylated goat antirabbit IgG antibody (Vector). The secondary
antibody had previously been incubated overnight at 4°C with mouse liver acetone powder at
a concentration of 60 mg/ml in 0.1% gelatin/
PBS. After second antibody exposure, sections
were placed in Vectastain Elite ABC reagent
(Vector), developed with an acetate buVer
containing 3-amino-9-ethylcarbazole (Sigma),
N, N-dimethylformamide and hydrogen peroxide, postfixed in 2% paraformaldehyde, dipped
in a lithium carbonate (Aldrich Chemical Co,
Milwaukee, WI, USA) solution, and preserved
in Crystal Mount (Biomeda, Foster City, CA,
USA). Throughout this immunohistochemical
protocol, the administration of various reagents
to sections was interspersed with either air drying or the rinsing of slides with PBS or double
distilled water. To confirm antibody reactivity in
individual experiments, sections of rat prostate
glands were included as positive (that is, with
first antibody) and negative (that is, with rabbit
IgG or gelatin/PBS) control tissues.29 38

Photographs depicting the immunohistochemical location of androgen receptors in
ocular tissue sections and cells were obtained
by using a Nikon Eclipse E800 microscope at
various magnifications and a Spot v1 1 CE
Diagnostic Instruments, Inc, Image System
(Micro Video Instruments, Avon, MA, USA).
Images were imported into Adobe Photoshop
4.01 on a Power Macintosh 8600/200 with 96
MB RAM and printed with a Kodak XLS
8600 printer.
MOLECULAR BIOLOGICAL PROCEDURES

To identify types 1 and 2 5á-reductase mRNA
in human tissues and cells, reverse transcription polymerase chain reactions (RT-PCR)
were used. Total RNA was purified from samples by utilising TRI-Reagent (Molecular
Research Center, Inc, Cincinnati, OH, USA).
The resulting RNA isolates were quantitated
by spectrophotometry at 260 nm and evaluated on 6.6% formaldehyde/1.2% agarose
(Gibco/BRL) gels to verify RNA integrity.
cDNAs were then transcribed from RNA samples (between 2.5 and 6.8 µg/sample) by using
MMLV reverse transcriptase, oligo dT priming
and the Advantage RT-for-PCR kit from Clontech Laboratories Inc (Palo Alto, CA, USA),
according to modifications of the manufacturer’s protocol.
PCR amplification of the cDNAs (2.7–6
µl/sample) was conducted with a Perkin Elmer
Cetus GeneAmp PCR System 9600 (Perkin
Elmer, Norwalk, CT, USA) by employing Taq
DNA polymerase (Gibco/BRL; 1.5 units), 0.3
mM each of dATP, dCTP, dGTP, and dTTP
(Perkin-Elmer), PCR buVer (Invitrogen PCR
buVer M or N: 60 mM TRIS-HCl, 1.5 mM
(type 1) or 2.0 mM (type 2) MgCl2, 15 mM
(NH4)2SO4, pH 10), and 0.36–0.40 µM each of
5' and 3' primers corresponding to types 1 (5'
→ 3' nucleotide sequences: sense: GGC CAT
GTT CCT CGT CCA CTA C; antisense:
AGT CCA TAG AGA AGC GCC ATT G)
and 2 (5' → 3' nucleotide sequences: sense:
GAA CCT GGG TGG CTT ATG AG;
antisense: GCC CCT TCC TTA GAG AGT
CC) 5á-reductase cDNAs. Oligonucleotide
primers and internal probes, which were
synthesised by National Biosciences, Inc (Plymouth, MN, USA), were designed by reference
to GenBank sequences (accession numbers
M32313 and M74047).39 40 The PCR programme involved the following cycle profile: 35
cycles of denaturation for 1 minute at 94°C,
annealing for 1 minute at 54°C, extension for 1
minute at 72°C, and maximisation of strand
completion for 6 minutes at 72°C. Following
amplification, the cDNA fragments were analysed on 1.5% agarose gels, that contained a
100 bp DNA molecular weight ladder (Gibco/
BRL) and were post-stained with ethidium
bromide, to confirm the anticipated 578 and
628 bp sizes for the types 1 and 2 5á-reductase
products, respectively. In all PCR procedures,
positive and negative control cDNAs were run
in parallel, but separate, tubes. Positive controls for types 1 and 2 5á-reductase mRNAs
included cDNAs prepared from human
prostatic tissues, Hs68 fibroblasts, and LNCaP
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Identification of androgen receptor protein in epithelial cell nuclei of human ocular tissues and cells
Androgen receptor staining

Tissue

Sex

Age

Lacrimal gland
Lacrimal gland
Meibomian gland
Meibomian gland
Meibomian gland
Meibomian gland
Bulbar conjunctiva
Bulbar conjunctiva
Bulbar conjunctiva
Bulbar conjunctiva
Bulbar conjunctiva
Bulbar conjunctiva
Forniceal conjunctiva
Cornea
Cornea
Cornea
Lens epithelial cells
RPE cells

female
male
female
female
male
male
female
female
male
male
male
male
male
female
male
male
male
male

70
elderly
48
70
85
88
77
79
27
38
70
85
55
65
27
38
13
71

Pathology

hypertrophy
ectropion
entropion
chalazion
cataract
corneal scar and cataract
keratoconus
aphakia
cataract
herpes simplex keratitis
corneal scar and cataract
keratoconus
cataract
cardiac arrest

1st Antibody
without
competitor

1st Antibody with
“AR 462-478”
peptide

1st Antibody with
“AR 1-21”
peptide

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−

+
+
+

RPE = retinal pigment epithelial.
Tissues and cells were obtained and processed as described in the Materials and methods. To verify the specificity of staining, aliquots of the rabbit anti-human androgen receptor antibody were preincubated with excess amounts of either peptide “AR 1-21”,
which was used to elicit the original antibody, or peptide “AR 462-478”, which was derived from a non-reactive part of the androgen receptor. These aliquots, or the first antibody alone (that is, without a competiting peptide), were then used in the immunoperoxidase procedure. Under these conditions, the AR 1-21, but not the AR 462-478, peptide should prevent specific androgen receptor staining.

epithelial cells.41–43 Negative control tubes contained either DEPC treated water or water plus
the reaction mixture, but without the cDNA
template.
Further verification of cDNA product identity was performed by Southern blot hybridisation and DNA sequence analysis. For Southern blots, the amplified cDNA fragments were
transferred to GeneScreen nylon membranes
(Dupont/NEN, Boston, MA, USA) by positive

Figure 1 Identification of androgen receptor protein in
epithelial cell nuclei of the lacrimal gland. The tissue was
obtained from an elderly man during ocular surgery and
processed for immunoperoxidase procedures. To confirm the
specificity of first antibody staining (A), an aliquot of the
rabbit anti-human androgen receptor was preincubated with
an excess amount of peptide “AR1–21” (B).

pressure (Posi-Blot Pressure Blotter, Stratagene, La Jolla, CA, USA), fixed by ultraviolet
cross linking and incubated with specific 32P
labelled oligomeric probes in a buVer containing 5X SSC, 5X Denhardt’s solution, 0.5%
SDS, and 100 µg sonicated salmon sperm
DNA/ml in 0.1% DEPC treated water. The
internal oligomeric probes for type 1 (5' → 3':
CCA AGG CGC GGC TTT TGC TT) and 2
(5' → 3': CTG CTT GCC TCC ACC AGA
TG) 5á-reductase were radiolabelled with
ã-32P-dATP (Amersham, Arlington Heights,
IL, USA) by the end labelling method with T4
Polynucleotide Kinase (New England BioLabs, Beverly, MA, USA). Radiolabelled
probes were separated from free 32P nucleotides by passage through appropriately sized
Sephadex columns (Pharmacia, Piscataway,
NJ, USA). After an overnight hybridisation in
an oscillating water bath, the Southern blots
were washed and processed for autoradiography by using Kodak X-OMAT AR film
(Kodak, Rochester, NY, USA) with an intensifying screen at −80°C. DNA sequence analysis
was performed by purifying amplified cDNA
fragments with a Qiaquick Spin PCR Purification Kit (Qiagen Inc, Chatsworth, CA, USA)
and sequencing these samples with a Pharmacia Cycle Sequencing Kit (Pharmacia, Piscataway, NJ, USA). These reactions included 2 µl
PCR products, 3 pmol of oligomeric primers
and 1 µl á-32P-dCTP (50 µCi) and were run for
25 cycles in a Biometra Personal Cycler
(Biometra, Tampa, FL, USA) under the
following conditions: 95°C for 30 seconds,
55°C for 36 seconds, and 72°C for 84 seconds.
Resulting samples were electrophoresed on 6%
DNA sequencing gels and processed for autoradiography by using Fuji X-ray film (Fuji
Medical Systems, Stamford, CN, USA) at
−80°C. Sequence specificity for types 1 and 2
5á-reductase mRNA was evaluated by utilising
GenBank analysis.
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Figure 3 Location of androgen receptor protein in
epithelial cell nuclei of the conjunctiva. The tissue was
obtained from a 79 year old woman during an
extracapsular crystalline extraction and then processed for
immunoperoxidase procedures. To verify the specificity of
first antibody staining (A), an aliquot of the rabbit
anti-human androgen receptor was preincubated with an
excess amount of peptide “AR1–21” (B).

Results
IDENTIFICATION OF ANDROGEN RECEPTOR
PROTEIN IN TISSUES AND CELLS OF THE ANTERIOR
AND POSTERIOR SEGMENTS

To examine whether tissues and cells of the
anterior and posterior segments of the human
eye contain androgen receptor protein, the
following study was performed. Lacrimal glands
(n = 2), lower lid tissues (n = 4), bulbar conjunctivae (n = 6), forniceal conjunctiva (n = 1), corneas (n = 3), lens epithelial cells, and RPE cells
were obtained from females and/or males, and
processed for immunohistochemistry to permit
evaluation of the cellular distribution and the
intracellular location of androgen receptor protein (Table 1). For comparative and/or control
purposes, LNCaP cells and rat prostates were
also examined for androgen receptor staining.
Our results demonstrate that androgen
receptor protein exists in epithelial cells of the
human lacrimal gland, meibomian gland,
bulbar and forniceal conjunctivae, cornea,
lens, and retina (Table 1). As shown in Figures
1 and 2, androgen receptor protein was located
almost exclusively within epithelial cell nuclei
of lacrimal glands and acinar epithelial cell
nuclei of meibomian glands. Similarly, androgen receptor protein was identified in epithelial
cell nuclei throughout the bulbar conjunctiva
(Fig 3). This conjunctival staining, which was
apparent at all levels of the epithelium,
occurred predominantly in the upper cellular
layer. Androgen receptor protein was also
present in the nuclei of epithelial cells of the
forniceal conjunctiva, apical epithelial cells of
the cornea (Fig 4), lens epithelial cells (Fig 5),

Figure 4 Identification of androgen receptor protein in the
nuclei of apical epithelial cells of the cornea. The tissue was
obtained from a 65 year old woman during keratoplastic
surgery. Immunoperoxidase analysis of the tissue sample
was conducted with a first antibody that had been
preincubated with either peptide “AR462–478” (A) or
peptide “AR1–21” (B).
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Figure 2 Presence of androgen receptor protein in the
nuclei of acinar epithelial cells of the meibomian gland. The
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“AR462–478” (A) or peptide “AR1–21” (B).
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Figure 5 Presence of androgen receptor protein in the
nuclei of lens epithelial cells. The lens cells were obtained
from a 13 year old male undergoing cataract surgery and
were then cultured, cytocentrifuged onto poly-L-lysine coated
glass slides (105 cells/slide), fixed in acetone for 5 minutes at
4°C, and processed for immunoperoxidase procedures.
Staining was performed with a first antibody that had been
preincubated with either peptide “AR462–478” (A) or
peptide “AR1–21” (B). Competition with this latter peptide
resulted in background staining.

Figure 6 Identification of androgen receptor protein in the
nuclei of retinal pigment epithelial cells. The cells were
obtained from a 71 year old man following a cardiac arrest
and were cultured until utilisation in this
immunoperoxidase study. For analysis, cultured cells were
cytocentrifuged onto poly-L-lysine coated glass slides (105
cells/slide), fixed in acetone for 5 minutes at 4°C, and then
processed for receptor staining. To confirm the specificity of
the first antibody staining (A), an aliquot of the rabbit
anti-human androgen receptor was preincubated with an
excess amount of peptide “AR1–21” (B).

and RPE cells (Fig 6). Of particular interest,
the cellular pattern of androgen receptor staining in specific ocular tissues appeared to be
independent of sex. Thus, the location of
androgen receptor protein in a given lacrimal,
meibomian, bulbar conjunctival, or corneal tissue appeared to be the same, regardless of
whether the sample originated from a male or a
female.
In these experiments, the specificity of
androgen receptor staining was verified by
employing a variety of controls. Thus, preincubation of the anti-androgen receptor antibody with excess amounts of the purified
androgen receptor peptide “AR 1–21”, which
had served to generate the antibody,
completely inhibited nuclear immunohistochemical staining in the lacrimal and
meibomian glands, bulbar and forniceal conjunctivae, corneas, lens epithelial cells, and
RPE cells (Figs 1–6), as well as in the LNCaP
cells and rat prostatic tissues. In contrast, first
antibody pre-exposure to the non-reactive
androgen receptor peptide “AR 462–478” did
not interfere with the expression of androgen
receptor protein in any of the tissues or cells.
In other control studies, replacement of the
first antibody with either 0.1% gelatin/PBS or
with an irrelevant rabbit IgG antibody preparation led to the absence of specific staining in
all samples.

PRESENCE OF TYPES 1 AND 2 5á-REDUCTASE

mRNA IN HUMAN OCULAR TISSUES

To determine whether the mRNAs for types 1
and 2 5á-reductase exist in human ocular
tissues, the following experiment was conducted. Lacrimal glands (n = 3), isolated meibomian glands (n = 5), bulbar conjunctivae (n
= 6), corneas (n = 8), and RPE cells (2
separate cultures) from women and/or men
were obtained (Table 2) and processed for
molecular biological procedures.
Analysis by RT-PCR and agarose gel electrophoresis indicated that both types 1 and 2
5á-reductase mRNA are present in the human
lacrimal gland, meibomian gland, bulbar conjunctiva, cornea, and RPE cells (Fig 7).
Indeed, with the exception of one sample, all
tissues and cells contained these PCR bands
(Table 2). Amplified cDNA products with
identical sizes for types 1 and 2 5á-reductase
were also present in the positive control human
prostate, LNCaP epithelial cell and Hs68
fibroblast preparations (Fig 7), but absent in
the negative controls.
The identity of these cDNA products was
confirmed in lacrimal and meibomian gland
samples, as well as in the positive controls, by
Southern blot hybridisation. These studies also
showed that the radiolabelled oligomeric
probes used for the identification of amplified
types 1 and 2 5á-reductase cDNA fragments
were specific and did not cross react with
the types 2 and 1 products, respectively. To
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Presence of types 1 and 2 5á-reductase mRNA in human ocular tissues and cells
5á-Reductase mRNA

Tissue

Sex

Age

Pathology

Type 1

Lacrimal gland
Lacrimal gland
Lacrimal gland
Meibomian gland
Meibomian gland
Meibomian gland
Meibomian gland
Meibomian gland
Bulbar conjunctiva*
Bulbar conjunctiva*
Cornea†
Cornea†
Cornea‡
RPE cells§

female
male
male
female
female
male
male
male
female
male
female
male
male
male

82
elderly
80
82
79
58
68
74
30, 74, 75
32, 66, 76
30, 33, 85
48, 73, 82
83
71

sebaceous gland carcinoma
hypertrophy

Type 2

+
+
+
sebaceous gland carcinoma
+
ectropion
−
ectropion
+
ectropion
+
ectropion
+
cataract, cataract, cataract
+
pterygium, pterygium, cataract +
HSK, HSK, corneal scar
+
HSK, transplant rejection, ABK +
heart disease
+
cardiac arrest
+

+
+
+
+
−
+
+
+
+
+
+
+
+
+

HSK = herpes simplex keratitis; ABK = aphakic bullous keratopathy.
Tissues and cells were obtained and processed either individually or as combined preparations for
molecular biological analysis. The designated samples of bulbar conjunctiva* and cornea† were
pools of three female or three male tissues. Similarly, two corneas‡ purchased from the eye bank
were combined into one sample. The RPE (retinal pigment epithelial) cells originated from two
separate cultures, which were derived from the same tissue. Both RPE cell preparations were positive for types 1 and 2 5á-reductase mRNA. Data are reported as the presence (+) or absence (−)
of the specific reductase isozyme, as determined by RT-PCR and agarose gel electrophoresis.
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Figure 7 Presence of type 1 5á-reductase mRNA (Type 1) and type 2 5á-reductase
mRNA (Type 2) in human ocular tissues and cells. Samples were processed for RT-PCR,
agarose gel electrophoresis and ethidium bromide staining, as explained in Materials and
methods. Photographs of agarose gels were obtained with a Polaroid camera (Polaroid
Corporation, Cambridge, MA, USA) and images on the internegatives were then captured
with a CCD-72S video camera (Hamamatsu Photonics, Japan), imported into Adobe
Photoshop 4.01 and printed with a Kodak XLS 8600 printer. Samples 1–10 and 11–13
were run on parallel gels and bands have been aligned according to the molecular size of the
bands. The numbers refer to the following samples: (1) male meibomian gland; (2) female
meibomian gland; (3) female lacrimal gland; (4) male lacrimal gland; (5) prostate
(surgical specimen); (6) Hs68 cells; (7) female conjunctiva (n = 3 combined tissues); (8)
male conjunctiva (n = 3 combined tissues); (9) female cornea (n = 3 combined tissues);
(10) male cornea (n = 3 combined tissues); (11) retinal pigment epithelial cells; (12)
LNCaP cells; (13) prostate (RNA from Clontech).

definitively establish that the RT-PCR products represented types 1 and 2 5á-reductase
cDNA, the amplified cDNA fragments from a
male meibomian gland and a prostate sample,
respectively, were purified and subjected to
DNA sequence analysis. The resulting sequences matched those in the GenBank
database, thereby verifying the identity of these
products (data not shown).
In these experiments no forniceal conjunctiva or lens epithelial cells were available for
5á-reductase mRNA analysis.
Discussion
The present study demonstrates that androgen
receptor protein exists within epithelial cell
nuclei of the human lacrimal gland, meibomian gland, bulbar and forniceal conjunctivae,
and cornea, as well as in nuclei of lens epithelial cells and RPE cells. In addition, our results
show that the mRNAs for types 1 and 2
5á-reductase occur in the human lacrimal

gland, meibomian gland, bulbar conjunctiva,
cornea, and RPE cells. Collectively, these findings indicate that multiple ocular tissues in
humans are target sites for androgen action
and may possess the innate ability to convert
testosterone to DHT.
Our identification of androgen receptor protein in epithelial cell nuclei of various ocular
tissues suggests that androgens influence the
structural organisation, functional activity,
and/or pathological features of the anterior and
posterior segment through a “classic” (that is,
nuclear receptor mediated) mechanism. However, with the possible exception of the lacrimal
and meibomian glands, the extent to which
androgens regulate ocular processes through
these receptors remains unclear.
More specifically, it has been recognised for
decades that androgens exert a profound
impact on the morphology, biochemistry,
physiology, immunology, molecular biology,
and protein secretory capacity of the lacrimal
gland in a variety of species,1 and that this hormone action may account for many of the sex
related diVerences that are found in this tissue.1
Similarly, recent evidence indicates that androgens regulate meibomian gland function, enhance the quality and/or quantity of lipids produced by this tissue, and promote the
formation of the tear film’s lipid layer in
experimental animals and humans.4 16 Indeed,
these androgen eVects on the lacrimal and
meibomian glands have led to our hypothesis
that androgen deficiency, such as occurs
during certain autoimmune diseases (for example, Sjögren’s syndrome, systemic lupus
erythematosus,
rheumatoid
arthritis),44
menopause,45 aging in both sexes,45 androgen
insensitivity,46 and the use of anti-androgen
medications (for example, for prostatic hypertrophy or cancer), is a critical aetiological
factor in the promotion of tissue dysfunction
and in the pathogenesis of dry eye
syndromes.2 17 If this hypothesis is correct, then
topical androgen administration may potentially serve as a safe and eVective therapy for
the treatment of both aqueous deficient and
evaporative dry eye in androgen deficient
people.2 17
In contrast with these findings, relatively little information exists concerning the nature of
androgen eVects on the conjunctiva, cornea,
lens, or retina. Investigators have reported that
androgens may significantly alter the development of allergic conjunctivitis in rabbits5 and
that these hormones may have a beneficial
influence on the corneal epithelium, acting to
correct defects, facilitate wound healing,6 7 47
suppress
angiogenesis,48
and
stimulate
mitosis.15 In fact, a pharmaceutical firm in
South America (Laboratórios Frumtost SA/
Allergan-Lok, Guarulhos, Brazil) has marketed
topical androgens for the therapy of corneal
trauma, cicatrisation, erosions, ulcers, and
atrophy, as well as for promoting postoperative
care after corneal transplantation. Androgens
are also known to prevent the inflammation
induced loss of proteoglycans in non-ocular
sites,49 but whether these hormones exert a
similar eVect in the cornea, and thereby
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influence corneal transparency, has yet to be
elucidated. With regard to the lens and retina,
it is unclear whether androgen-receptor interactions have a role in the sex associated diVerences observed in the density of lens epithelial
cells or visual acuity,50 51 or in the incidence of
cataracts, macular holes, age related maculopathy, macular degeneration, or diabetic
retinopathy.52–57 Androgens have been reported
to modify the rate of progression of diabetic
retinopathy,9 but whether this influence, if true,
has any relation to receptors in RPE cell nuclei
is unknown.
It is important to note that androgen actions
on the eye and adnexal tissues may not be
mediated solely through nuclear receptors.
Androgens may also possibly act on the
anterior and posterior segments through “nonclassic” processes. These hormone eVects,
which are typically very rapid (for example,
seconds or minutes), involve alterations in
membrane fluidity, control of neurotransmitter
receptors and interaction with stereospecific
plasma membrane receptors.58 Moreover, androgens may theoretically influence the human
eye by associating with sex hormone binding
globulin, which may interact with a cell surface
receptor. This binding would then result in the
stimulation of adenylyl cyclase, production of
cAMP, activation of protein kinase A, phosphorylation of a cAMP response element binding protein and ultimately control of a gene’s
cAMP response element, thereby influencing
transcription.59 As one additional consideration, it is also possible that the nuclear
androgen receptors in the eye may be susceptible to activation by growth factors. Thus, proteins such as insulin-like growth factor I,
epidermal growth factor, or keratinocyte
growth factor may induce these receptors to
become transcriptionally active in the absence
of the androgen ligand.60 Whether these “nonclassic” pathways are operative in the eye,
though, remains to be elucidated.
Our finding that numerous ocular tissues
contain the mRNA for types 1 and 2
5á-reductase indicates that the human eye may
be involved in the local conversion of testosterone to DHT. These 5á-reductase enzymes,
which are encoded by two diVerent genes,39 40
are typically located in the endoplasmic reticulum and nuclear membrane.61 Their activity, in
turn, is essential for the formation of potent
androgen
metabolites
throughout
the
body.18 20 39 40 Our observation that both types
of reductase mRNA are present in the eye and
adnexal tissues is not surprising, given that
these enzymes are known to be transcribed and
translated together in non-ocular sites.42 62
However, whether both of these isozymes are
translated in ocular tissues, and act to modulate androgen metabolism, has yet to be
clarified. In the future it will be of particular
interest to determine whether human ocular
tissues also contain the other steroidogenic
enzymes, including steroid sulphatase,
3â-hydroxysteroid
dehydrogenase/-Ä-5Ä4isomerase (two forms), 17â-hydroxysteroid
dehydrogenase (five forms), aromatase, UDPglucuronosyltransferase, and sulphotrans-

ferase,18 20 63 which are necessary for local sex
steroid synthesis and intracrine action. If so,
this enzymatic machinery could represent the
primary source of androgens, as well as oestrogens, that act on the human eye.
It should be noted that our control experiments indicate that prostatic epithelial cells
(that is, LNCaP) express both types 1 and 2
5á-reductase mRNA. This finding appears to
conflict with the results of a recent study,
which reports that only type 1 transcripts may
be detected in these cells.64 However, other
researchers have also identified type 2 5áreductase mRNA in cultured human prostatic
epithelial
cells,
whether
primary,42
immortalised,65 or LNCaP (Van Luu-The,
Quebec, Canada, personal communication).
The extent of this mRNA expression is apparently very dependent upon the nature of the
culture conditions (Luu-The, personal
communication).42
It should also be noted that our experiments
were performed with tissues obtained from
many individuals, some of whom had diseases
that may have influenced the ocular expression
of androgen receptor protein and/or 5áreductase mRNA. Whether such pathological
conditions might enhance or suppress receptor
or enzyme presence, though, awaits clarification.
Lastly, investigators have recently discovered
that the placental hormone, human chorionic
gonadotropin (hCG), as well as the anterior
pituitary hormone, luteinising hormone (LH),
decrease the levels of androgen receptor and
5á-reductase proteins in the skin of women.66 If
hCG and LH have similar eVects in the eye,
then these actions could theoretically contribute to the diverse changes that occur in ocular
tissues during pregnancy67 and the menstrual
cycle.68 69 Such a possibility, though, remains to
be explored.
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