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Latanoprost-Induced Changes in Rat Intraocular Pressure:
Direct or Indirect?
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Abstract

Introduction: The topical application of prostaglandin F2� (FP)-receptor agonists has been shown to signifi-
cantly lower intraocular pressure (IOP) in humans and is now considered the first-line treatment for ocular hy-
pertension. Despite the prominent role FP-receptor agonists play in the treatment of glaucoma, our under-
standing of how these agents lower IOP remains incomplete. The present study was designed to evaluate the
role of matrix metalloproteinase (MMP) activation and the cytokine, tumor necrosis factor alpha (TNF-�), in
latanoprost-induced changes in IOP.
Methods: Changes in IOP following an acute topical administration of latanoprost (60 ng) in normotensive
Brown Norway rats were evaluated by means of a commercially available rebound tonometer. To examine the
role of MMPs and TNF-� in this response, the rats were pretreated with a broad-spectrum MMP inhibitor, GM-
6001 (100 �g), or the TNF-� inhibitor, thalidomide (25 �g).
Results: The topical administration of latanoprost (60 ng) alone produced a biphasic change in ipsilateral IOP:
an initial hypertension (4.21 � 0.52), followed by a prolonged hypotension (�4.79 � 0.65). In rats, pretreatment
with GM-6001 blocked the latanoprost-induced reduction in IOP but did not prevent the initial rise in IOP. Pre-
treatment with thalidomide also blocked the ocular hypotension induced by latanoprost; however, thalidomide
pretreatment enhanced the duration of the initial hypertension.
Conclusions: These results provide evidence that the secretion and activation of MMPs and the release of TNF-
� play a central role in the ocular hypotension induced by FP-agonists. The administration of FP-agonists ap-
pears to lower IOP directly by inducing the activation of MMPs within the ciliary body, leading to improved
uveoscleral outflow and indirectly through the release of TNF-� within the ciliary body. Secreted TNF-� may
then activate TNF-receptors in the uvea and trabecular meshwork, increasing both uveoscleral and conven-
tional outflow.
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Introduction

THE PRIMARY RISK FACTOR FOR the development of glaucoma
is elevated intraocular pressure (IOP). Topical applica-

tion of prostaglandin F2� (FP) or its analogs have been shown
to significantly reduce IOP in humans1,2 and primates.3,4

However, early animal studies demonstrated that this re-
sponse is unusual, in that the response to FP-receptor ago-
nists improves with multiple dosing over time.5–7 This en-
hanced functional response supports the idea that the
chronic use of FP-receptor agonists induces a structural
and/or molecular change within the outflow pathway that
acts synergistically with a later administration of an FP-re-
ceptor agonist to lower IOP.

Topical treatment with prostaglandin F2� analogs alters
the extracellular matrix (ECM) in the tissues of the uveoscle-
ral outflow pathway8 and increases the production of ma-
trix metalloproteinases (MMPs) in the ciliary muscle cells.8–15

Although studies have shown that MMPs can alter conven-
tional outflow facility in human and animal perfused
eyes,16,17 direct evidence that MMPs participate in the FP-
agonist-induced modulation of IOP remains to be deter-
mined.

In other systems, the activation of FP-receptors has been
shown to induce the expression of the cytokines.18–20 In the
eye, tumor necrosis factor alpha (TNF-�) induces the secre-
tion of MMPs and ECM remodeling in a number of tissues,
including the trabecular meshwork, cornea, and optic nerve
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head.21–25 Although TNF-� has been shown to increase con-
ventional outflow facility, the participation of this cytokine
in modulating uveoscleral outflow has not been investigated.

To evaluate the roles of TNF-� and MMPs in the la-
tanoprost-induced changes in IOP, Brown Norway rats were
pretreated with an inhibitor of TNF-� production, thalido-
mide, or the MMP inhibitor, GM-6001. Rats were selected for
this study because they share similar anatomic and devel-
opmental characteristics in the anterior segment with those
of the human.26–29 Therefore, aqueous-humor-dynamic stud-
ies in rats may be more predictive of the response in humans
than those from other nonprimate laboratory animals. Re-
sults from these studies support the idea that both TNF-�
and MMPs play a role in prostaglandin-induced changes in
IOP.

Methods

Animals

Normotensive, male Brown Norway (200–300 g) rats were
used in this study. All animals were housed under standard
laboratory conditions of a 12-h light and 12-h dark cycle. An-
imal handling was in accordance with the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research, and
study protocols were approved by the Animal Care and Use
Committee at the Medical University of South Carolina
(Charleston, SC).

Drug treatment

Latanoprost (0.005%; Pfizer, San Diego, CA) was diluted
in saline to a final concentration of 0.002% and administered
topically (3 �L). Thalidomide (0.25%; Sigma Chemical Com-
pany, St Louis, MO) or GM-6001 (0.05%; Calbiochem, La
Jolla, CA) was formulated in saline containing 10% dimethyl

sulfoxide (DMSO). For thalidomide pretreatment, the agent
was topically administered as a 5 �L-drop, twice, 15 min
apart. For GM-6001 pretreatment, the agent was topically ad-
ministered as a 10-�L drop, twice, 15 min apart.

IOP measurement in rats

IOP was measured in conscious rats by using a calibrated
TonoLab (Colonial Medical Supply Co. Inc., Franconia, NH)
rebound tonometer, as previously described.30 To minimize
any discomfort to the animals during tonometry, corneas
were lightly anesthetized by the topical application of 0.1%
proparacaine (3 �L). Baseline IOPs of both eyes were deter-
mined (t � �1 h). Rats were then pretreated bilaterally with
GM-6001, thalidomide, or vehicle. After 1 h, IOPs were again
determined (t � 0 h) and latanoprost applied topically to 1
eye. Ipsilateral and contralateral IOPs were then measured
at 1, 2, 3, 4, 5, 6, and 24 h postlatanoprost treatment. All IOP
measurements were recorded in a masked fashion. In sepa-
rate studies, unilateral treatment with GM-6001 or thalido-
mide alone was evaluated to determine if these agents pro-
duced any acute change in IOP.

Data analysis

Values are presented as the mean � standard error of the
mean. Ipsilateral IOPs from latanoprost-treated animals
were compared with corresponding IOPs from animals pre-
treated with thalidomide or GM-6001 by means of the Stu-
dent t-test for nonpaired data. A P-value of �0.05 was con-
sidered significant.

Results

In conscious Brown Norway rats, the mean IOP measured
in this study was 18.6 � 1.2 mmHg. The topical administra-
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FIG. 1. Effect of latanoprost-induced intraocular pressure
changes in Brown Norway rats. Rats were treated topically
with 60 ng of latanoprost or vehicle (t � 0 h). Values are
recorded as the mean � standard error of the mean. Aster-
isks denote a significant (P � 0.05) difference between eyes
treated with latanoprost alone and eyes receiving vehicle
(n � 6).

FIG. 2. Effect of the matrix metalloproteinase inhibitor,
GM-6001, on latanoprost-induced intraocular pressure
changes in Brown Norway rats. Rats were treated topically
with: GM-6001 (100 �g) bilaterally 1 h prior to the topical,
unilateral administration of 60 ng of latanoprost (t � 0 h).
Values are recorded as the mean � standard error of the
mean. Asterisks denote a significant (P � 0.05) difference be-
tween eyes treated with latanoprost alone and eyes receiv-
ing both GM-6001 and latanoprost (n � 6).
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tion of 60 ng of latanoprost alone produced a biphasic change
in IOP: an initial rise in pressure peaking at 1 h (4.21 � 0.52
mmHg), followed by a prolonged hypotensive response
from 4–6 h, with a maximum reduction in IOP (�4.79 � 0.65

mmHg) at 5 h (Fig. 1). No significant change in contralateral
IOP was noted in these animals.

The administration of GM-6001 (100 �g) alone did not sig-
nificantly alter IOP (Fig. 2). In eyes pretreated with GM-6001,
the administration of latanoprost induced an initial increase
in pressure at 1 h. However, the latanaprost-induced hyper-
tension at 2 h and the subsequent hypotension from 4 to 6 h
were completely blocked by pretreatment with GM-6001.

The administration of thalidomide (25 �g) alone did not
induce any significant change in IOP (Fig. 3). In eyes pre-
treated with thalidomide, the duration of the early hyper-
tensive response was enhanced, with pressures remaining
elevated above baseline for up to 4 h. At times beyond 4 h,
the ocular hypotensive response was significantly inhibited,
when compared to eyes treated with latanoprost alone.

No changes in conjunctival hyperemia or abnormal ani-
mal behavior were observed during the course of these ex-
periments.

Discussion

Topically administered prostaglandin F2� and its analogs
lower IOP in human and nonhuman primates.1,3,4,31,32 Al-
though these drugs are now considered first-line therapies
for the treatment of glaucoma, the cellular mechanisms that
mediate this response are poorly understood. The ocular hy-
potensive response to FP-agonists is unusual, in that it im-
proves over time with multiple dosing.5–7 This enhanced re-
sponse supports the idea that the chronic use of FP-agonists
induces a structural and/or molecular change within the out-
flow pathway that acts synergistically with the subsequent
administration of FP-agonists to lower IOP. Morphologic,
molecular, and biochemical studies have demonstrated that
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FIG. 3. Effect of the tumor necrosis factor alpha inhibitor,
thalidomide, on latanoprost-induced intraocular pressure
changes in Brown Norway rats. Rats were treated bilaterally with
thalidomide (25 �g) 1 h prior to the unilateral administration of
60 ng of latanoprost (t � 0 h). Values are recorded as the mean �
standard error of the mean. Asterisks denote a significant (P �
0.05) difference between eyes treated with latanoprost alone and
eyes receiving both thalidomide and latanoprost (n � 8).

FIG. 4. Putative model for the ocular mechanisms responsible for intraocular pressure lowering by prostaglandin F2� (FP)-
receptor agonists. Solid arrows show direct FP actions, whereas gray, dashed arrows indicate indirect actions.
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FP-agonists lead to a loss of connective tissue within the cil-
iary body and increase the expression and/or secretion of
MMPs.8,13,15,33 However, studies have not provided direct
evidence that MMPs are involved in the ocular hypotensive
response to FP-agonists.

In vitro studies have shown that exposure to prostaglan-
dins induces the secretion of MMPs from human ciliary mus-
cle cells.9,11 In addition, a reduction in collagen types I, III,
and IV in PGF2�-treated human ciliary muscle cultures have
been reported.14 Further, a reduction in these collagens was
observed in the ciliary muscle of inflamed monkey eyes pre-
viously treated with PGF2�-IE, in which uveoscleral outflow
was also increased.8,34 Thus, increased degradation of ciliary
muscle ECM by MMP is thought to decrease the hydraulic
resistance to uveoscleral outflow, thereby lowering the IOP
in the eye. To provide direct evidence that the secretion and
activation of MMPs was involved in the IOP responses to la-
tanoprost, rats were pretreated with the broad-spectrum
MMP inhibitor, GM-6001. GM-6001 is a hydroxamic acid de-
rivative originally synthesized as an inhibitor of human skin
collagenase35 and has been shown also to block MMP-1, -2,
-3, and -9 activities.36,37 Pretreatment with GM-6001 blocked
the ocular hypotensive responses induced by latanoprost.
These results provide evidence, for the first time, that the se-
cretion and activation of MMPs are required steps in the la-
tanoprost-induced reduction in rat IOP.

The initial hypertensive response seen at 1 h following a
latanoprost administration was not altered. These results
support the idea that the early hypertensive response is in-
dependent of MMP secretion and activation within the an-
terior segment of the eye. This response is likely mediated
by the vasodilation of uveal vessels producing a rapid in-
crease in uveal volume and IOP.

TNF-� is a proinflammatory cytokine produced by a vari-
ety of cells, including lymphocytes, astrocytes, and smooth
muscle cells. In other systems, the activation of FP-receptors
has been shown to induce the expression of the cytokine TNF-
�.18–20 In the anterior segment, elevation in TNF-� is thought
to contribute to the increase in conventional outflow facility
produced by argon laser trabeculoplasty and the breakdown
of the blood-aqueous barrier.38,39 Thalidomide is a potent in-
hibitor of TNF-� production.40,41 This inhibition is due to the
increased degradation of TNF-� mRNA and reduced expres-
sion by stabilizing NF�B within the cytosol.42 However, it
should be noted that thalidomide can also suppress the lev-
els of interleukin (IL)-1�, IL-6, and granulocyte macrophage-
colony stimulating factor and enhance the levels of IL-10.43 In
the current study, pretreatment with thalidomide suppressed
the ocular hypotension induced by the addition of latanoprost.
These data support the idea that the secretion of TNF-�, or
other cytokines, is, in part, responsible for the ocular hy-
potensive response to FP-agonists. This release of TNF-�
might also provide an explanation for observations that FP-
agonists can also increase conventional outflow facility.44,45

Although FP-receptor expression is only a minor fraction of
the total prostanoid-receptor expression in the trabecular
meshwork,46 the latanoprost-induced secretion of TNF-� from
the ciliary muscle may act in a paracrine fashion to stimulate
MMP secretion from the trabecular meshwork, thus increas-
ing conventional outflow indirectly.

Rats pretreated with thalidomide also exhibited an en-
hanced early hypertensive response. These data indicate that

the full expression of the ocular hypertension induced by FP-
agonists is masked by the hypotensive action of TNF-� re-
leased into the intraocular environment.

Conclusions

In summary, we have shown that the topical application of
latanoprost in rats produced a biphasic change in IOP: an ini-
tial rise in pressure, followed by a prolonged hypotensive re-
sponse. The prolonged hypotension could be blocked by pre-
treatment with the general MMP inhibitor, GM-6001, or the
TNF-� inhibitor, thalidomide. However, neither agent sup-
pressed the initial hypertension induced in these animals.
Taken together, these results provide evidence that the secre-
tion and activation of MMP and the release of TNF-� play a
role in the ocular hypotension induced by FP-agonists. Based
on the results from this study and others, Figure 4 provides a
putative working model for the ocular hypotensive actions of
FP-agonists. In this model, FP-agonists lower IOP directly by
inducing the activation of MMPs within the ciliary body, lead-
ing to improved uveoscleral outflow. They also lower IOP in-
directly through the release of TNF-� within the ciliary body.
Secreted TNF-� may then activate TNF-receptors in the ciliary
body, and possibly, the trabecular meshwork to increase both
conventional and uveoscleral outflow.
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