








Figure 2. Expression of NPR-A and NPR-B in paraffin sections of formalin-fixed human corneas as determined by indirect
immunofluorescence. A, B: The presence of NPR-A in the epithelium of the central cornea. A shows stronger expression in the superficial
layers when compared with the control (B). C, D: C shows the presence of NPR-A primarily in the superficial layers of the limbal epithelium.
The control shows no expression (D). E, F: E shows strong expression of NPR-B primarily in the superficial cell layers of the central cornea
compared when compared with the control (F). G, H: G shows that NPR-B is very distinctly confined to the superficial epithelium of the
limbus compared with the control (H). All panels are at 10× magnification.
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To further characterize the pharmacological profile of the
NPRs in the CEPI cells, HS-142–1 was evaluated for its
antagonist activity. HS-142–1 inhibited CNP-induced cGMP

production in a concentration-dependent manner with the
inhibitory potency (Ki) of 0.25±0.05 µM (n=6) in CEPI-17-
CL4 (Figure 6), and with a Ki value of 0.44±0.09 µM (n=7)

Figure 3. The expression of NPR-A and NPR-B in formalin-fixed human p-CEPI and CEPI-17-CL4 cells by indirect immunofluorescence is
shown. A shows a strong expression of NPR-A in human p-CEPI cells, while B shows expression of NPR-A in CEPI-17-CL4 cells. C shows
expression of NPR-B in human p-CEPI cells while D shows expression of NPR-B in CEPI-17-CL4 cells. E and F are DAPI labeled controls
(treated with secondary antibody only) for human p-CEPI and CEPI-17-CL4 cells, respectively. Each panel is at 40× magnification.
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in p-CEPI cells. HS-142–1 was thus equieffective in both cell
types (p<0.1). Isatin (indole-2,3 dione), an NPR-A receptor
antagonist, partially inhibited CNP-induced cGMP
production, and was less potent (Ki=5.3±1.7 µM; n=7 in
CEPI-17-CL4, and Ki=7.8±4.5 µM; n=3 in p-CEPI cells) than
HS-142–1 (Figure 6).

DISCUSSION
As described in the Introduction, diseases or injuries of the
corneal epithelium compromise its functions and can, if left
untreated, result in loss of visual acuity and impair vision
[21,25]. For these and other reasons, we and others have been
involved in the study of ocular surface tissues and cells [21,
25-28,30,32-39].

Figure 4. Expression of NPR-A and
NPR-B in human p-CEPI cells and
CEPI-17-CL4 cells as determined by
western blot analysis. A: The presence
of NPR-A protein (band observed at 40–
55 kDa) in CEPI-17-CL4 and in human
p-CEPI cells (from 56, 53, and 56 year
old donors) is shown. B: The presence
of NPR-B protein (band observed at
24 kDa) is shown for three different
donors of human p-CEPI cells (ages 40,
53, and 56) cells and in CEPI-17-CL4
cells. C: The expression of NPR-A and
NPR-B in human p-CEPI and CEPI-17-
CL4 cells was normalized to GAPDH.
The figure shows an apparent lower
expression of NPR-A in CEPI-17-CL4
cells than in human p-CEPI cells
(p<0.1); the expression of NPR-B was
higher in CEPI-17-CL4 than that in
human p-CEPI cells (p<0.05). The
NPR-B expression was greater than
NPR-A expression in CEPI-17-CL4
cells (p<0.05). However, the both
receptor subtypes were expressed to the
same extent in the p-CEPI cells (p<0.1).

Figure 5. A: Time-course of increase in cGMP induced by CNP fragment in CEPI-17-CL4 cells is shown. Cyclic GMP concentration was
measured after the cells were treated with CNP fragment for the indicated period. Each symbol represents a single datum point determined in
duplicate. B and C: Effects of NPs on cGMP production in human p-CEPI and CEPI-17-CL4 cells are shown. Cyclic GMP concentration was
measured after the cells were treated with the indicated concentrations of various NPs for 15 min. Each symbol represents a single datum
point determined in duplicate. Results were obtained in 4 independent studies for CEPI-17-CL4 cells (B) and 3 independent studies for human
p-CEPI cells (C).
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Various pharmacologically important peptides and
proteins have been evaluated in the cornea and it is becoming
clear that in spite of its avascularity the corneal epithelium
responds to endogenous (from paracrine/ autocrine sources)
and exogenous biologically active peptides and cytokines
[23,26,27]. The presence of the natriuretic family of peptides
and their receptors have not been previously documented in
the human cornea. Since some of the functions of this peptide
family have been implicated in cell proliferation and
differentiation [5-7,24], which are the essential events in the
homeostasis and repair of the corneal epithelium [40], we
undertook the present study to demonstrate that their presence
might also be of physiologic and pharmacological
significance. We first showed the presence of mRNAs for
NPR-A and NPR-B indicating that in monolayer cellular
model of corneal epithelium (p-CEPI and CEPI-17-CL4 cells)
the genes are actively involved in the transcription process in
the cornea and that the cell-line CEPI-17-CL4 could be a good
model for in vitro cellular studies. Examination of tissue
sections of the human cornea showed that the epithelium is a
target for the NPs and that the NPR expression favors the
superficial epithelial cell layers, particularly in the limbus.
This seems reasonable since the tear film compartment is
known to harbor a variety of bioactive peptides [25,27,41] and
the ocular surface includes the conjunctiva, which is a
particular site for allergic and inflammatory reactions [26,
27,36,37,41-43]. The presence of NPR-A and NPR-B was

also shown by immunocytochemistry in p-CEPI and
CEPI-17-CL4 cells and confirmed by western blot protein
analysis. Although there was some donor variability in the
expression of NPR-A and NPR-B by p-CEPI cells, it was
interesting to observe that while p-CEPI cells expressed
higher levels of NPR-A, CEPI-17-CL4 cells favored NPR-B
expression. This difference suggests that as a prelude to in
vivo studies it is worthwhile to be aware of the possible
differences in responses between cell-line cells and primary
cells [26]. Thus, as it is demonstrated here, it is prudent to
include primary human cells in a multi-disciplinary approach
to studies of pharmacologically active agents [25-28].
Irrespective of the immunocytochemical observations,
however, the pharmacological data coupled with the
[cGMP]i production-response data indicated that the
functionally active subtype of the NPRs was the NPR-B in
both the p-CEPI and CEPI-17-CL4 cells. The apparent lower
expression level of NPR-A may have accounted for such a
difference in CEPI-17-CL4 cells (Figure 4B), however NPR-
B still functionally predominated in the p-CEPI cells where
the expression levels of NPR-A and NPR-B were very similar
(Figure 4B). Another interesting difference between the cell-
types was the fact that the various NPs studied currently were
more potent in the immortalized cells than in the p-CEPI cells
(Table 1; Figure 5B,C). This could be explained by the relative
homogeneity of the cell-line cell population, as compared the

TABLE 1. RELATIVE POTENCIES AND INTRINSIC ACTIVITIES OF VARIOUS NPS FOR THEIR ABILITY TO STIMULATE CGMP PRODUCTION IN HUMAN CEPI
CELLS COMPARED WITH OTHER HUMAN OCULAR CELL-TYPES.

Natriuretic peptide Potency (nM) and
intrinsic activity
(Emax) in p-CEPI

Cells

Potency (nM) and
intrinsic activity (Emax)
in CEPI-17-CL4 Cells

Potency in h-CM
cells (nM)#

Potency in h-
TM16 cells (nM)#

Potency in h-TM3
cells (nM)#

CNP (1–53 amino acids)

EC50 (nM) 24 ± 5 nM 7 ± 2 nM** 19 nM 10 nM 64 nM
Max. effect (%) 100% 100%    

CNP fragment (32–53 amino acids)

EC50 (nM) 51 ± 8 nM 16 ± 2 nM** nd nd nd
Max. effect (%) 96% 89%    

BNP (32 amino acids)
EC50 (nM) >10,000 nM 203 ± 95 nM** 35 nM 75 nM 398 nM

Max. effect (%) 4.5% 43%    

ANP (1–28 amino acids)

EC50 (nM) >10,000 nM 97 ± 25 nM** 102 nM 102 nM 478 nM
Max. effect (%) 3.8% 13%    

Concentration-response curves were generated for each of the NPs shown above using 6 concentrations of each peptide in each
experiment as shown in Figure 5B,C. Data shown above are mean±SEM from 3 to 4 experiments for human p-CEPI cells and
from 4 to 9 experiments for CEPI-17-CL4 cells. #=data from [18] for comparison. h-CM=human ciliary muscle cells; h-
TM=human trabecular meshwork cells; nd=not determined. **=p<0.01 relative to potency in p-CEPI cells by Student’s unpaired
t-test.
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heterogeneity of the isolated primary cells from various
human donor eyes.

Exposure of p-CEPI and CEPI-17-CL4 cells to various
NPs resulted in a concentration-dependent increase in
[cGMP]i indicating that these cells have the ability to translate
the mRNAs for NPRs into functionally active receptor
proteins. These results further supported the molecular
biologic and immunocytochemical data discussed above. In
view of the fact that CNP and CNP fragment exhibited the
highest potencies and intrinsic activities in elevating
[cGMP]i in p-CEPI and CEPI-17-CL4 cells, with both ANP
and BNP being much weaker, these findings indicated an
NPR-B pharmacology signature as previously documented
for cells derived from other tissues, including human TM and
CM cells [18]. Interestingly, the rank order and potency values
of CNP, BNP, and ANP in the current studies matched well
with those reported for h-CM and h-TM cells (Table 1) [18].
The fact that the agonist activity of CNP fragment was

relatively potently blocked by the NPR-B selective antagonist,
HS-142–1 [44-46], and weakly by isatin [47-49], an NPR-A
antagonist, confirmed the identity of the predominantly active
GC-activating NPR in p-CEPI and CEPI-17-CL4 cell-types
as the NPR-B sub-type. Additionally, the inhibitory potency
of HS-142–1 in these cells (Ki=0.25–0.44 µM) for blocking
the CNP fragment-induced [cGMP]i generation compared
well with its reported antagonist potency in numerous other
organ-derived cells-types (Ki=0.33–6.6 µM) [44-46]. Even
though isatin yielded a partial inhibition of CNP fragment-
induced [cGMP]i production in the CEPI cells, its potency was
similar to that previously reported for its inhibitory activity in
non-ocular cell-types (Ki=0.4 µM) [47-49]. Taken together,
the pharmacological profile of the NP agonist and antagonist
activities confirmed the predominance of a functionally active
NPR-B receptor sub-type in p-CEPI and CEPI-17-CL4 cells.

Even though it is now clear from our current studies that
CNP-sensitive NPR-B receptors are present on both p-CEPI

Figure 6. Inhibition of CNP fragment-
induced cGMP production in CEPI-17-
CL4 cells by two NP receptor
antagonists is shown. The effects of
HS-142–1 (10 nM to 10 µM; closed
square symbols) and isatin (0.3–100
µM; open circle symbols) on CNP
fragment (30 nM)-induced cGMP
generation were determined as
described in the methods section. Data
are mean±SEM from 6 to 7 experiments
for HS-142–1, and from 7 experiments
for isatin. Similar results were obtained
using p-CEPI cells. The antagonist
potencies of the two compounds in the
two cell-types are provided in the
Results section.
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and CEPI-17-CL4 cells and in the intact human corneal
epithelium, the potential physiologic relevance of these
findings have not been fully explored and warrant future
investigation. However, the fact that NPs are potent regulatory
mediators of secretory activity [5-7,50] in many epithelial
cell-types of the body, for instance leading to chloride
secretion [50], suggests that CNP may modulate electrolyte
composition of the tear film on the ocular surface by
influencing the activity of the NPR-B on the CEPI cells. Since
CNP upregulates aquaporin-4 [51], the water content of the
tear film may be directly regulated by corneal NPR-B
receptors. These combined effects of CNP on the corneal cells
in vivo may then regulate water and ion homeostasis [51,52]
on the ocular surface to maintain a stable environment for the
cornea and surrounding tissues. Furthermore, since CNP
inhibits leukocyte recruitment and platelet-leukocyte
interactions [53], the NPR-B receptors may participate in anti-
inflammatory effects of CNP on the ocular surface [53]. The
involvement of NP system in cell proliferation [4-7,24]
necessary for corneal wound healing [40] is also possible even
though ANP apparently inhibited cell proliferation induced by
epidermal growth factor (EGF) via the NPR-A subtype [24].
Unfortunately, the latter authors did not study the effects of
CNP on rabbit CEPI proliferation and thus the role of NPR-B
in this process remains undefined [24]. Our preliminary
studies have revealed that CNP fragment neither alone or in
combination with EGF or HS-142–1 influences CEPI cell
proliferation (data not shown) indicating that in human CEPI
cells NPR-B appear not to be involved in modulating cellular
growth.

Corneal epithelial cells, akin to other ocular epithelia
[52], express numerous ion-channels and a multitude of
receptors [25-28]. Since CNP increases cGMP via NPR-B, as
does carbon monoxide but via a soluble GC [54], and CNP
alters intracellular pH [55], the activation of K+-channels
[54] and inhibition of Na-K-ATPase [56] of the CEPI cells
may be also affected. The solitary or combined effects of
CNP’s activation of NPR-B to produce [cGMP]i may thus
have profound effects on the physiologic functions of the
corneal epithelial cells [40,50-57], including possible
homeostatic regulation of ocular surface osmolarity and/or
cell volume, and/or acting as mitochondrial protective agents
as it pertains to other ocular tissues [58].

In conclusion, a multidisciplinary approach allowed us to
probe the molecular biology and biochemical pharmacology
of the NPR system in the human corneal epithelium at the
cellular and tissue levels. Compelling data are presented here
that indicate the predominance of NPR-B whose activation
leads to the generation of [cGMP]i. The agonist profile of
activity of NPs in p-CEPI and CEPI-17-CL4 cells, coupled
with the antagonist profile obtained using HS-142–1 and
isatin, supported the immunohistochemical findings. It is
hoped that our collective data will stimulate further

investigations into determining the physiologic roles of the
NPR system in the human and animal corneal epithelium.
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