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Abstract. Experiments were performed to determine Introduction
whether the transport properties of the ciliary epithelium
vary over different regions. Rabbit iris-ciliary bodies The eye’s aqueous humor is formed by the bilayered
were incubated under experimental or control conditiong:iliary epithelium (Krupin & Civan, 1995), as partially
for 30 min before quick freezing, cryosectioning, dehy-illustrated in Fig. AA. The first step in secretion is elec-
dration and electron probe X-ray microanalysis. Cryo-troneutral transfer of NaCl from the stroma of the ciliary
sections were cut from three regions along the major axigprocesses to the pigmented ciliary epithelial (PE) cells,
of the iris-ciliary body, i.e., the anterior, middle and pos- which can be mediated by either paired NHE-1" Mg
terior (pars plicata) regions. In bicarbonate/Céblu- and AE2 CI/HCO;™ exchangers (Wiederholt, Helbig &
tion, the epithelial cells of the anterior and middle re- Korbmacher, 1991; Kaufman & Mittag, 1994; McLaugh-
gions contained more Cl and K than did those of thelin et al., 1998; Counillon et al., 2000) or a N&K*-2CI
posterior region. These higher levels of Cl and K wereco-transporter (Wiederholt & Zadunaisky, 1986; Edel-
reduced by the carbonic anhydrase inhibitor acetazolman, Sachs & Adorante, 1994; Do & To, 2000; Crook et
amide. Application of bumetanide, an inhibitor of the al., 2000; Dunn, Lytle & Crook, 2001). Consensus has
Na"™-K*-2CI” cotransporter, resulted in significant in- not yet been reached concerning the relative importance
creases in Cl and K in the anterior and middle regions bubf these two mechanisms. Gap junctions connect the
not in the posterior region. In bicarbonate-free solution,cells of the bilayer, so that it functions as a syncytium
the ratio for K/Na contents was higher in the posterior(Bowler et al., 1996; Cafret al., 1992; Coca-Prados et
than in the two more anterior regions; Na, K and Clal., 1992; Edelman et al., 1994; Green et al., 1985;
contents of epithelial cells in the three regions were oth-Mitchell & Civan, 1997; Oh et al., 1994; Raviola &
erwise similar. Cell composition did not differ signifi- Raviola, 1978; Walker et al., 1999; Wiederholt & Zadu-
cantly between the crests and valleys of the posterionaisky, 1986; Wolosin & Schte, 1998). Following pas-
region. The divergent responses to perturbation of episage of N& and Cr into the nonpigmented ciliary epi-
thelial transport in the different regions provide the first thelial (NPE) cells, N& is extruded through NaK™-
demonstration of functional heterogeneity along the maactivated ATPase and Clis released through CI
jor axis of the iris-ciliary body. The response to inhibi- channels into the agueous humor. NaCl may be secreted
tion of carbonic anhydrase raises the possibility that thehrough an additional electroneutral mechanism (Chu &
anterior aspect of the ciliary epithelium may be the majorCandia, 1987), which may involve the N&*-2CI”
site of aqueous humor secretion. symporter (McLaughlin et al., 1998). Inhibition of Na
release through the N&*-activated ATPase, using ei-
ther cardiotonic steroids or application of metabolic in-
Key words: Electron probe X-ray microanalysis — Na  hibitors, markedly inhibits secretion (Krupin & Civan,
K*-2CI" symport — CI/HCO;™ antiport — Nd/H" an-  1995).
tiport — Carbonic anhydrase — Chloride content With rare exception (Civan, Coca-Prados & Peter-
son-Yantorno, 1996; Civan et al., 1997; Sears, 1984), net
secretion is taken to equal unidirectional secretion of
- aqueous humor. Nevertheless, mechanisms which could
Correspondence tov.M. Civan support transfer of solution in the opposite direction,
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A sensitive N&-channels (Crook, von Brauchitsch & Po-
lansky, 1992; Von Brauchitsch & Crook, 1993; Crook &
Stroma PE NPE Aqueous Polansky, 1994; Dong & Delamere, 1994; Crook &
COp — 1> CO2 +H20 Riese, 1996; Civan et al., 1996; Riese et al., 1998). Fur-
thermore, PE cells of the intact epithelium also express
Na' K*-activated ATPase (Coca-Prados & Sanchez-
3Nat Torres, 1998) and cultured PE cells have Channels
H* L . LT which can be synergistically activated by ATP and
HCO3" tamoxifen (Mitchell et al., 2000). Thus, mechanisms are
cr in place for reabsorption of aqueous fluid, and net for-
mation of aqueous humor could represent a balance be-
tween unidirectional secretion and reabsorption.

Na*t Kf—=—=—» This balance between unidirectional transfer into
K+ { ) 1 and out of the aqueous humor may vary within the dif-
— NaCl

Na*

ferent regions of the ciliary epithelium. A number of
? reports have noted regional differences in the expression
of Na'/K*-ATPase and other proteins and biologically
I | I active peptides (Dunn et al., 2001; Eichhorn,ddlu&
Lutjen-Drecoll, 1990; Eichhorn & Lijen-Drecoll, 1993;
Fligel et al., 1993; Flgel & Lutjen-Drecoll, 1988; Flu
gel et al., 1989; Ghosh et al., 1990, 1991). For example,
the NPE cells of young calves display higher expression
of a,/a,lag/B,/B, isoforms of N&,K*-activated ATPase
. hE X in the anterior than in the posterior region of the ciliary
SNarLIzK" —==Na epithelium (Coca-Prados & ‘8ehez-Torres, 1998). In
Na* contrast, the PE cells display a uniform relative concen-
or tration of «;/B, throughout the intact epithelium,
-— prompting a suggestion that in the posterior region, net

ﬁ Na* ion transport may occur towards the stroma (Ghosh et al.,
-—

2Cr

Stroma PE NPE Aqueous

K*e

I

K* 1991). In addition, the NaK*-2CI” cotransporter was
2cr localized to the basolateral edge of the PE cell layer in
the anterior region of young calves, with reduced evi-

Na*g% Na* dence of the cotransporter either posteriorly or on the

Clra—"—

K+ H* NPE cells (Dunn et al., 2001). Until now, it has not been
_ HCO3- possible to test whether these regional differences in
2CI . o . .
cr structure are associated with differences in function be-
cause of the structural complexity of the iris-ciliary body.
L T We have addressed the issue with electron-probe
[ | . .
X-ray microanalysis (Dme et al., 1978; Hall, 1971;
Fig. 1. (A) Consensus model of NaCl secretion by the rabhbit ciliary Rick, Dorge & Thurau, 1982) of the intact rabbit iris-
epithelium, possibly operational in the anterior regions. Adapted fromciliary body. This approach, which measures the intra-
Counillon et al. (2000). Paired Néi* and CI/HCO;™ antiporters, or  cellular elemental content within identifiable cellular
the N&K*2CI” symporter, can support uptake from the stroma into the gjtes of the NPE and PE cells (Bowler et al., 1996;
PE cells. Gap junctions provide entry to the NPE cells, and release 'm(l\/chaughIin et al., 1998) also identifies the topographi-

the aqueous humor occurs via the* N -exchange pump, Clchan- | oriain of th I | dandi f f
nels and an electroneutral mechanisi) The locations of ciliary cal origin or the cells so analyzed and IS one or very tew

epithelial cell membrane transporters reported by others, possibly conteChniques capable of addressing the typography of cel-
ferring a reabsorptive function in the posterior region;"#t and  lular function. The results, which identify some trans-
CI"/HCO;™ antiporters, N&K*-2CI™ and N&-CI~ symporters and  port pathways as playing a major role in the anterior
am_iloride-sensitive Nachannels may provide entry to the NPE cells, region, but with diminished activity posteriorly, provide
while Na',K*-ATPase and Cl channels located at the PE cells may the first functional evidence of topological heterogeneity
support release into the stroma. of the ciliary epithelium.

from aqueous humor to stroma (reabsorption), have beep/later'al and Method

observed (Fig. B). NPE cells in culture display func- 1als s

tional evidence of N&H" and CI/HCO;™ antiports,  The methods used in this study have been described in detail elsewhere
Na*-K*-2CI and N&-CI~ symports, and amiloride- (Bowler et al., 1996; McLaughlin et al., 1998).
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processes
—— Fig. 2. Macrophotograph of a portion of the rabbit
iris-ciliary body showing the gross morphology of
the structure and illustrating the relationship
between the areas analyzed and the terminology of
Weingeist (1970).
CELLULAR MODEL been well documented by a number of workers (Kozart, 196§ghu

Drecoll & Lonnerholm, 1981; Prince, 1964; Sheppard, 1962; Wegner,

Dutch-belted rabbits of either sex and older than 6 weeks post-weaning967; Weingeist, 1970) who have proposed various nomenclatures.
were obtained from the Department of Laboratory Animal SciencesWe find some of these (Kozart, 1968 tien-Drecoll & Lonnerholm,
University of Otago Medical School, and were treated in accordancel981; Weingeist, 1970) particularly relevant to our own observations,
with the ARVO Resolution on the Use of Animals in Research. Ani- and use the terms suggested by Weingeist (1970). In our experiments
mals were anesthetized with 30 mg/kg sodium pentobarbital and sag-eported to date, we had chosen to analyze epithelial cells in sections
rificed by injecting air into the marginal ear vein. After enucleation, obtained from what has been termed (Weingeist, 1970) the ciliary
the iris-ciliary body was excised, cut into quarters and each quarteprocesses (Figure 2). However, we subsequently noted that different
bonded at its edge to a plastic frame with cyanoacrylate. Pairs otellular compositions may be measured in sections that had occasion-
guadrants (one from each eye) were incubated in beakeks fohr in ally been cut from more posterior regions of the iris-ciliary body. To
bicarbonate or bicarbonate-free solution as appropriate, then for at leasixamine the possibility of heterogeneity in the distribution of transport
30 min under the different experimental conditions. Incubation waspathways in the epithelium, we have now systematically analyzed sec-
conducted at room temperature (18-22°C) as discussed elsewhet®ns obtained from three parts of the iris-ciliary body (Fig. 2); the
(McLaughlin et al., 1998). posteriomars plicata(\Weingeist, 1970) region adjacent to the minimal
After incubation, the tissues were blotted then plunged into liquid (in the rabbit)pars plana(Weingeist, 1970), the anterior region includ-
propane at —180°C to freeze the preparation quickly before ions andng what has been referred to as the iridial portion of the primary ciliary
water could undergo any redistribution. Blocks were fractured from processes (Weingeist, 1970), and the middle region, between these two.
the frozen tissue under a dissecting microscope (x7), while paying-or clarity, we here refer to these three regions not by structure, but
careful attention to the origin and orientation of the block. After trans- simply by location in the iris-ciliary body, as posterior, anterior and
fer of the block to the cryoultramicrotome and consequent trimming, middle, respectively. Our limited analyses of tpars planahave
we were thus able both to select and identify accurately the region frongiven no indication of compositional differences from the slightly more
which the sections were being cut. The rabbit iris-ciliary body displaysanterior epithelial cells of the outgars plicata,but a full examination
some structural differences from ciliary bodies of bovine or humanof the pars planawas precluded by the small number of cells which
origin, but remains a preferred experimental model. Its structure hagould be analyzed in this narrow band of thin epithelium.
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Sections cut from blocks of the posterigrafs plicatgd region As discussed in a previous study (McLaughlin et al., 1998), the
(Weingeist, 1970) often retained sufficient structure to enable us, inNa, K and Cl signals were routinely normalized to the P signal obtained
addition, to analyze epithelial cells specifically located at the crests andn the same scanned area of each cell, yielding molar ratios of these
valleys. We have grouped these analyses from one series of experélements. We have previously estimated the phosphorus content in this
ments separately for comparison. Since the regular folded structure dissue to constitut¢ 500 mmol/kg dry weight (Bowler et al., 1996).
the posterior region is not continued into the more anterior convoluted®hosphorus was chosen for normalization because of the constancy of
ciliary processes, crests and valleys as such do not exist there. Sectiottse intracellular signal, which almost entirely reflects the covalently
were cut 0.2-0.4.m in thickness at —80 to —90°C, freeze-dried atl0 linked fraction in epithelial cells. For example, inorganic phosphate
Pa (equivalent to 7.5 x 10 Torr), and transferred for analysis to a (P,) is accumulated to only 3 mmol/kg intracellular water in the epi-
scanning electron microscope (JEOL JSM 840) equipped with an enthelial cells of frog skin (Civan et al., 1983). In such cells, the total
ergy-dispersive spectrometer. pool of ATP, ADP, phosphocreatine angdd®rresponds to only 5% of
the total P pool measured in the ciliary epithelial cells (Bowler et al.,
1996). The validity of normalizing to P has been experimentally dem-
onstrated by the close linear relationship we have obtained between the
two largely intracellular elements, K and P (Fig. 3 of Bowler et al.,
1996). The values we report for Na/P, CI/P and K/P are the measured
The bicarbonate medium contained (injn 145 N, 5.9 K, 122.1  ggtimates of the intracellular Na, Cl and K contents, respectively.
CI”, 15.0 HEPES [4-(2 hydroxyethyl)-1-piperazineethanesulfonic pithough it is impossible to estimate ion concentrations in mmol/liter
acid], 1.2 Mg", 2.5 C&", 1.2 H,PO,”, 30 HCQ;” and 10 glucose at pH  from these data, the changes in intracellular contents of (Na + K) or of
7.30-7.45 and 305-315 mOsmol. Bicarbonate-free solution was PrefNa + K + Cl) mustreflect changes in intracellular water content
pared by isosmolar replacement of HCCby CI. Depending on  (Apraham et al., 1985). For this reason, the sums of the measured
whether or not HC@ was included, the gas bubbled through the atios (Na/P + KIP + CI/P) and also (Na/P + K/P — Cl/P) are entered in
solution throughout incubation consisted of either 953#%CQ, or  the Taple and cited, where appropriate, in the text. In addition, (Na/P

pure O, respectively. All chemicals were reagent grade. Bovine al- 1 k/p - Cl/P) reflects changes in the amount of cellular anion other
bumin (RIA grade, Immuno Chemical Products, Auckland, New Zea-tnan Cr.

land) was dialyzed for 48-60 hr, freeze-dried at -70°C, and stored at The numbers of cells analyzed are indicated by the symbol

4°C. A 30% (w/v) solution was prepared by dissolving the albumin in , v/ajues are presented as the means e Differences between

the same medium in which the tissue was incubated. Both acetazobroupS have been analyzed by ANOVA using nonparametric (Kruskal-

amide and bumetanide were added from stock solutions in dimethyIWa”is) testing, and the probabilitie®) of the null hypothesis have

formamide. In each case, the same concentration of solvent vehiclgeen calculated with the Dunn Multiple Comparisons post-test. The

(0.1% viv) was applied to the parallel control preparations. basis for this choice of statistical analysis is discussed in detail else-
where (Bowler, Purves & Macknight, 1991).

SOLUTIONS AND CHEMICALS

DATA ACQUISITION AND REDUCTION
Results

The dried sections were imaged with a transmitted electron detector. .

Measurements were collected with a Tracor Northern 307 miray Under all conditions, the contents of Na, K and CI (nor-

detector, using a probe current of 140200 pA for 100 sec at an acceimalized as Na/P, CI/P and K/P, respectively) were con-
erating voltage of 20 kV. The intracellular data were obtained by thesistently greater in NPE than in PE cells. As discussed
electron beam scanning a rectangular area within the nucleus of eaobreviousw (McLaughIin et al., 1998), these differences

selected NP.E or PE Ce”.WhICh varied frdM.9 x 1.2umto[2.4 x 3.0 in content do not necessarily Imp|y differences in ion
wm depending on the size of the nucleus analyzed. It must be empha-

sized that a great strength of the electron probe is the capability OF_oncentratlonS between the two cgll-types. Indeed,
directly visualizing those cells and those subcellular targets which ardlifferences between the cell types in the nature and
analyzed, thereby ensuring that only the analyzed epithelial cells an@mount of nondiffusible P-containing organic com-
not the extracellular compartment or other cellular components conpounds may well underlie these differences in the ion
tributed data on elemental composition. ratios. Since the patterns of change were the same in the
The elemental peaks were quantified by filtered least-square fit4\yo cell types in all of the experimental protocols exam-
ting to a library of mono-elemental peaks (Bowler, Purves & Mac- ined in the present study, we have focused on the com-

knight, 1991). The library spectra for Na, Mg, Si, P, S, Cl, Kand Ca | . . .
were derived from microcrystals sprayed onto a Formvar film. White bined data obtained with the equal numbers of NPE and

counts were summed over the range 4.6-6.0 keV, and corrected for the E CEIlS. These Cqmbined data are presented both in the
nontissue contributions arising from the Al specimen holder and NiTable and in the figures. In general, analyses of cells
grid. from the anterior and middle regions were in agreement

Although we attempted to calculate ion contents and concentrayith our previous results (McLaughlin et al., 1998).
tions using the internal standard technique ofr@et al. (1978)

(Bowler et al., 1996; Rick et al., 1982), we have found that we can not
obtain consistent data by relying on this approach in the ciliary epi'INCUBATION WITHOUT OR WITH
thelium. The reasons for this include the presence of residual adhere

vitreous, which can limit access of the albumin solution to the aqueou;%mARBONATE/COZ

surface of the epithelium, particularly in tipars plicataregion. Nev- . . . . .
ertheless, we continued to apply the albumin solution comprising th The Table summarizes the effects of incubation in either

internal standard (Dorge et al., 1978) in these experiments, since Wep'carbon‘_”‘te'free or b'(??-rbona‘_te/g.@OIUt'on on the
were concerned that its omission might increase tendencies for th6€0mposition for all the ciliary epithelial cells of the three
tissue to crumble or fragment during cryosectioning. regions. Figure 3 illustrates the effects on CI/P and K/P.

SOLUTION
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Table. Comparison of the effects of bicarbonate and bicarbonate-free control solutions on ion content of all cell types in different regions of the

rabbit iris ciliary body

217

A. Incubation in HCQ -free solution.

Region n Ratio (mmol/mmol)

Na/P ClIP K/P (Na + K + Q/P (Na + K - Q)/P
Anterior (19 sections) 232 0.087 £0.003 0.215 +0.003 1.031+0.010 1.333+0.011 0.904 +0.008
Middle (20 sections) 242 0.100 + 0.004 0.213 +0.003 1.005 + 0.008 1.318 +0.011 0.892 + 0.007
Posterior (20 sections) 258 0.063 +0.003 0.221 +0.004 1.158 + 0.009 1.442 +0.012 1.000 + 0.007
Differences
Anterior-middle -0.012 + 0.005 0.001 + 0.006 0.026 +0.014 0.015 +0.019 0.012 £0.012
P NS NS NS NS NS
Anterior-posterior 0.025 + 0.005 —-0.006 = 0.006 -0.127 £ 0.014 -0.109 £ 0.019 —-0.096 £ 0.011
P <0.001 NS <0.001 <0.001 <0.001
Middle-posterior 0.037 £0.005 -0.008 + 0.006 -0.153 £ 0.014 -0.124 +0.018 -0.108 £ 0.011
P <0.001 NS <0.001 <0.001 <0.001
B. Incubation in HCQ solution.
Region n Ratio (mmol/mmol)

Na/P Cl/P K/P (Na + K + Q/P (Na + K = d)/P
Anterior (20 sections) 244 0.106 + 0.004 0.339 £ 0.006 1.151+0.011 1.596 +0.016 0.918 +0.009
Middle (18 sections) 218 0.102 +0.004 0.309 + 0.006 1.107 +0.011 1.518+0.016 0.901 +0.008
Posterior (20 sections) 274 0.094 +0.004 0.279 £ 0.004 1.242+0.011 1.615+0.014 1.057 +0.009
Differences
Anterior-middle 0.004 + 0.005 0.031 + 0.006 0.044 +0.014 0.078 +0.019 -0.017 £0.012
P NS <0.001 <0.05 <0.001 NS
Anterior-posterior 0.013 £ 0.005 0.061 +0.006 -0.096 +0.014 -0.022 +0.018 -0.139+£0.011
P NS <0.001 <0.001 NS <0.001
Middle-posterior 0.009 +0.005 0.031 +0.006 -0.140 +0.014 -0.100 +0.019 -0.156 + 0.012
P NS <0.001 <0.001 <0.001 <0.001
Data inA & B from eyes of 5 animals; mean + SEM
n is total number of cells analyzed from the number of sections shown
C. Differences between incubation in HGOand HCQ™ -free solutions.
Region n Ratio (mmol/mmol)

Na/P Cl/P K/P (Na + K + Q/P (Na + K - d)/P
Anterior 0.019 + 0.005 0.125 + 0.006 0.120+0.014 0.263 +0.019 0.014 +0.012
P <0.01 <0.001 <0.001 <0.001 NS
Middle 0.002 +0.006 0.096 +0.006 0.102 +0.014 0.200 £ 0.019 0.009 +0.012
P NS <0.001 <0.001 <0.001 NS
Posterior 0.030 +0.005 0.057 £ 0.006 0.089 £ 0.015 0.176 £0.018 0.057 +£0.011
P <0.001 <0.001 <0.001 <0.001 <0.001

In bicarbonate-free solution (Tabl@y), the ratio for

of Na‘'/K* exchange through the Ngump in the pos-

K/Na contents was higher in the posterior than in the twaoterior region. Compositions of epithelial cells in the
more anterior regions. This observation is compatiblethree regions were otherwise similar in the absence of
with either a lower relative influx of Naor a greater rate  bicarbonate and CO
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2.0 K/P K/P K/P regions, with the greatest differences being in the ante-
rior and middle regions, where CI/P was decreased by

oo

18 g some 58% (anterior) and 45% (middle), respectively.

i 8 In contrast, the posterior CI/P, although significantly

Le o o 8 lower, was decreased only by some 26%. Similar differ-

i e g ences were seen with K/P. There was relatively little

14 : ° effect on the Na/P in the anterior and middle regions.
: 8 However, posterior Na/P decreased appreciably.

12 The changes in individual ratios are reflected in the
@ data for (Na/P + K/P + CI/P), which provides a measure
g0 of the change in total diffusible ions, and for (Na/P + K/P

é 8 - CI/P) which allows estimation of the change in unmea-

08 8 % e § ° sured cell ionic charge. The significantly lower values
0 ° . for (Na/P + K/P + CI/P) in bicarbonate-free solution
. 8 indicate that cell water content was lower under these
04 | . o : conditions. The similarities of the values of (Na/P + K/P
| [] — CI/P) of the anterior and middle regions in each solu-
o2 | + + %+ tion and between solutions indicates that the total nega-
’ 8 tive charge contributed by other anions was very similar
0 SCUP clp cl/p in both regions and that incubation in the bicarbonate-

free solution did not result in a lower cell bicarbonate
content than incubation in its presence. In both solu-
Fig. 3. Effects of incubation in either a bicarbonate/C@r a bicar- t|0n$y the p.OSteI’IOI’ region (Na/P + K/P - Cl/P) was ap-
bonate-free solution on epithelial CI/P and K/P ratios in the three re-preciably higher than in the more anterior regions, indi-
gions. The medians are indicated by the central horizontal lines, thq;ating that these cells contained more unmeasured anion.
lower and upper lines include all data between the 25th and 75thThe fact that this difference increased significantly in
percentiles, and the ‘whiskers’ display the data range between the 1OtBicarbonate/C9solution is consistent with an increase

and 90th percentiles. Circles are individual data points that lie outside th Il bicarb te of th teri . der th
of this range. Data were obtained from experiments using eyes fron{n e cell bicarbonate or the posterior region under these

five animals: bicarbonate/CQsolution (clear symbols)—anterior re- conditions.

gion, 244 cells from 20 sections; middle region, 218 cells from 18

sections; posterior region, 268 cells from 20 sections. Bicarbonate-freéNCUBATION IN BICARBONATE/CO, SOLUTION

solution (shaded symbols)—anterior region, 232 cells from 19 sectionsw|TH ACETAZOLAMIDE

middle region, 242 cells from 20 sections; posterior region, 258 cells

from 20 sections. In a bicarbonate/C@Qcontaining solution, acetazolamide

(0.5 mv) reduced the CI/P and K/P ratios towards the
levels measured after incubation in bicarbonate-free so-

There were no statistically significant differences in |~ . ! :
CI/P among the three regions in bicarbonate-free solul—unon (Fig. 4), as previously reported (McLaughlin etal.,

tion. However, in the bicarbonate/G®olution, the CI/P ;g?ﬁ;lssﬁigﬁgfgéagng %rgﬁcistggo}:;lijdeeﬂgﬁ 3
in the anterior regions was significantly higher than in creased’CI/P and K/P in the ;’:mterior region by 0.106 +
the middle region® < 0.001), and both these regions had 0.008 P < 0.001) and 0.054 + 0.018(< 0.05) resp'ec- B
appreciably higher CI/P ratios than the posterior reglonti\./ely. In thé middle regi.on CﬁP énd K/P féll by 0.107 +
® <Ir(1) .Si(c):«lat)r.bonate-free solution, K/P did not differ sig- SV%?Q er;eor.ggi)ct?;r? 3‘%?ﬁfmot'g;@é<stoéggrlge% F:we\(/:v-as
nificantly between the anterior and middle regions. Y. P 9
However, the mean posterior region K/P was signifi-sma‘"er (0.041 £ 0.008 < 0.001), as expected from the
cantly higher than in the other regiong & 0.001 for smaller decrease in chloride following incubation in bi-

both comparisons). In the bicarbonate/Cf0lution, the ﬁargonatel:[fr:ee Sr? I?ﬁ'ona.‘%'h”e KIP was acttua!ly §f|_|ghtl}[/
K/P in the anterior region was significantly higher than Tlr?ereér'wire Osun%all dgcrelagcraesn;e NV\;/as irr]]oa"SIrgemi:)Cnasn éf
in the middle region and, as in the bicarbonate-free S04 013. 0.021 and 0.021 respectively none 0? which
lution, the mean posterior K/P was significantly higher réachéd .statistical si' nificancg y:
than both anterior and middle means. 9 '

When the effects of incubation with or without bi-
carbonate/CQare compared (Tabl€), Cl/P was appre- \IAI;"?LJ BBAJ:\?STE\“E;CARBONATE/COZ SOLUTION
ciably lower in tissues incubated in bicarbonate-free so-
lution, as previously reported (Bowler et al., 1996; Incubation in a bicarbonate/G@olution containing 0.05
McLaughlin et al., 1998). This was seen in all three mm bumetanide (Fig. 5) resulted in marked increases in

anterior middle posterior
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Fig. 4. Effects of acetazolamide (0.5mion ciliary epithelial Cl/P and ~ Fig. 5. Effects of bumetanide (0.05m) on ciliary epithelial CI/P and

K/P ratios in a bicarbonate/G@olution. The medians are indicated by K/P ratios in a bicarbonate/C@olution. The medians are indicated by
the central horizontal lines, the lower and upper lines include all datathe central horizontal lines, the lower and upper lines include all data
between the 25th and 75th percentiles, and the ‘whiskers’ display th&etween the 25th and 75th percentiles, and the ‘whiskers’ display the
data range between the 10th and 90th percent”esl Circles are individuﬂata range between the 10th and 90th percentiles. Circles are individual
data points that lie outside of this range. Data were obtained fromdata points that lie outside of this range. Data were obtained from
experiments using eyes from three animals: bicarbonate@@tion ~ experiments using eyes from two animals. Bicarbonate/€@ution
(clear symbols)—anterior region, 148 cells from 12 sections; middle(clear symbols)—anterior region, 102 cells from 8 sections; middle
region, 122 cells from 10 sections; posterior region, 174 cells from 12region, 96 cells from 8 sections; posterior region, 96 cells from 8
sections. Bicarbonate/GOsolution + acetazolamide (shaded sym- Sections. Bicarbonate/Golution + bumetanide (shaded symbols)—
bols)—anterior region, 154 cells from 13 sections; middle region, 14ganterior region, 96 cells from 10 sections; middle region, 96 cells from
cells from 12 sections; posterior region, 146 cells from 11 sections. 8 sections; posterior region, 96 cells from 10 sections.

both CI/P and K/P in the anterior and middle regions,0.219, valleysif = 60), 0.208 A = 0.011 + 0.011; K/P
confirming our previous results (McLaughlin et al., crests i = 59) 1.144, valleysr{ = 60), 1.171A =
1998). Specifically, in experiments using tissue from 20.027 + 0.025. The values in bicarbonate/Csolution
animals, the presence of 0.05unbumetanide increased were: Na/P crestsy(= 46) 0.089, valleysr( = 38), 0.091,
CI/P and K/P in the anterior region by 0.119 + 0.0 ( A = 0.002 + 0.013; CI/P crests (= 46) 0.319, valleys

< 0.001) and 0.127 + 0.026P(< 0.001) respectively. (n = 38),0.299A = 0.020 + 0.016; K/P crests (= 46)

In the middle region CI/P and K/P rose by 0.063 + 0.0141.283, valleysif = 38), 1.330,A = 0.047 + 0.039. In

(P < 0.01) and 0.063 + 0.026P(< 0.01) respectively. neither situation were any of these small differences sta-
In contrast, there was no significant effect on either Cl/Ptistically significant.

or K/P in the posterior region. There were no significant

changes in Na/P in any region. . .
9 yreg Discussion

The absence of detectable differences in diffusable el-
emental content between cells in the crests and valleys of
the pars plicata has two implications. First, unstirred
Only in the posteriorpars plicata,region was it possible layers played insignificant roles. Otherwise, the elemen-
to make a direct comparison between the cells in thaal composition of cells in the more accessible crests and
crests and valleysséeMethods). In tissues from 4 ani- less accessible valleys should have been different. Sec-
mals, the values and their differencésn bicarbonate- ond, the cells in the crests and valleys evidently possess
free solution were: Na/P crests € 59) 0.064, valleysr(  similar intrinsic ion transport capacities.

= 60), 0.064A = 0.000 £ 0.011; CI/P crests (= 59) In contrast to the functional homogeneity noted in

CoMPARISON OF COMPOSITION OF CELLS FROM THE
CRESTS AND VALLEYS IN THE PARS PLICATAREGION
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planesperpendicularto the antero-posterior axis of the azolamide and inhibiting the symport with bumetanide.
eye, substantial heterogeneity was evidaongthe an- However, we note that there was a smaller decrease in
tero-posterior axis. Significant differences were noted incontent of diffusible cation (Na/P + K/P) in all regions in
the response of the Cl content to changes in H@GCO,  the nominal absence of HGTUCO,. Nearly all the in-
concentration, acetazolamide and bumetanide. Each afrease in diffusible cation content produced by including
these perturbations is expected to alter ciliary epitheliaHCO;/CO, in the bath was balanced by an increase in
secretion (Krupin & Civan, 1995), and each alters theCl content in the anterior regions, whereas about half was
elemental composition of the ciliary epithelium, as we balanced by an increase in unmeasured anion content
have previously reported (McLaughlin et al., 1998). The[(Na + K — CI)/P] in the posterior region. Itis reasonable
present study documents that each perturbation exertdd presume that the gain in unmeasured anion produced
greater effects on the anterior than on the posterior epiby adding HCQ /CO, reflected an elevation of cell
thelium. HCO;". If inclusion of HCO;/CO, accelerates the rate
The fall in CI content caused by either omitting of delivery of cell HCQ™ to the CI/HCO;™ exchangers
HCO,/CO, or inhibiting carbonic anhydrase with acet- to comparable degrees throughout the epithelium, we
azolamide (in the presence of HGWCO,) was entirely  must conclude that CIHCO;™ turnover is slower in the
expected; in both cases, the rate of HC@elivery to the  posterior pars plicatg than in the anterior epithelium.
AE2 CI'/HCO; exchanger of the PE cells was thereby It is interesting that the ratio of K to Na content was
slowed. However, the basis for the increase in Cl con-higher in the posterior than in the anterior epithelium.
tent triggered by bumetanide (again in the presence ofhis is consistent with a lower turnover of Nand K’ in
HCO,/CO,) was initially unclear because the NK*-  the posterior region. A slower turnover of GHCO;~
2CI" symport can certainly underlie cellular uptake of exchange in the posterior epithelium would also be con-
solute under many conditions (Hoffmann, 1987). In thesistent with the reduced responsiveness to bumetanide.
absence of HCQ/CO,, bumetanide indeed reduces the If the posterior epithelium only accumulates Close to
CI/P ratio in the ciliary epithelium (McLaughlin et al., the equilibrium level for N&K*-2CI” cotransport (rather
1998). We have suggested that the availability ofthan above that level, as postulated for the anterior epi-
HCO;™ permits the AE2-type HCQ/CI™ exchanger of thelium), bumetanide’s inhibition of the symport would
the pigmented ciliary epithelial cells (Counillon et al., have no detectable effect.
2000) to accumulate Clbove the equilibrium value for The implications of our findings for human aqueous
the N&-K*-2CI” symport; under these conditions, inhib- dynamics are as yet uncertain. Given the importance of
iting the symport with bumetanide will reduce the rate of CI™ as the major anion of the aqueous humor, we have
solute efflux through this pathway, elevating the Cl con-taken changes in intracellular Cl content as an index of
tent. We cannot verify this conclusion directly in the response to experimental perturbations known to affect
absence of measurements of intracellular concentratiorgiliary epithelial secretion, particularly external HGO
rather than content. However, based on calculations ofoncentration and application of acetazolamide (Krupin
the net thermodynamic driving force as a function of CI & Civan, 1995). Carbonic anhydrase inhibitors both
concentration within the ciliary epithelial cells, intracel- inhibit accumulation of Cl in the ciliary epithelium
lular CI” concentrations belowb0 mv should favor sol-  (McLaughlin et al., 1998) and reduce aqueous humor
ute uptake, and concentrations above that value shoulbrmation. The reduction in Cl content is much greater
drive solute release out of the cells through the symporin the anterior than the posterior epithelium. Therefore,
(Fig. 6 of McLaughlin et al., 1998). This bidirectionality the data are consistent with the suggestion that the ante-
of transfer by the symport is consistent with the appear+ior part of the ciliary processes is the major site of
ance of bumetanide-inhibitab®Rb efflux from oua- aqueous humor secretion (Ghosh et al., 1991; Coca-
bain-treated, rabbit NPE cells (Dong & Delamere, 1994).Prados & Sanchez-Torres, 1998; Dunn et al., 2001). Itis
In another preparation, the light-induced reduction inalso plausible, as Coca-Prados et al. suggested, (Ghosh et
[K*] from 5 to 2 mm in the subretinal space can also al., 1991), that the posterior ciliary epithelium can serve
trigger a physiologic reversal in the net driving force onas a reabsorptive structure. Although the small re-
the N&-K*-2CI” symport of the apical membrane of reti- sponses to medium HGOCO, and to acetazoleamide,
nal pigment epithelial cells (Bialek & Miller, 1994). Net and the lack of response to bumetanide indicate rela-
movement through the symport out of the cell has alsdively litle CI7/HCO;™ antiport and N&K*-2CI™ sym-
been postulated to be involved in secretion of cerebroport activity in this region, other transporters, as illus-
spinal fluid (Keep, Xiang & Betz, 1994). trated in Fig. B, have been identified, which could sup-
The present data do not permit us to identify with port reabsorption here. The smaller increase in ClI
certainty the basis for the reduced responsiveness of theontent and comparable increase in cell volume (moni-
posterior epithelium to all three perturbations: omitting tored by Na/P + K/P) after incubation in HGUQCO,
HCO;/CO,, inhibiting carbonic anhydrase with acet- medium as compared to HGOfree medium in thears
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