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PURPOSE. To develop a nomenclature for the lacrimal duct
system in the rabbit, based on the anatomic and structural
characteristics of each duct segment, and to provide RT-PCR
and immunofluorescence data to support the notion that the
duct system plays important roles in lacrimal function.

METHODS. Paraffin-embedded lacrimal glands (LGs) were
stained with hematoxylin and eosin (H&E) and evaluated with
a stereomicroscope. Cryosections of LG were stained with
cresyl violet, and acinar cells and ductal epithelial cells were
isolated from each duct segment by laser capture microdissec-
tion (LCM). mRNA levels from these cells were analyzed by
real-time RT-PCR. Standard protocol was followed for immu-
nofluorescence detection of ionic transporters.

RESULTS. The lacrimal duct system was divided into six seg-
ments on the basis of morphologic characteristics: the interca-
lated, intralobular, interlobular, intralobar, interlobar, and main
excretory ducts. Although the morphologic features change
incrementally along the entire duct system, the gene expres-
sion of ionic transporters and aquaporins, including AE3,
AQP4, AQP5, CFTR, ClC2�, KCC1, NHE1, NKA�1, NKA�1,
NKA�2, NKA�3, and NKCC1 varied greatly among duct seg-
ments. Immunofluorescence results were generally in accor-
dance with the abundance of mRNAs along the acinus–duct
axis.

CONCLUSIONS. Most LG research has focused on the acinar cells,
with relatively little attention being paid to the lacrimal ducts.
The lack of knowledge regarding the lacrimal ducts was so
profound that a precise nomenclature had not been established
for the duct system. The present data establish a nomenclature
for each segment of the lacrimal duct system and provide
evidence that ducts play critical roles in lacrimal secretion.
(Invest Ophthalmol Vis Sci. 2010;51:2960–2967) DOI:10.1167/
iovs.09-4687

Dry eye syndrome afflicts millions of Americans. It often
results from insufficient formation of fluid in the lacrimal

gland (LG). It has been thought that primary lacrimal fluid is
formed in the acini and then is modified during passage
through the lacrimal duct system to the ocular surface. Ductal
cells have been estimated to account for �15% of the total
mass of the LG.1–3 A review of the literature reveals very few
studies of the LG duct system, in striking contrast to a wealth
of information that has been gained on duct systems of the
salivary glands and pancreas, which are structurally and func-
tionally homologous to the LGs.4,5

In salivary glands, the duct system has been divided into
several segments based on its structural characteristics and
functional relevance to gland secretion. The duct segments are
most commonly referred to as the intercalated, striated, in-
tralobular, interlobular, intralobar, interlobar, and main excre-
tory segments. However, the duct system in the LG has not
been well characterized.

Like the salivary glands, LGs are composed of several large
lobes that are divided into smaller lobules composed of numer-
ous secretory end pieces, the acini. The duct system is also
highly branched (Fig. 1) and is responsible for transporting
lacrimal fluids to the ocular surface. Our recent findings have
suggested that the lacrimal duct system can also be divided into
various segments based on their anatomic and structural char-
acteristics and the duct segments most likely play distinctive
functions in monitoring and altering the luminal content as it
flows toward the ocular surface. We have therefore formulated
a nomenclature for the lacrimal duct system, largely in accor-
dance with that of salivary glands, with no striated duct being
observed in LG (see the Results section for details). We also
analyzed the gene expression patterns in various duct seg-
ments and the acini. Immunofluorescence detection of the
proteins translated from these genes was also performed to
verify their expression pattern within the LG. Taken together,
our data showed the diverse structural characteristics of lacri-
mal ducts and suggest possible functional differences among
specific duct segments in lacrimal fluid production.

MATERIALS AND METHODS

Animals
Six adult female New Zealand White rabbits (Irish Farms, Norco, CA)
weighing approximately 4.0 kg were used. The animals were narco-
tized with a mixture of ketamine (40 mg/mL) and xylazine (10 mg/mL)
and given an overdose of pentobarbital (80 mg/kg) for euthanatization.
This study conformed to the standards and procedures for the proper
care and use of animals as described in the ARVO Statement for the Use
of Animals in Ophthalmic Research.

Histology
Inferior LGs were fixed in 10% formalin and embedded in paraffin.
Tissue blocks were sectioned at 5 �m, deparaffinized, and stained with
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hematoxylin and eosin (H&E). The slides were examined with a mi-
croscope (Eclipse 80i; Nikon, Tokyo, Japan) equipped with a digital
camera (Optronics, Goleta, CA), and images were captured (Picture-
Frame; Optronics).

Laser Capture Microdissection

The inferior LGs were removed in RNase-free conditions, placed in
OCT (Miles, Elkart, IN), and rapidly frozen with liquid nitrogen. The
frozen sections were collected with membrane-coated slides (PEN;
Leica Microsystems, Deerfield, IL) and stained with cresyl violet in
RNase-free conditions (LCM Staining Kit; Applied Biosystems, Inc.
[ABI], Foster City, CA), according to the manufacturer’s protocol.
Tissue sections were then laser captured (PixCell II LCM System;
Arcturus Bioscience, Mountain View, CA). All microdissections were
performed using with laser capture microdissection (LCM) caps (Cap-
Sure HS; Molecular Devices, Sunnyvale, CA) under RNase-free condi-
tions. Approximately 100 cells were collected from each acinus and
duct segment sample for isolation of total mRNA, and six replicates of
each acinus and duct segment were collected from each animal.

RNA Extraction and Reverse Transcription

Total cellular RNA was isolated from RNA stabilizer–treated tissue
samples (RNALater and RNAqueous Micro kit; Ambion, Austin, TX)
according to the manufacturer’s protocol, which was optimized for
LCM samples. RNA was eluted twice from a silica-based microfilter
cartridge with an 11-�L volume of prewarmed (95°C) elution solution.
RNA samples were then treated with DNase I to degrade any potential
contaminating DNA. RNA quality and quantity were evaluated with a
spectrophotometer (ND-1000; Nanodrop Technologies, Wilmington,
DE). The RNA samples were then reverse-transcribed to cDNA only if
the 260/280 ratio was above 1.9 (High Capacity cDNA Reverse Tran-
scription Kit with RNase Inhibitor; ABI). Each RT reaction contained
20 �L of total RNA, 4 �L of 10� RT buffer, 1.6 �L of 25� dNTP
mixture, 4 �L of 10� random primers, 2 �L reverse transcriptase (50
U/�L; MultiScribe RT; ABI), 2 �L RNase inhibitor, and 6.4 �L of
RNase-free water. The 40-�L reactions were incubated in a thermal
cycler (DNA Engine; Bio-Rad, Hercules, CA) for 10 minutes at 25°C, 2
hours at 37°C, and 5 seconds at 85°C and then stored at 4°C.

Real-Time RT-PCR with Pre-amplification

The preamplification was performed with commercial master mix
(TaqMan PreAmp Master Mix Kit; ABI). The pooled assay mix was
prepared by combining up to 50 of 20� gene expression assays
(TaqMan; ABI) into a single tube and using nuclease-free water to dilute
the pooled assays to a final concentration of 0.2�. The 50 �L of
preamplification reaction included 25 �L of 2� mastermix (PreAmp
Master Mix, TaqMan; ABI) 12.5 �L of 0.2� pooled assay mix and 12.5

�L of cDNA sample. The reactions were incubated in the thermal
cycler for 10 minutes at 95°C followed by 14 cycles at 95°C for 15
seconds and 4 minutes at 60°C and then held at 4°C. The preamplifi-
cation product was then 1:20 diluted with 1� TE buffer and analyzed
by real-time RT-PCR (TaqMan; ABI).

The sequences of the primers and probes used in this study are
listed in Table 1. The sequences were selected on computer (Primer
Express; ABI) and synthesized by ABI. All probes incorporated the 5�
reporter dye 6-carboxyfluorescin (FAM) and the 3� quencher dye 6-car-
boxytertramethylrhodamine (TAMRA).

For the real-time RT-PCR step, amplification was performed on a
sequence-detection system (Prism 7900HT, with TaqMan Gene Expres-
sion Master Mix; ABI) containing the internal dye ROX as a passive
reference, in accordance with the procedures described. The PCR
reaction volume was 10 �L. It contained 1� master mix, 900 nM
forward and reverse primers, 250 nM probes, and 2.5 �L of 1�
TE–diluted cDNA template. The FAM signal was measured against the
ROX signal to normalize for non-PCR-related fluorescence fluctuations.
The cycle threshold (CT) value represented the refraction cycle num-
ber at which a positive amplification reaction was measured and was
set at 10� the standard deviation from the mean baseline emission
calculated for PCR cycles 3 through 15. Each sample was measured in
triplicate. The difference between the CT for each target mRNA and the
internal housekeeping gene GAPDH in each sample was used to
calculate the level of target mRNA relative to that of GAPDH mRNA in
the same sample.6

Immunofluorescence

Standard protocol was followed for immunofluorescence experiments.
The antibodies used were goat anti-AQP4 (C-19) polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), at a dilution of 1:50; goat
anti-AQP5 (C-19) polyclonal antibody (Santa Cruz), dilution 1:400; goat
anti-NKCC1 (N-16) polyclonal antibody (Santa Cruz), dilution 1:50;
mouse anti-NKA �1 (C464.8) monoclonal antibody (Santa Cruz), dilu-
tion 1:100; mouse anti-NHE1 (C terminus, clone 4E9) monoclonal
antibody (Millipore, Temecula, CA), dilution 1:100; mouse anti-CFTR
(C terminus) monoclonal antibody (R&D Systems, Minneapolis, MN),
dilution 1:250; and mouse anti-ClC2� monoclonal antibody (Abcam,
Cambridge, MA), dilution 1:100. The secondary antibodies used were
fluorescein isothiocyanate (FITC)– or rhodamine red–conjugated don-
key IgG, dilution 1:400 (Jackson ImmunoResearch, West Grove, PA).
Rhodamine-conjugated phalloidin (Invitrogen, Carlsbad, CA), at a dilu-
tion of 1:200, was also used on some slides to stain F-actin. Slides were
examined with a laser scanning confocal microscope (LSM510; Carl
Zeiss Meditec, Dublin, CA) and the images analyzed with image-editing
software (PhotoShop; Adobe Systems, Mountain View, CA).

RESULTS

Morphologic Characteristics and Nomenclature of
Duct Segments

The smallest branches of the duct system are the intercalated
ducts, to which the secretory end pieces are attached and
emerge from the acini as a distinctive group of cells. These
ducts are composed of a single layer of cuboidal cells that stain
red (eosinophilic) in a smooth pattern, in contrast to the
pyramid-shaped acinar cells that typically show a foamy and
pale appearance because of the numerous glycoprotein-rich
secretory granules in the cytoplasm (Fig. 2A). Several interca-
lated ducts merge into larger intralobular ducts. The epithelial
cells in the intralobular ducts are also cuboidal in shape and are
stained slightly deeper than intercalated ductal cells. Both
intercalated and intralobular ducts are in immediate continuity
with acini and are surrounded by minimal loose connective
tissue. Intercellular plasma membranes are not as easily iden-
tified as those between acinar cells. The nuclei in the interca-

FIGURE 1. Illustration of the lacrimal duct system. The LG is com-
posed of several lobes, which are further subdivided into lobules
(shown in the shaded lobe). The lacrimal duct system is a tree-like
structure and, on the basis of its anatomic and structural characteris-
tics, it can be divided into, from the acini to the ocular surface:
intralobular, interlobular, intralobar, interlobar, and main excretory
ducts. Illustration courtesy of Joel Schechter, PhD.
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lated and intralobular duct cells are slightly bigger than those in
acinar cells and appear more spherical in shape (Fig. 2).

Structures equivalent to the striated ducts present in sali-
vary glands could not be identified in the H&E sections of the
LGs. In salivary glands, the striated ducts emerge from interca-
lated ducts and flow into larger intralobular ducts. Their stri-
ated appearance is caused by closely packed, mitochondria-
lined infoldings of the epithelial cell basolateral membranes.
The distinctive basal membranes in striated ducts have numer-
ous mitochondria between basal infoldings that give them a
striated appearance and greatly extend the area of membrane
available for exchange of water and ions in a fashion similar to
that of the proximal convoluted tubule of the kidney. Because
striated ducts are absent in the LGs, we therefore grouped the
intercalated ducts together with the intralobular ducts in the
LCM and RT-PCR studies. The outer diameter (OD) of the
intercalated and intralobular ducts ranges from 20 to 30 �m.

Intralobular ducts merge into interlobular ducts, which
drain several lobules. Interlobular duct cells range from simpleT

A
B

LE
1

.
P

ri
m

er
s

an
d

P
ro

b
es

U
se

d
fo

r
R

ea
l-T

im
e

R
T

-P
C

R

G
en

e
F
o

rw
ar

d
P

ri
m

er
R

ev
er

se
P

ri
m

er
P

ro
b

e
A

cc
es

si
o

n
N

o
.

A
E

3
5�
-A

TT
T
CG

G
CA

TC
C
CC

A
TC

TC
-
3�

5�
-C
AA
CT
TC
TG
AG
TG
TA
GG
TG
TC
TG
TG
A-
3�

5�
-C

TG
CT
GA
TG
GT
CT
TG
GT
GG
AT
TA
C-
3�

A
F0

31
65

0
A

Q
P

4
5�
-C

GT
T
TT

A
AA

GA
A
GC

C
TT

CA
G
CA

A
-3

�
5�
-C
CT
GT
TG
TC
CT
CC
AC
CT
CC
AT
-3

�
5�
-C
TG
CC
CA
GC
AA
AC
GA
AA
GG
GA
GC
TA
-3

�
A

F0
00

31
2

A
Q

P
5

5�
-G

GG
C
AA

C
CT

GG
C
TG

T
CA

A-
3�

5�
-A
GC
TG
GA
AG
GT
GA
GG
AT
CA
AC
TC
-3

�
5�
-C
TC
AA
CA
AC
AA
CA
CG
AC
AC
CG
GG
C-
3�

A
F4

95
87

9
C

FT
R

5
�-
GG

G
CT

GC
T
CT

G
GG

AA
C
TA

C
TA

C-
3�

5�
-C
CT
AG
CC
CG
GC
TT
GA
AC
AA
-3

�
5�
-T
TC
TG
CG
GC
CT
TG
CT
TT
CC
TA
AT
AG
TC
C-
3�

A
F1

89
72

0
C

IC
2

g
5

�-
CA

T
CG

GA
G
GC

G
TC

CT
A
TT

C
A-

3�
5�
-A
AG
CC
GC
GC
CA
GT
AG
TT
G-
3�

5�
-A
GG
TC
AC
CT
CC
AC
CT
TC
TT
CG
C-
3�

U
15

65
2

E
N

a
C

a
5�
-G

GT
G
CA

C
GG

AC
A
GG

A
TG

AG
-
3�

5�
-C
CG
GG
CC
GC
AA
GT
TA
AA
-3

�
5�
-C

TG
CC
TT
TA
TG
GA
TG
AT
GG
CG
-3

�
A

F2
29

02
5

E
N

a
C

g
5

�-
TC

C
AT

CG
G
CA

G
GA

CG
A
AT

A
-3

�
5�
-A
CA
TG
GC
CG
TC
TC
GA
TC
TC
T-
3�

5�
-C
CC
TT
CA
TT
GA
AG
AT
GT
GG
GC
A-
3�

A
F2

29
02

7
K

C
C

l
5�
-C

CC
G
CC

T
GG

TC
C
TA

C
TG

A-
3�

5�
-A
GT
TC
TC
AT
CA
CC
CT
CG
CT
GT
T-
3�

5�
-C

AT
GC
CC
GG
CC
CA
CC
CA
A-
3�

U
55

05
3

N
H

E
1

5�
-G

CC
T
TC

A
CC

TC
C
CG

A
TT

CA
-
3�

5�
-A
GG
CC
AT
GT
AG
CT
GT
AG
AG
GA
AG
A-
3�

5�
-C
GC
GT
CA
TC
GA
GC
CG
CT
CT
-3

�
X

61
50

4
N

K
A

a
1

5
�-
GC

T
GT

CC
A
TT

C
AT

AA
G
AA

C
CT

CA
A
-3

�
5�
-T
CT
GG
AG
CG
CC
CT
TC
AT
C-
3�

5�
-C
AA
TG
AG
CC
AC
GG
CA
CC
TG
CT
AG
-3

�
A

F2
35

02
4

N
K

A
a

2
5

�-
TC

G
GG

AC
G
GA

C
CC

AA
T
G-

3�
5�
-A
AG
CT
GG
CG
AC
AG
AA
CT
TG
AC
-3

�
5�
-C
CT
CA
CT
CC
AC
CC
CC
GA
CA
AC
TC
C-
3�

A
F2

35
02

5
N

K
A

h
1

5�
-G

CC
C
AG

A
AG

GA
T
GA

C
AT

GG
T
-3

�
5�
-C
GC
CT
CG
TT
CT
TT
AG
GT
TC
AC
T-
3�

5�
-T

TG
AA
GA
TT
GT
GG
CG
AC
GT
GC
-3

�
A

F2
04

92
7

N
K

A
h

2
5�
-G

CC
C
CG

G
GC

GC
T
AT

T
-3

�
5�
-A
GC
GC
GT
TT
CG
GG
TA
GT
TG
-3

�
5�
-C
GA
AC
AG
CC
GG
AT
AA
CG
GA
GT
CC
-3

�
A

Y
06

99
37

N
K

A
b
3

5
�-
TG

C
TT

CA
A
GC

A
TG

CA
G
TG

G
TA

-3
�

5�
-C
AC
AA
GA
AC
AC
AA
GG
GC
TT
CC
T-
3�

5�
-A

GT
GA
TC
CT
GA
TT
TT
GG
CT
AT
TC
C-
3�

A
F3

02
92

9
N

K
C

C
1

5�
-G

GT
G
CG

A
TT

GG
C
CT

G
AT

C-
3�

5�
-A
TC
CC
AC
CA
CA
TA
CA
TA
GC
AA
CT
G-
3�

5�
-T
TG
CT
TT
TG
CC
AA
CG
CT
GT
T-
3�

A
F1

70
44

7

FIGURE 2. Segments of the lacrimal duct system. (A) Intercalated
ducts (arrow) emerge from acini and merge into larger intralobular
duct (arrowhead). Cells of intercalated ducts are simple cuboidal and
stain red with H&E. The intracellular contents appear smooth, rather
than the pale and foamy appearance of acinar cells. Several intercalated
ducts merge into larger intralobular ducts that have much larger lu-
mens. Intercalated and intralobular ducts drain acini and are in imme-
diate continuity with acini and have minimal connective tissues sur-
rounding them. OD ranges from 20 to 30 �m. An intralobar duct can
be seen in the upper right corner. Ac, acinus. (B) Interlobular ducts
(arrow) are merged from intralobular ducts (�30 to 50 �m OD). Duct
cells range from simple cuboidal to low columnar and stain red with a
smooth appearance of intracellular contents. These ducts drain lob-
ules, having connective tissue, and frequently, blood vessels surround-
ing them. Two intralobular ducts are also visible in this image (arrow-
heads). (C) Intralobar ducts (arrow) drain individual lobes. Duct cells
are low to tall columnar and range from simple to pseudostratified
epithelial cells. These ducts are surrounded by increasingly more
connective tissues and often with blood vessels (�50 to 80 �m OD).
Note that an intralobular duct (arrowhead) can be seen with a small
lumen and in immediate continuity with acini. (D) Interlobar ducts
(arrow) are merged from intralobar ducts. Ducts range from simple to
stratified columnar epithelia, �80 to 200 �m OD, albeit the luminal
profiles are highly variable. These duct segments are surrounded by
abundant connective tissue. Scale bar, 100 �m.
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cuboidal to low columnar. They stain deeply with eosin with-
out distinctive intercellular plasma membranes visible between
duct cells, and the intracellular contents appear smooth rather
than having the pale cotton-wool pattern observed in acinar
cells. Nuclei in these ducts are spherical and are located close
to the basal membrane. The OD of the interlobular ducts
ranges from 30 to 50 �m. They are generally surrounded by
loose connective tissue and are often accompanied by neuro-
vascular bundles (Fig. 2B).

Interlobular ducts merge into intralobar ducts, which drain
individual lobes. Epithelial cells that constitute the intralobar
ducts are short-to-tall columnar cells and range from simple to
pseudostratified. Their nuclei are spherical and located close to

the basal membrane. Their OD ranges from 50 to 80 �m. They
are surrounded by increasingly more connective tissue and,
like interlobular ducts, are often accompanied by neurovascu-
lar bundles (Fig. 2C).

Interlobar ducts are of variable dimensions due to compres-
sion by surrounding tissue (i.e., sometimes with highly folded
luminal contours) and are surrounded by increasingly more
connective tissue and neurovascular bundles. The epithelial
cells range from simple to pseudostratified and stratified co-
lumnar, and the number of cell layers increases as they ap-
proach the main excretory duct. OD ranges from 80 to 200 �m
(Fig. 2D).

Expression of Transport Protein mRNAs

Aquaporins are the membrane proteins that are responsible for
fast water transport across plasma membranes. The direction
in which the water flows is determined by osmotic gradients,
which largely are established through the actions of various ion
transport proteins. The abundance of mRNAs for aquaporins
and ion transport proteins varied significantly among acini and
different duct segments.

As illustrated in Figure 3, AQP4 mRNA was significantly
more abundant in the intralobular, intralobar, and interlobar
ducts than in the acini. It also was significantly more abundant
in the intralobular ducts than in the interlobular ones. The level
of AQP5 mRNA showed a completely different pattern. It was
nine times higher in acini than in the intralobular ducts and
three times higher in the intralobular than in the interlobar
ducts. Moreover, although AQP5 mRNA was 40 times more
abundant than AQP4 mRNA in acini, the two transcripts were
at similar levels in the intralobular ducts.

Na�/K�-ATPase (NKA), an enzyme located in the plasma
membrane in all animals, is composed of � and � subunits, and
although two isoforms of the � subunit (�1 and �2) and three
isoforms of � subunit (�1, �2, and �3) have been identified so
far, we were unable to detect significant amount of �2 in our
samples. As shown in Figure 4, NKA�1 mRNA was significantly
more abundant in intralobular ducts than in acini. NKA�1
mRNA was similarly expressed in intralobular ducts and acini,
but less so in interlobular ducts. Significant levels of NKA�2
mRNA were detected in interlobular and interlobar ducts, but
not in acini and intralobular ducts. NKA�3 mRNA was signifi-
cantly more abundant in intralobular ducts than in acini and
the other duct segments.

FIGURE 3. Real-time RT-PCR of AQPs. The level of AQP4 mRNA was
the lowest in the acini, but increased significantly in the intralobular,
intralobar, and interlobar ducts. The expression of AQP4 mRNA was
also significantly higher in intralobular ducts than in interlobular ones.
AQP5 mRNA levels showed a completely different pattern. It was nine
times higher in the acini than in the intralobular ducts and three times
higher in the intralobular than in the interlobar ducts. Moreover,
although AQP5 mRNA was 40 times more abundant than AQP4 mRNA
in the acini, the two transcripts were at similar levels in the intralobular
ducts. D4, intralobular duct; D3, interlobular duct; D2, intralobar duct;
D1, interlobar duct. Data are presented as the mean � SEM.

FIGURE 4. Real-time RT-PCR of
Na�/K�-ATPase (NKA) subunits. �1
mRNA was the least abundant in
acini, whereas its level in the in-
tralobular ducts was significantly
more higher. �1 mRNA was similarly
present in intralobular ducts and
acini, but less so in interlobular
ducts. Significant levels of NKA�2
mRNA were detected in the interlob-
ular and interlobar ducts, but not in
the acini and intralobular ducts.
NKA�3 mRNA was significantly
more abundant in the intralobular
ducts than in the acini and the other
duct segments. We were unable to
detect a meaningful presence of �2.
Labeling and data are as in Figure 3.
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The anion exchanger (AE) mediates Cl�/HCO3
� exchange

as well as Cl�/Cl� exchange and HCO3
�/ HCO3

� self-ex-
change. Three isoforms of AE have been identified so far (AE1,
AE2, AE3). The Na�/H� exchangers, designated NHE, mediate
the corresponding cation exchanges. The Na�/K�/2Cl� co-
transporter, designated NKCC, obligatorily couple fluxes of the
three ions through plasma membranes. As shown in Figure 5,
mRNAs for NKCC1 and NHE1 were more abundant in acini
than in the ducts. In contrast, significant levels of AE3 mRNA
were detected in the ducts but not in the acini. Note also the
substantial difference in the relative abundance of the mRNAs
of the three transport proteins.

K�2Cl� cotransporters (KCCs) mediate obligatorily cou-
pled fluxes of K� and Cl� through cell membranes. Significant
levels of KCC1 mRNA were detected in intralobular, intralobar,
and interlobar ducts, but not in acini or interlobular ducts
(Fig. 6).

The cystic fibrosis transport regulator (CFTR) functions as a
Cl�-selective channel that can mediate either influx or efflux,
depending on the orientation of the Cl� electrochemical po-
tential gradient. Significant levels of CFTR mRNA were de-
tected in intra- and interlobular ducts and in intra- and interlo-
bar ducts, but not in acini (Fig. 7). ClC is another membrane
transport protein that is responsible for transporting chloride
across plasma membranes. PCR studies showed that the mRNA
of ClC2� was significantly higher in acini and interlobular ducts
than in other duct segments.

Immunofluorescence

Immunofluorescence results indicated that distributions of
AQP and transporter immunoreactivity (IR) was generally in
accordance with the abundance of mRNAs along the acinus-
duct axis.

AQP4-IR was found on the basolateral sides of the acinar
and ductal cells, with ductal cells showing stronger AQP4-IR
than acinar cells (Fig. 8A). However, the smooth, thick, undu-
lating pattern of AQP4-IR also suggests that some of the IRs
were on the myoepithelial cells. AQP5-IR was found in all
acinar cells, but was distributed among the acini in a mosaic
pattern, with some acini and/or acinar cells demonstrating
much stronger AQP5-IR than others. However, virtually no
AQP5-IR was detected in duct cells (Fig. 8B).

NKA�1-IR was present in all acinar cells, but, like AQP5-IR,
levels differed in a mosaic pattern, higher in some acinar cells
and/or acini than in others. However, contrary to AQP5-IR,
NKA�1-IR in ductal cells was uniformly high (Fig. 8C).

NHE1-IR was found at the basolateral membranes and
within the cytoplasm of all acinar and ductal cells, but the level
in ductal cells was considerably higher (Fig. 8D). NKCC1-IR
was also present on the basolateral membranes and within the
cytoplasm of all acinar and ductal cells, but, contrary to NHE1-
IR, the levels of NKCC1-IR were higher in the acinar cells (Fig.
8E).

Both CFTR-IR and ClC2�-IR were weakly detected in the
LGs. CFTR-IR was present in punctate aggregates within the
apical cytoplasm of all acinar and ductal cells, but the level in
the ductal cells was considerably higher (Fig. 8F). The stron-
gest CFTR-IR was found in intra- and interlobular ducts, com-
pared with that in intra- and interlobar ducts. Rhodamine-
conjugated phalloidin, which stains F-actin, was used to outline
the morphologic profile. Like CFTR, ClC2�-IR was also found in
the apical cytoplasm as punctate aggregates. However, no
ClC2�-IR was seen in the ductal cells (Fig. 8G).

DISCUSSION

The importance of the tear film and its role as an indispensable
integral component of the ocular surface system is well estab-
lished.7 Although dry eye syndrome afflicts millions of people,
the underlying etiology remains unknown, and our understand-
ing of the normal physiology of the LG is still far from com-

FIGURE 6. Real-time RT-PCR of K-2Cl�, which is involved in a coupled
efflux mechanism. KCC1 is responsible for the efflux of Cl� and K�

across the basolateral membranes in LG epithelial cells. The level of
mRNA was the lowest in acini, and its abundance increased signifi-
cantly in intralobular, intralobar, and interlobar ducts. Labeling and
data are as in Figure 3.

FIGURE 5. Real-time RT-PCR of
transporters involved in Na�-Cl�-
coupled entry mechanisms. The level
of AE3 mRNA was the lowest in acini
and significantly increased in in-
tralobular, intralobar, and interlobar
ducts. NHE1 and NKCC1 showed a
similar pattern of mRNA expression
in acini and duct segments (i.e., the
highest was found in acini, whereas
the duct segments had less mRNA,
although the difference between ex-
pression in acini and duct segments
was much more dramatic for
NKCC1). Labeling and data are as in
Figure 3.

2964 Ding et al. IOVS, June 2010, Vol. 51, No. 6

Downloaded from iovs.arvojournals.org on 04/23/2024



plete. To date, almost all studies of LG function have focused
on the acinar cells, and only a few have focused on the duct
system, which has been estimated to represent �15% of all the
epithelial cells within the LG.8,9

Although investigators have used various terminologies for
the LG duct segments10–19 (e.g., intercalated duct, intralobular
duct, and interlobular duct), we were unable to find literature
that focused on characterizing each specific duct segment. In
fact researchers in many publications simply referred to
“ducts” without clarifying which segment they meant.

In the present study we established a nomenclature for the
lacrimal duct system in the rabbit and demonstrated the struc-
tural characteristics of each duct segment. In general, this
system was in accordance with that in the salivary gland, an
exocrine gland that has received much more extensive re-
search with respect to the features and functions of ductal
segments. In the rabbit LG, we were unable to identify striated
ducts comparable to those described in the salivary gland.
Striated ducts are a transitional segment between intercalated
ducts and the remaining larger intralobular ducts in the salivary

FIGURE 7. CFTR and ClC� mRNA levels in acini and duct segments. Both transporters are mem-
brane channels that transport chloride across plasma membranes. Minimal CFTR mRNA was found in acini,
whereas its level was significantly higher in every duct segment, with the highest observed in the
interlobar duct. The expression of ClC2� mRNA was the lowest in the intralobular duct, whereas the acini
and interlobular duct had significantly higher levels. Labeling and data are as in Figure 3.

FIGURE 8. Immunofluorescence of
AQPs and transporters. (A) AQP4-IR
was observed on the basolateral
sides of acinar and duct cells, with
duct cells (arrows) showing a
stronger IR than acinar cells (ar-
rowheads). (B) AQP5-IR was dis-
tributed among acini in a mosaic
pattern, with some acini and/or aci-
nar cells demonstrating much
stronger IR (arrows) than the rest
of the acini/acinar cells. However,
virtually no IR was detected in duct
cells (C, arrowheads, image of the
same section used for double label-
ing of AQP5 and NKA�1). (C)
NKA�1-IR was present in all acinar
cells, but the levels differed in a
mosaic pattern: higher in some aci-
nar cells and/or acini (arrows) than
in others. NKA�1-IR in the ductal
cells was uniformly high (arrow-
heads). (D) NHE1-IR was found at
the basolateral membranes and
within the cytoplasm of all acinar
(arrowhead) and ductal cells,
whereas the level in ductal cells
was considerably higher (arrows).
(E) NKCC1-IR was also present at
the basolateral membranes and
within the cytoplasm of all acinar
(arrowheads) and ductal cells (ar-
row), but the levels were higher in
the acinar cells. (F) CFTR-IR
(green) was present in punctate ag-
gregates within the apical cyto-
plasm of all acinar (arrows) and
ductal cells (arrowheads), but the
level in ductal cells was consider-
ably higher. Rhodamine-conjugated
phalloidin, which stains F-actin,
was used to outline the morphologic profile (red, also in G). (G) ClC2�. Like CFTR, ClC2�-IR (green) was also found in the apical cytoplasm
as punctate aggregates (arrowheads). However, no ClC2�-IR was seen in ductal cells (arrow). Ac, acinus. Scale bar, 50 �m.
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gland and have unique basal infoldings and numerous mito-
chondria, thus revealing the striations observed microscopi-
cally. This specialization greatly increases the membrane ex-
change area for the transport of ions and water. In
predominantly serous salivary glands (parotid gland), the stri-
ated ducts are larger than in predominantly mucous glands
(sublingual gland), a feature associated with the role of the
striated duct in modifying isotonic basic saliva to produce
hypotonic saliva. The absence of striated ducts in LGs may be
because the lacrimal fluid is isotonic, rather than hypotonic, as
in the case of saliva, and therefore there is no need to have
these ducts. It appears that there are no distinctive morpho-
logic features that distinguish one lacrimal duct segment from
the other; rather, the cytological features change incrementally
along the entire duct system.

Like other exocrine secretions, it is believed that lacrimal
fluid is produced in two stages: formation of a primary fluid in
the secretory end pieces, or acini, and modification into the
final fluid during transit through the duct system. These two
stages were confirmed some time ago by micropuncture anal-
yses of lacrimal fluids from rat and rabbit.8,20 The primary fluid
resembles an isotonic ultrafiltrate of plasma at all flow rates.
The final fluid has markedly different compositions depending
on the flow rates, but generally a much higher [K�] and [Cl�]
in rat, and a higher [K�] and similar [Cl�] in rabbit, both under
basal conditions. Non–mutually exclusive explanations for this
phenomenon are that duct cells secrete increased amounts of
K� and Cl� and that duct cells reabsorb Na� and Cl�.

In an excellent study, Dartt et al.21 reported electrolyte and
water secretion in the rabbit lacrimal ducts. By using a mi-
croperfusion technique, they demonstrated that duct cells are
actively involved in lacrimal secretion and that Na�/K�-ATPase
may play a significant role. However, it was unclear from their
report what duct segments were used for those studies, al-
though it appears to have been intralobular ducts. Recent
studies by Ubels et al. (IOVS 2005;46:ARVO E-Abstract 4424)22

elegantly described the presence of transport proteins consis-
tent with potassium secretion by ductal cells of rat LG and
documented that approximately 150 genes are expressed at
significantly higher levels in duct cells than in acinar cells.
Although not explicitly stated, the micrographs in Ubels’ pa-
pers appear to illustrate intra- and interlobular ducts. Another
recent study found that lacrimal duct cells express functionally
active NHE and AE, and parasympathomimetic stimulation by
carbachol stimulates these two transporters through the eleva-
tion of intracellular [Ca2�], suggesting their role in ion and
water regulation by duct cells.23

NKA is located in the plasma membranes of all animal cells,
but preponderantly in the basal-lateral plasma membranes of the
epithelia that comprise barriers between the interstitial fluid and
the internal environment of the epithelial cells. Depending on the
asymmetric localizations of other transport proteins, NKA may
power net absorption or net secretion. It uses the energy released
from hydrolysis of ATP to translocate Na� and K� ions across cell
membranes. It moves Na� ions outwardly and K� inwardly, both
against substantial electrochemical potential gradients. It is a het-
erotetramer composed of two � and two � subunits. So far, two
� subunit isoforms (�1 and �2) and three � subunit isoforms (�1,
�2, and �3) have been identified. Our real-time RT-PCR analyses
detected transcripts for the �1, but not for the �2, subunit and for
all three � subunits.

NKA has been localized in the basolateral membranes of
lacrimal ductal epithelial cells, consistent with roles in both
Na� reabsorption and K� secretion.24 We have found no
published determinations of the relative contribution the ducts
make to the total volume of fluid secreted by the LG, although
it has been estimated that the ducts account for roughly 30% of
the final lacrimal fluid volume in physiological conditions.25

Net fluxes of anions and cations through co-transporters
and exchangers are determined by mass action and ultimately
by the transmembrane Na� concentration gradient that is es-
tablished and maintained by NKA. Accordingly, NKCC mediate
net fluxes of Na�, K�, and Cl� into cells, and AE and NHE in
concert mediate net fluxes of Na� and Cl� into and net fluxes
of H� and HCO3

� out of cells. Whether the flux of Cl� into an
epithelium is in the absorptive or secretory direction depends
on whether the transporters are localized in the apical or the
basal-lateral plasma membrane.

The direction in which water flows across the plasma mem-
branes is determined by osmotic gradients, which largely are
established through the actions of various ion transport pro-
teins such as just discussed. Aquaporins are the membrane
proteins that are responsible for fast water transport across
plasma membranes.26–28 As we demonstrated here, in addition
to acini, there are significant amounts of aquaporins in the
ducts, suggesting their role in lacrimal secretion and/or reab-
sorption of luminal contents. The dramatic differences of
mRNA transcripts in various duct segments also suggest that
each duct segment plays different roles in lacrimal function.

The rabbit LG shares significant similarities with the human
LG. As in humans, acinar lumens are ovoid in rabbit, whereas
in mouse they are small and complexly folded with lumenal
evaginations extending to the basal membrane (Schechter JE,
et al. IOVS 2009;50:ARVO E-Abstract 3641).18,29 Rabbits with
dacryoadenitis also demonstrate many of the dry eye symptoms
frequently observed in humans.30 However, as in any animal
model, there are also significant differences between human
and rabbit tears (i.e., lipids secreted from the rabbit meibomian
glands were the most different from human ones) (Butovich IA,
et al. IOVS 2009;50:ARVO E-Abstract 2545). Nonetheless, the
rabbit model has some unique advantages for LG studies and
we believe data obtained from using these animals will help us
to elucidate the mechanisms of the human LG.

In summary, the present studies established a nomenclature
for the lacrimal duct system in the rabbit that was largely in
accordance with that in the salivary glands, with the exception
of the striated ducts. Our real-time RT-PCR data demonstrated
that the lacrimal ducts are rich in mRNA of certain transporters
and AQPs, and the mRNA abundance varied greatly among
duct segments, suggesting that each segment plays a different
role in lacrimal function. Immunofluorescence studies showed
that immunoreactivity of AQPs and certain transporters was
generally in accordance with the expression of various genes
along the acinus-duct axis. The data provide evidence that
lacrimal ducts are actively involved in LG fluid production and
modification. Further studies are warranted to characterize
transport proteins and their roles in LG function.
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