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Abstract. Ethacrynic acid (ECA) lowers intraocular pressure (IOP) by an effect usually 
ascribed to increased drainage of aqueous humor by the trabecular meshwork. Here, 
we describe the effects of a continuous 2-hr intracameral infusion of balanced salt 
solution (BSS), with or without 2 mM ECA (sodium salt), on IOP of pentobarbital 
anesthetized rats. The infusion was divided into a constant (0.05 pVmin) and a periodic 
(0.25 pl/min) component that cycled 4 min on then 4 min off. This permitted the 
calculation of dynamic changes in resistive (trabecular and uveoslceral drainage) and 
nonresistive (aqueous synthesis, episcleral venous pressure) components of IOP by 
fitting a second-order transfer function to the responses. ECA markedly blunted the 
BSS-induced rise in IOP (P < 0.01). The rise in resistive mechanisms (ocular imped- 
ance) was transiently blunted by ECA (P e 0.05) during the third and fourth 8-min 
cycles, and nonresistive mechanisms were reduced by ECA from cycles 3-10 (P < 
0.05). Then, at the end of the infusion, the control and ECA dynamic values were 
similar (P > 0.05), although IOP of ECA-treated rats was still slightly reduced (P < 
0.05). The most likely explanation is a summation of small changes in both resistive 
and nonresistive components of IOP dynamics. Systemic blood pressure was un- 
changed within either group. The well-known effects of ECA on the trabecular mesh- 
work, alone, are insufficient to explain the dynamic changes in IOP observed in this 
model. [P.S.E.B.M. 1999, Vol 2201 

thacrynic acid (ECA), a diuretic drug that inhibits the 
renal Na+-K+-2Cl- symporter of the thick ascending E loop of Henle, also inhibits some tissue Na+-K+ 

ATPases, phosphodiesterases, and glutathione transferases 
(1). ECA is known to lower intraocular pressure (IOP), 
including IOP of patients with glaucoma (2). 

ECA decreased IOP in perfused organ-cultured human 
eyes (3) and after topical application or injection to the eyes 
of animals and humans (4-7). Direct (intracameral) injec- 
tion of ECA (3 mM) into the eyes of living monkeys low- 
ered IOP without adverse effects and caused breaks in the 
endothelium of the inner wall of the canal of Schlem, re- 
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sulting in a “pharmacological trabeculocanalotomy” (5, 6). 
In cell cultures derived from human trabecular meshwork, 
ECA produced reversible changes in cell shape after 2 hr 
(8), supporting the hypothesis that ECA-induced changes in 
cytoskeletal structure of the trabecular meshwork were re- 
lated to effects of ECA on ocular dynamics. However, the 
drug is a sulfhydryl reactive reagent, and it caused corneal 
edema at high doses, thereby limiting its clinical utility (4). 

Nevertheless, ECA does decrease IOP in patients with 
glaucoma (2), thereby warranting studies to determine the 
underlying mechanism(s) of action. We tested ECA in a 
newly developed in vivo model using anesthetized rats re- 
ceiving direct, cyclic infusions that permit separate calcu- 
lations of resistive and nonresistive mechanisms that par- 
ticipate in regulating IOP (9). The model makes use of the 
“washout” effect associated with direct intraocular infusions 
of low volumes of BSS. Such infusions cause, after a delay, 
a gradual rise in IOP, perhaps by “washout” of a substance 
needed for maintenance of the extracellular matrix (10-12). 

Materials and Methods 
Animals. The animals used for this research were 

male Sprague-Dawley rats (300-400 g) that were cared for 
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in accordance with the Guide for the Care and Use of Labo- 
ratory Animals, DHEWNIH Publication number 86-23, 
1985. The protocol was approved by the Institutional Ani- 
mal Care and Use Committee of the College of Medicine at 
Pennsylvania State University. 

Animal Preparation. General anesthesia was in- 
duced by the ip injection of 45 mg/kg pentobarbital sodium. 
A femoral artery was catheterized for arterial blood pressure 
recording, and a femoral vein was catheterized for mainte- 
nance of anesthesia. When needed, additional pentobarbital 
was slowly infused until blood pressure stabilized near 80 
mmHg. Rats rested on their ventral surface with the head 
fixed in the normal upward position. The anterior chamber 
of the eye was cannulated by procedures described in detail 
elsewhere (9). Briefly, the tip of a 27-gauge needle was 
inserted into the anterior chamber and fixed in place. The 
other end of the needle was fixed to a tubing/manifold as- 
sembly that interfaced with two infusion pumps and per- 
mitted continuous, direct recording of IOP. The entire in- 
fusion system was filled with BSS (9) with or without 2 mM 
ECA and filtered with a 0.22-p Millipore filter immediately 
before use. Body temperature of the animals was maintained 
with incandescent lamps. 

Protocol. After surgery, the rats were allowed a 20- 
rnin baseline period to ensure the stability of the blood and 
intraocular pressure recordings. Then, two infusion pumps 
were activated. One pump continuously infused BSS into 
the anterior chamber at a rate of 0.05 pl/min. The second 
pump, automatically controlled by a timer, cycled 4 min 
on-then 4 rnin off. When on, the pump infused the eye 
with 0.25 kl/min. Thus, on average, the eye was infused 
with 0.175 pl/min for 2 hr. This volume approximates about 
25% of the normal synthesis rate for aqueous humor in rats 
(1 l), and the cycling component of the infusion provided a 
sufficient magnitude of oscillation for calculation of out- 
flow impedance. Two infusates were compared: BSS alone, 
and BSS with 2 mM ECA as the sodium salt (Edecrin). 
Preliminary experiments showed that, under our conditions, 
low concentrations (0.2 mM) were inactive, and higher con- 
centrations (up to 8 mM) caused observable corneal edema. 
Thus, our rat model appeared to be responsive to ECA at 
concentrations similar to those described for living monkeys 
(i.e., intracameral administration up to 3 mM without ad- 
verse effects even though our infusions were longer (5, 6). 

Data Acquisition and Analysis. Blood and intra- 
ocular pressures were recorded from Harvard ultralow vol- 
ume transducers connected to a Keithley Model 570 data 
acquisition system and stored on the hard drive of a com- 
puter that sampled the transducer outputs at a rate of l/sec 
during the experiment. A cathode ray screen allowed real- 
time visual monitoring. Data were analyzed off-line. 

Blood pressure (BP) and IOP data for each animal were 
partitioned into 10 rnin time bins and evaluated by two-way 
analysis of variance with time as a repeated measure. Sig- 
nificant F ratios (P  = 5% or less) were evaluated with 
Tukey's Test. 

To derive estimates of dynamic changes in IOP, the 
IOP data from the computer were synchronized to the time 
when the pumps were turned on. The data were then as- 
sessed by a standard complex demodulation approach (9, 
13) to determine the magnitude and phase angle of the IOP 
responses at the fundamental frequency of 0.125 cycles/min 
(1 cycle = 8 min). Next, the transfer function (2nd order) of 
cycle-by-cycle responses to the periodic infusion was cal- 
culated (9). The analyses were implemented in MATLAB- 
386 on a computer with a 66-MHz, 80486 microprocessor. 
MATLAB Tool kit functions were used for least squares 
optimization (leastsq.m), digital filtering (fir 1 .m) and 
Runge-Kutta solutions of systems of differential equations 
(ode45.m). Two assumptions are implicit in the process. 
First, it is assumed that the IOP control system is linear 
to a first approximation, such that the IOP responses to 
the mean infusion rate and the IOP responses to the peri- 
odic component are linearly superimposed. Second, it is 
assumed that the coefficients of the transfer function are 
constant within a given cycle of stimulation. The validity 
of these assumptions, the data filtering routine, and the 
specific equations have been described in detail (9, 13). 
The gain parameter of the transfer function, A,, (units = 
mmHgpl-'min-') reflects passive resistance to outflow of 
aqueous humor (i.e., drainage by the trabecular meshwork 
and uveoscleral pathways). The residual pressure (RP, 
mmHg) that is unexplained by the transfer function reflects 
non-resistive changes in aqueous humor synthesis and/or 
episcleral venous pressure. Changes in Ao and FW were 
evaluated over 13 consecutive 8-minute cycles by repeated 
measures analysis of variance and least significant differ- 
ence (LSD) tests using SystatB. A, data were square-root 
transformed before analysis to reduce heterogeneity. F ra- 
tios of with probabilities of 5% or less were regarded as 
significant. 

Results 
IOP and BP Effects of Infusion. Figure 1 presents 

the IOP and BP results obtained after BSS and ECA infu- 
sion into the anterior chamber. The F ratios for treatment, 
time, and interaction were all significant ( P  < 0.05) for IOP. 
The following are the main comparisons that emerge. IOP, 
from the beginning of the experiment to the last 40 rnin of 
the post-infusion time, was lower in ECA rats. The lower 
baseline IOPs were likely due to immediate diffusion of 
ECA into aqueous humor at the time the cannula was in- 
serted into the eye, since BSS and ECA rats were usually 
done in pairs. IOP increased within each group during the 
infusion with the following differences. In the case of BSS, 
the rise in IOP first increased significantly (P < 0.05) 30 
rnin into the infusion, rose further by 60 min, and was 
unchanged during the second hr of infusion. A partial (P < 
0.05) recovery toward baseline IOP occurred after the in- 
fusion. In the case of ECA-treated rats, the within group 
IOP rise first became signficant 60 rnin into the infusion, 
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Figure 1. (Top panel) lntraocular pressure and (Lower panel) blood 
pressure of rats receiving dynamic infusions of balanced salt solution 
(BSS) alone, or with ethacrynic acid (ECA) into the anterior chamber 
of the eye. The asterisks indicate the start and stop times of the 
infusion. The rise in IOP after BSS infusion was markedly blunted by 
ECA ( P  < 0.05). Within group analysis of BP data indicated that BP 
was stable during the experiment. 

and rose slightly but significantly ( P  < 0.05) during the 
second hr of infusion. A partial recovery toward baseline ( P  
c 0.05) occurred. The ANOVA for mean arterial blood pres- 
sure (Fig. 1, lower panel) revealed a borderline treatment 
effect (12%, 2-tail) and no time or interaction effects. Sepa- 
rate one-way repeated measure ANOVA confirmed that 
blood pressures within the separate groups did not change 
during the entire experiment ( P  > 0.2). During the course of 
the experiments, ECA did not produce frank corneal edema, 
although preliminary studies showed edema when higher 
concentrations were used. 

Dynamic Changes During Infusion. Figure 2 dis- 
plays the changes in passive outflow resistance (A,) and 
nonresistive dynamic changes (RP) during the first consecu- 
tive 13 8-min cycles of the infusion. The ANOVA of the A,, 
data revealed a strong F ratio for the cycle, and treatment x 
cycle interaction ( P  c 0.001). Resistance rose rapidly in 
both groups, and A, was reduced by ECA at cycles 3 and 4. 
The ANOVA of the RP data generated a borderline signifi- 
cant F ratio for treatment (8%, two-tail), and significant F 
ratios for cycle ( P  c 0.001), and treatment x cycle interac- 
tion (P  < 0.04). As shown in the lower panel of Figure 2, the 
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Figure 2. Dynamic changes in IOP control mechanisms. The upper 
panel depicts changes in passive resistance to outflow (trabecular 
and uveoscleral drainage, A,, units = mmHgCII-’min-’) and the lower 
panel depicts changes in nonresistive mechanisms (aqueous humor 
synthesis and episcleral venous pressure, RP, units = mmHg). The 
cycle numbers represent 13 consecutive 8-min infusion cycles start- 
ing when the pumps were turned on. The triangles illustrate the 
effects of BSS, and the circles illustrate the effects of ECA. The A, of 
BSS and ECA rats differed (P  < 0.05) at Cycles 3 and 4. The RP 
differed (P  < 0.05) from cycles 3 through 10. 

nonresistive components of aqueous humor dynamics in- 
creased in both groups, the rise in the ECA group was less 
than BSS-infused rats at cycles 3-10 (inclusive), and the 
BSS group reached an apparent peak by cycle 7, as there 
was no within-group difference at later cycles. There was a 
within-group rise in the ECA rats between cycles 7 and 13. 
There were no ECA-induced differences ( P  > 0.05) from 
cycles 11-13 in either A, or RP. 

Discussion 
The mechanism by which the “washout” effect raises 

IOP is not fully described when employed either in vitro or 
in vivo (10, 14-16). Under the described in vivo conditions, 
the BSS-induced IOP rise is due partly to resistance in- 
creases and partly due to a nonresistive component, presum- 
ably vascular, because pretreatment with acetazolamide had 
minimal effects (9). This enigmatic phenomenon is associ- 
ated with a delayed rise in IOP after low-volume infusions 
of BSS, which are benign to tissue and administered at rates 
that should not physically damage tissue (10, 11). The 
“washout” of a material from the extracellular matrix, per- 
haps a glycoprotein (14), or changes in tPA in ocular tissue 
may be contributory mechanisms (15, 16, 17). 
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Typically, “washout” experiments in living eyes em- 
ploy larger species and evoke a delayed rise in IOP and an 
increased outflow facility. However, these experiments of- 
ten hold pressure constant and allow volume to vary, 
whereas our experiments employ infusions at a constant 
rate. The usual calculation of AIOP/Aflow over a fixed ex- 
perimental interval to estimate outflow facility (reciprocal 
of resistance) may not fully segregate ocular impedance 
from nonresistive components (14, 17). Thus, our experi- 
ments are not directly comparable to studies of living eyes 
in large animals where increased outflow facility is often 
observed. Croft and Kaufman (17) provided an analysis 
of ECA and outflow facility under various experimental 
conditions. 

Most previous studies on the ocular effects of ECA 
suggest that it lowers IOP by altering the trabecular mesh- 
work ( 2 ,  5,  6). It is likely that the Na+-K+-Cl- transporters 
of trabecular cells are affected by ECA, and the possibility 
exists that transport mechanisms in the ciliary epithelium 
could also be sensitive to ECA (1 8). The present study made 
use of the “washout” effect of a low-volume infusion of 
BSS to raise IOP. IOP is, at any point, in dynamic equilib- 
rium between resistive (trabecular and uveoscleral drainage) 
and nonresistive (aqueous synthesis and episcleral venous 
pressure) components (1 1). 

The utility of the rat model described herein as a sur- 
rogate for aqueous drainage mechanisms in humans has 
been discussed previously (9, 11). It is noteworthy that the 
trabecular meshwork of the rat eye displays the same mor- 
phological changes to IOP increases as primates (19). The 
cyclic infusion used to challenge dynamic equilibrium 
herein, after a baseline period, has the advantage that IOP 
does not have to be at steady-state (9). Thus, changes in 
dynamics are easily partitioned into the resistive and non- 
resistive components by standard complex demodulation 
and transfer function analysis (9, 13). 

Using these conditions and calculation methods, the 
results revealed that ECA, after intracameral administration, 
markedly lowered IOP. When challenged by low-volume 
infusions, BSS produced a “wa~hout’~-induced rise in IOP 
by increasing both resistive and nonresistive components of 
IOP control. The presence of ECA in the infusate blunted ( P  
< 0.05) the resistive component for a relatively brief time, 
(until the fifth 8-min cycle), whereas the blunted rise ( P  < 
0.05) in nonresistive mechanisms continued until the elev- 
enth cycle. Also, the within group temporal pattern revealed 
that BSS rats first displayed a significant rise in IOP ( P  c 
0.05) at 30 min, whereas the IOP increase in ECA-infused 
rats was delayed for 60 min. 

The data document that ECA affects multiple mecha- 
nisms to defend IOP against a constant volume stimulus. 
While it is likely that decreased trabecular meshwork resis- 
tance was contributory under our conditions, effects on 
aqueous synthesis and/or episcleral venous pressure seem 
probable because of the pronounced effects on nonresistive 
mechanisms. The renal effects of ECA on sodium transport 

mechanisms and the dependence of aqueous synthesis on 
sodium transporters raise the potential for a reduction in 
aqueous synthesis by ECA (1). However, even if there was 
no reduction in synthesis, the total volume load of the eye, 
endogenous plus exogenous, was only about 125% of the 
normal aqueous synthesis rate in rats (1 1). Thus, we believe 
the nonresistive component that we observed includes, 
at least in part, an ECA-induced fall in episcleral venous 
pressure. 

In summary, the “washout” phenomenon coupled with 
cyclic infusions offer an excellent tool to partition underly- 
ing effects of ocular hypotensive drugs into resistive and 
nonresistive components in vivo. Tingey et al. (4,5) suggest 
that topical ECA application to the eye results in corneal 
edema, and that an ECA-sulfhydryl adduct might penetrate 
the cornea and release free drug to reduce this side effect. 
The in vivo efficacy of ECA as an ocular hypotensive, in- 
cluding the present data, suggest that this goal should be 
pursued. 
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