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Summary

The ion physiology of osmotic swelling and a consequent
loss of epithelial patency was examined in the ovaries of the
moth Hyalophora cecropiaAfter 30 min in the presence of
an activator of cyclic-AMP-dependent protein kinase
(PKA), the membrane potentials of both oocyte and follicle
cells had hyperpolarized by approximately 30%,
cytoplasmic pH had dropped from 7.26 to 7.06, a normally
low CI~ conductance had increased and the follicle cells had
begun to swell. Since ion distribution studies have indicated
that conductance increases should depolarize membranes
in this system, it is proposed that hyperpolarization may be
effected by an azide-inhibitable component of the
membrane potential. Nanomolar levels of bafilomycin, an
inhibitor of H * V-ATPase, blocked the active component
and prevented osmotic swelling in response to PKA
activation. Under a variety of circumstances, correlations

were seen between membrane potential and cytoplasmic
pH, suggesting that substrate availability to the proton
pump may contribute to hyperpolarization. H" V-ATPases
are known to energize ion and water transport across many
epithelia, but in this case they generate water absorption
by the epithelium. The increase in Cl conductance was also
required for the swelling response: the Clchannel blocker
anthracene-9-carboxylic acid prevented both swelling and
hyperpolarization, as did CI~ substitution in the medium.
Differences in isotope loading rates betweed®Cl- and
86Rb* suggested that, after PKA activation, Ct functions
other than as a counterion for K uptake.

Key words: Cf conductance36Cl-, follicle, follicle cell, patency, M
V-ATPase 8°Rb", Sp-cAMPS.

Introduction

In ovarian follicles of the cecropia moth, vitellogenesis end$larveyet al. 1998) that is selectively inhibited by nanomolar
when the follicle cells surrounding the oocyte transform frontoncentrations of bafilomycin (Bowmahal.1988; Drose and
a porous layer into a more conventional tight epithelium. Théltendorf, 1997). We present evidence here that the hydration
transformation entails three changes that prevent further accqdsase of development iHyalophora cecropiafollicles, an
of hemolymph proteins to the oocyte surface. The follicle cellexample of developmentally regulated cellular swelling, also
dismantle a sulfated glycosaminoglycan matrix that contributesequires an M V-ATPase. In particular, we propose that
to patency during vitellogenesis (Telfer, 1979), they close thenembrane hyperpolarization, an obligatory early step towards
intercellular spaces by increasing their volume, and they forrapithelial swelling, results from an increased concentration of
tight-junction-like diffusion barriers at their apical endsprotons available to a bafilomycin-sensitive mechanism. An
(Rubenstein, 1979). early increase in membrane conductance, which could be
Cell-permeant analogs of cyclic AMP stimulate follicle cellsinhibited with 9-AC and depended on the presence ofirCl
to undergo these changsvitro by activating cyclic-AMP-  the medium, was also an obligatory step in the pathway
dependent protein kinase (PKA) (Wang and Telfer, 1996iowards swelling.
1997). After a lag period of over an hour, vitellogenin uptake
stops, the epithelium becomes impermeable to small molecules .
as well as to vitellogenin, and production of the intercellular Materials and methods
matrix is inhibited. Most relevant to the present study, cellular Preparation and incubation of follicles
swelling also occurs, so that each cell now presses against itsVitellogenic follicles were dissected fromyalophora
lateral neighbors. cecropia(L.) females showing early wing pigmentation (day
In a number of other systems, transepithelial water and ioh8 of the 22 day pupal-adult molt at 25°C). Follicles were
transport are energized by a proton-translocating, vacuoladissected in a 300 mosmolphysiological salt solution (PSS)
type ATPase (HV-ATPase) (Harvey and Wieczorek, 1997; empirically developed to optimize yolk formation and
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electrophysiological stability (Anderson and Telfer, 1969;provide current pulses. Proton-selective microelectrodes were
Woodruff et al. 1992). It contained 40mmofl KCI, constructed using a liquid ion-exchange resin from World
15mmol 1 MgClz, 4mmolll CaCb, 110mmolfl Tris-  Precision Instruments, as described by Ammeinal. (1981)
succinate (pH6.5) and 70 mmotisucrose. The composition and Palmer and Civan (1977). Calibrations and measurements
of PSS reflects the unusual inorganic ion composition of thevere performed as in Woodrufét al. (1992). Prior to
hemolymph in Lepidoptera whose larvae develop onpter, impalement with microelectrodes, follicles were treated for
K*-rich diets (Harveyet al. 1975). Chloride substitution 1 min with 1 mgmit! collagenase (type 1A, Sigma) to soften
experiments utilized the gluconate salt of &d the S@G*  the basement membrane (Woodruff and Telfer, 1990).
salts of M@* and C&*. Choline chloride was used in place of At the stages studied, the cytoplasmic bridges to the nurse
KCl in K* substitution experiments. cells have disintegrated, and an epithelium of follicle cells
For each experiment, matched chains of ten vitellogenicompletely surrounds the oocyte. The follicle cells thus form
follicles were dissected from the eight ovarioles of a singla closed ellipsoid, differing in this regard from the tubular or
female. Hemolymph proteins were soaked out of thdlat-sheet configurations of the more intensively studied insect
intercellular spaces by two 20 min rinses with shaking in PS&®pithelia. A second important difference is that, prior to
For PKA activation, the Sp-isomer of adenosih®&3 treatment with Sp-cAMPS and during the subsequent lag
monophosphorothioate (Sp-cAMPS) was used at 1nholl phase, oocyte and follicle cells communicata ion- and
This cyclic AMP analog is cell-permeant, resistant tofluorescent-dye-permeable gap junctions (Woodruff, 1979).
degradation by phosphodiesterases and promotes dissociat®roperties measured with microelectrodes or isotopes in one
of the regulatory and catalytic subunits of PKA (Rothermel andlype of cell therefore reflect the contributions of both.
Botelto, 1988). At the concentrations used, Sp-cAMPS induces
the termination of vitellogenin uptake with a lag period of Follicle cell swelling
approximately 1 h (Wang and Telfer, 1996). Epithelial cell height was used as the index of swelling
Each chain of ten follicles was incubated in p00f PSS  (Wang and Telfer, 1997). It was measured in living follicles
containing specified isotopes, Sp-cAMPS and/or inhibitorsviewed through the low-power objective lens of an inverted
Stock solutions of inhibitors with low solubility in water microscope with the focal plane set halfway through the
(bafilomycin and anthracene-9-carboxylic acid, 9-AC) werdollicle, where its diameter appeared widest. Epithelial height
prepared in dimethylsulfoxide (DMSO) at concentrations higlwas measured with a filar micrometer as the distance at this
enough so that the final incubation medium contained less théewvel between the edge of the opaque yolk mass and the
1% DMSO. The same concentration of DMSO was added tbasement membrane forming the surface of the follicle.
control cultures not exposed to these inhibitors. For

measurements of electrical properties and proton or isotope Reagents
contents, the chain of ten was divided into individual follicles The Sp-isomer of adenosin&E-monophosphorothioate
and each result is expressed as a mean of the ®aN). (Sp-cAMPS) was purchased from Biolog Life Science Institute
(Bremen, Germany)36CI- and 86Rb* were purchased from
Isotope loading and unloading New England Nuclear (Newark, DE, USA); bafilomycin-A1l

Isotopic ion loading was measured by incubating follicles invas the gift of Dr Philip Rea, University of Pennsylvania;
36CI- (3.7 MBgml1) or 86Rb*(3.7 MBgmi1). After incubation, —anthracene-9-carboxylic acid (9-AC) and all other reagents
the chain was dropped into 50 ml of PSS for several secondsame from Sigma (St Louis, MO, USA).
during which individual follicles were separated and transferred
for counting to scintillation vials containing 2faDof a tissue
solubilizer (50 mmol! Tris-HCI, pH7.0, 1% SDS and 0.35% Results
2-mercaptoethanol). To measure unloading rates, follicles were Early responses to Sp-cAMPS
first incubated irfeCI- for 2.5h, by which time the amount of  Three changes were detected during the lag phase in Sp-
label per follicle had reached a steady state. They were thedMPS-induced termination of vitellogenin uptake. In an
transferred to 5ml of fresh PSS without isotope. After 10 mingarlier report, the height of the follicle cells at the end of this
the follicles were individually dissolved and counted as in thel.5 h period was, on average, 20 % greater than that of follicles
loading experiments. incubated in PSS alone, and cellular cross section was 25 %

greater, yielding a calculated volume increase of 50 % (Wang
Electrophysiology and Telfer, 1997). In the time course study shown in Fig. 1,

Electrical measurements were made in a 0.25ml operhe increase in height was first detected after 30 min in Sp-
topped chamber grounded through a 3 moKCl bridge to a cAMPS and reached a stable, maximum value by 3h.
Ag/AgCl wire (Woodruffet al. 1992). Standard 3 mofi KClI Epithelial height in treated follicles was 20 % greater than that
microelectrodes were attached to S-7071A electrometein follicles incubated for 2h in PSS without Sp-cAMPS. Cell
(World Precision Instruments, New Haven, CT, USA) forwidths were not measured but, as in the earlier study, swelling
membrane potential measurements or to an S-7071Aad obliterated the intercellular spaces by this time, so that a
ionophoresis unit (also from World Precision Instruments) tovolume increase of 50% can be assumed here also. Since the
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60 Table 1.The effects of 9-AC and Sp-cAMPS on the uptake of
36CI-and on membrane potentials
907 36CI- taken up in 10 min AW
g 4 TS Ot 3 Additions to PSS (cts mifollicle 1) (mV)
7 &% None 376+16 -37.520.6
s proo—o— % ° Sp-cAMPS 499427+ ~45.5+1.5+
= 307 9-AC 37417 -33.3+0.2
© 9-AC + Sp-cAMPS 37227 -34.5+0.9
3 20
3 e Follicles were incubated in PSS with or without Sp-cAMPS
L 104 o Sp-cAMPS and/or 9-AC, as shown in the left-hand column, for 30 rA%aI-
--0--- + Sp-cAMPS (3.7MBgmfl) was then added to the medium, and 10 min later the
0 follicles were briefly rinsed and dissolved for counting.
T T 111 Concentrations for both Sp-cAMPS and 9-AC were 1 mmol |

1

0051 15 225 3 35 4 45 Membrane potentials were measured between the cytoplasm of the
Time (h) oocyte and the medium.

) ] ) *Significantly different from the value obtained in the absence of

Fig. 1. Follicle cell height, measured between the oocyte surface algp cAMPS P<0.01).

the basement membrane of living follicles, as a function of time o 9-AC, anthracene-9-carboxylic aci¥’, membrane potential.

incubation in PSS, with or without 1 mmotISp-cAMPS. For each Values are meansse.M., N=10.

point, N=10; values are means st.M.; where an error bar is not

visible, the standard error falls within the diameter of the symbol.

by K*-free PSS (open triangles). As would be expected, the

increase in Clconductance was accompanied by increases in
overall dimensions of the follicles studied did not changehe loading and unloading rates’®€I-. The amount of isotope
detectably, epithelial swelling must have occurred primarily ataken up in 10 min began to increase within 15 min of exposure
the expense of the intercellular spaces. to Sp-cAMPS and continued to rise over the next 1 h (Fig. 3A).

A plot of current injectedrersusvoltage change indicated Unloading accelerated on a similar time course (Fig. 3B). The

that, within 30 min of treatment with Sp-cAMPS, there was arCIl~ channel blocker 9-AC (Palade and Barchi, 1977; Welsh,
increase in general membrane conductance (filled squar&884) had no effect offCI~ uptake in unstimulated follicles,
versus filled diamonds in Fig. 2). The difference largely but prevented the increase that occurred in response to Sp-
disappeared in Clfree PSS (open circles), but was unaffectedcAMPS (Table 1).

50+
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Changein AW (mV)

i i
-120 -80 -40 40 80 120

Current (nA)
Fig. 2. Current-voltage change relationship for cell
membranes in vitellogenic follicles treated for 30 min
with  1mmolf! Sp-cAMPS. Current-carrying and
voltage-recording microelectrodes were inserted into m PSS

the cytoplasm of the oocyte. The oocyte and follicle
cells are joined by gap junctions, so that both
compartments contribute to the changes in membrane
potential AW). The increase in Ctonductance seen in
this experiment was confirmed by the isotope loading
and unloading experiments reported in Fig. 3. -50-

PSS + Sp-cAMPS

Cl~-free PSS + Sp-cAMPS

> O @

K*-free PSS + Sp-cAMPS
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Fig. 4. Effects of 1mmott Sp-cAMPS on the time course of
Fig. 3. Effects of 1mmott Sp-cAMPS on the loading and accumulation by follicles of (A¥®Rb* (37 MBgml® PSS) and (B)
unloading of follicles with36CI~. (A) Matched sets of vitellogenic 36CI- (3.7MBqg PSS). Isotope and Sp-cAMPS were added to the
follicles were incubated in PSS for the times shown, in the absendncubation medium simultaneously &0. For each pointN=10;
or presence of Sp-cAMPS3¢Cl- was added to the medium values are meanssteM.; in A, the effects of Sp-cAMPS at 120-240
(3.7MBgmf1) for 10min, and the follicles were then rinsed, min are significantf<0.01).
dissolved and counted as described in Materials and methods. (
Matched sets of follicles were preloaded for 2h in PSS containin

36CI-, by which time an equilibrium between follicle and medium . . : . .
had been reached (see Fig. 4B). Sp-cAMPS, or an equivalent vqumeAS might be expected for fluid uptake, the increase in follicle

of PSS without SP-cAMPS, was then added and, at the times shomﬁwesn height _requwed_ Cland K, the majo_r !norganlc (|)ons in
the follicles were transferred from the labeling medium to a largd >S- In this experiment, Sp-cAMPS elicited a 25% greater

volume of PSS that lacked the isotope. After 10 min of unloadingfOIIiCIe cell height duri_ng incubation for 2h in PSS, whereas
the follicles were individually dissolved for scintillation counting. in CI™-free PSS, swelling was reduced to 6% and frirke

For each pointN=10; values are meanssi.M.; where an error bar PSS it was reduced to 3% (Table 2).

is not visible, the standard error falls within the diameter of the The dependencies of swelling o @hd K" were based on

symbol. The differences betweeSp-cAMPS and +Sp-cAMPS in A separate principles, however, since Sp-cAMPS affected

at 20, 30 and 60min and in B at 30 and 60 min were significar]tabe"ng with 36CI- and 86Rb* very differently. For the first

(P<0.01). hour of incubation irfRb*, Sp-cAMPS did not significantly
affect the amount of label accumulated (Fig. 4A), but uptake
subsequently accelerated, as would be expected for cells that
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Table 2.Effects of ion substitutions on the ability of Sp-cAMPS to promote an increase in follicle cell height and membrane
hyperpolarization

Follicle cell height AY
Difference Oocytes Follicle cells

Incubation medium (um) (%) (mV) (mV)
PSS 46.1+1.1 - -37.1+1.4 -40.9+0.5
PSS + Sp-cAMPS 57.5+1.8* +24.7 -51.8+2.4* -54.2+1.8*
Cl~-free PSS 44.5+1.0 - -38.6+2.2 -40.4+2.2
Cl~-free PSS + Sp-cAMPS 47.3+¥2.0 +6.3 -43.4+2.0* —-45.4+2 8*
K*-free PSS 44.8+1.1 - -61.1+2.3 -64.3+2.8
K*-free PSS + Sp-cAMPS 46.2+1.5 +3.1 -89.9+1.1* -91.0+1.3*

Membrane potentiahW, was measured after 30 min and epithelial height after 2 h of incubation under the conditions shoand &i-
free media were prepared as described in Materials and methods. The concentration of Sp-cAMPS was. 1 mmol |

*Significantly greater than the corresponding value in the absence of Sp-cAMBS{1).

Values are meanss£.m., N=10.

were utilizing the osmotic effects of*ko absorb water. In  compounds and ion currents readily pass betweenvtzegap
contrast, 36CI- reached the same level during 3h in thejunctions (Woodruff, 1979; Woodruff and Telfer, 1990).
presence of Sp-cAMPS as in its absence (Fig. 4B). Other ions
must therefore neutralize the electrical effects of the increased The basis of hyperpolarization
accumulation of K. AY, the membrane potential measured between the
The early responses to Sp-cAMPS also included a temporacytoplasm of either the oocyte or follicle cells and PSS,
membrane hyperpolarization. The response remained stromgcludes a passive component that varies between different
until 1 h and then disappeared by 2h. The example shown feamales from-12 to-20 mV and an azide-inhibitable, active
Fig. 5 was seen with electrodes positioned in an oocyte, babmponent of-20 to -25mV (Woodruff et al. 1992).
the same response was seen in follicle cells (not shown). Thidiyperpolarization is unlikely to result from the increase in ClI
the two compartments appeared to be coupled in this regarddenductance, because this would be expected to depolarize
not surprising since, during vitellogenesis, fluorescenfollicle membranes; in a set of vitellogenic follicles in which
AW averaged-35mV, the equilibrium potential for Clwas
-22mV (Woodruff et al. 1992). In addition, since K
substitution did not affect the change in conductance induced

80 by Sp-cAMPS (Fig. 2), opening channels accessible to this ion
=70 T should not account for hyperpolarization either. A change in
604 o o the active component of the membrane potential is therefore

ot more likely to underlie this response.
—~ —504.-" Bafilomycin, an inhibitor of M V-ATPases that acts at low
E g/D\D?—’D nanomolar concentrations (Bowma al. 1988; Drose and
= —407 Altendorf, 1997), depolarized oocyte and follicle cell
< _3pd membranes to nearly the same extent as azide (Table 3). At a
bafilomycin concentration of 150nmot| depolarization
—20 began in 5min and was complete at 20min (not shown).
~104 —0— ~ SpcAMPS Inhibition of the active component was approximately 50 % in
0+ Sp-cAMPS 30 nmol i1 bafilomycin and reached a maximum atniol -
0 T T T T (Fig. 6). This result suggests that* /-ATPase activity
0 30 60 9% 120 130 becomes a candidate for energization of cell membrartds in
Time (min) cecropiafollicles, as has been established for goblet cells in

Fig. 5. An example of the transitory membrane hyperpolarization the midgut of Manduca sexta(reviewed by Harvey and

(oocyte to medium) induced by 1 mmdl Bp-cAMPS in vitellogenic Wieczorek, 1997). . . . . .
follicles. The differences betweetSp-cAMPS and +Sp-cAMPS at Two model_s of how an Incre_)a_se in bafilomycin-sensitive
30 and 60min were significanP€0.01). Follicle cells, in which Proton pumping could be elicited by Sp-cAMPS were
membrane potentiab(.p) is genera"y 1-3mV more negative than in considered. One called for a molecular modification of the
the oocyte (see Tables 2 and 3), undergo similar changes. Values @@mp itself or its translocation to the cell surface, and the
means is.E.M., N=10. second for an increase in the availability of protons serving as
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Table 3.The effects of Sp-cAMPS, bafilomycin-A and azide on -50
membrane potentials and the cytoplasmic pH of vitellogenic 45
follicles
_40 -
Additions to Follicle cells Oocytes -35 m O
PSS AW (MV) AW (MV) pH ~ —30 0 g
>
None -38.0£1.3 -36.0£1.3 7.26%£0.01 3 —25 ]
Sp-cAMPS -52.6x£1.9 -47.0£1.5 7.06+0.01 > - g
< - —
Bafilomycin -14.3+1.0 -13.0+0.8  7.02+0.02 O
Sp-cAMPSand  -20.84#1.1  -20.0+1.7  6.92+0.02 TS e
bafilomycin -10
Azide -13.0£0.7 -11.5£1.2 6.79%£0.02 -5+
Sp-cAMPS and -21.7£2.2 -16.0£1.3  6.69+0.02 0 | | | | | |
azide

Each entry is a mean value for 8-10 follicles measured after

incubation for 30min in PSS containing the substances shown. 'Igig. 6. Sensitivity of the membrane potentia#) to bafilomycin-A.

‘Each point is the average for 8-10 follicles (values are means *
S.E.M.; error bars are not visible because standard errors are smaller
than the diameter of the points). The broken line represents the
passive membrane potential seen in follicles incubated in 10 mimol|

sodium azide. Electrode tips were positioned in the cytoplasm of the
oocyte.

every case, values obtained in Sp-cAMPS were significantl
different from those obtained in its absenB&(.01, except in the
case of membrane potentia¥) for the oocytes, wheie<0.05).
Concentrations were 1 mmotifor Sp-cAMPS, 150 nmott for
bafilomycin-A and 10 mmott for sodium azide.
Similar results were seen in follicles from two other females.
Values are meansse.Mm.

1071210-1110-1010° 108 107 106 10>
[Bafilomycin] (mol 1-1)

substrate. Since the two would entail opposite effects o Table 4.Inhibition of the effect of Sp-CAMPS on follicle cell

cytoplasmic pH, an experimental distinction between them we height

possible: molecular modification that increased the efficienc Follicle cell height

of the pump, or insertion of new units into the cell surface

should produce a rise in cytoplasmic pH, whereas an increa iy (% change due to

. ! . Additions to PSS {m) Sp-cAMPS)

in the amount of protons should be detected as a fall in pt

After 30 min in Sp-cAMPS, when hyperpolarization was at ¢  None 44.5t1.5 -

maximum, cytoplasmic pH in the oocyte had dropped fromn SFXEAMPS 4554;15+i1165* +22.5

7.2610.01_t0 7_.0_6_1“0.91 (Table 3p<0.001), sugge_stmg that 9-AC + Sp-cAMPS 43.640.6 0.2

cytoplasmic acidification promotes hyperpolarization. Furosemide 43.042.7 ~
Sp-cAMPS induced partial but significant membrane - Jcomide + Sp-cAMPS 54 84+ O +27.4

repolarization in follicles treated with either 150 nnmdl|

bafilomycin or 10 mmott azide, and here again cytoplasmic ~ None 40'3i1'8* -

acidification occurred (Table 3). Since the concentration o gg;ﬁg‘rwiisn ;‘:ffllg +_23'1

bafilomycin used in this experiment would not have Bafilomzcin + Sp-cCAMPS 3§.z{+i.8 +3.4

completely suppressed the active componekBf(Fig. 6), Amiloride 36.140.3 _

acidification would presumably allow residual electrogenic  amjjoride + Sp-cAMPS 50.4+1.0* +39.6

enzyme activity to produce the observed partial repolarizatior

An increase in proton availability should also have enhance Measurements were made after incubation for 2h in PSS
electrogenic enzyme activity in 10 mmollazide, since this containing the additions shown in the left-hand column.
reagent should inhibit only mitochondrial ATP production ancConcentrations were 2mmatifor Sp-cAMPS, 1 mmoft for 9-AC,

not the generation of ATP by g|yco|ysis_ A fundamentall mmol 1 for furosemide, 150nmot} for bafilomycin-A and

question arising from this model, therefore, is the origin of th@-5 mmol* for amiloride. . _
protons produced in response to Sp-cAMPS. The two sections of the table represent experiments carried out on

different dates.

*Value obtained in the presence of Sp-cAMPS was significantly
greater than that obtained in its abserize0(01).

Values are meansse.M., N=10.

Further effects of 9-AC

That the increase in Ctonductance plays a pivotal role in
the response to PKA activation was indicated by additione
effects of 9-AC. This Clchannel blocker prevented not only
the increase in 10min loading of C(Table 1), but also swelling (Table 4) and the termination of vitellogenin uptake
hyperpolarization (Table 1, right-hand column), follicle cell (not shown). Like the differing effects of PKA activation on
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36CI- and 86Rb" uptake (Fig. 4), the variety of responses The consequences of PKA activation
blocked by 9-AC implies that the role of @h water absorption Vitellogenic follicles responded to incubation in Sp-cAMPS
is more complex than simply as a counterion férudtake. by increasing their Clbased membrane conductance, by
cytoplasmic acidification, by a membrane hyperpolarization
Contrast with some water-secreting epithelia strong enough to overcome the expected depolarizing effects

In a number of insect epithelia concerned with fluidof CI~ conductance and by an increase in the rate"affitake,
secretion, an amiloride-sensitive catioh/&htiporter couples as indicated by accelerat88Rb* loading. The challenge now
the export of cations to the down-gradient return dtadthe is to determine how these changes are related to each other and
cytoplasm. The secreted cation is replaced in the cytoplasta the 50% increase in follicle cell volume.
from the basal extracellular environment through any of a The increase in Clconductance in response to cyclic AMP
variety of membrane channels or pumps (reviewed in Harvegnalogs is a fundamental change in the ion physiology of
et al. 1998.) In Malpighian tubules d®hodnius prolixusfor  vitellogenic follicles, since ion substitution experiments have
instance, 5-hydroxytryptamine-stimulated fluid secretion ishown that Cli contributes little taAY during yolk deposition
retarded both by amiloride acting at the apical surface of th@Voodruffet al. 1992 forH. cecropig O’Donnell and Sharda,
epithelium (Maddrell and O’Donnell, 1992) and by 1994, for Rhodnius prolixus It is a necessary step in the
furosemide, an inhibitor of N&*/CI~ cotransport at the basal response to Sp-cAMPS because, as noted above, 9-AC and
surface (O’Donnell and Maddrell, 1984). However, neitherCl™-free medium blocked both hyperpolarization and follicle
amiloride nor furosemide affected Sp-cAMPS-induced fluidcell swelling.
uptake in follicle cells (Table 4). Despite their mutual reliance An earlier study using ion-selective microelectrodes
on an H V-ATPase for energization of fluid movements, (Woodruff et al. 1992) showed that an increase in the
ancillary mechanisms of cation transport are presumably vegonductance for C] H*, C&* or Mg?* should depolarize
different between these cases of fluid uptake and transcellulaitellogenic follicles. The equilibrium potential for*Kthe
secretion. principal permeant cation, is close enoughAt8 so that a

change in conductance would in this case have little efféct. K
] ) substitution, in any event, indicated that this cation contributes
Discussion less than Clto the early increase in conductance (Fig. 2).
Sites of PKA activation and hyperpolarization Hyperpolarization is therefore more probably due to the active

The restriction of swelling to the follicle cells during the 4 hfraction of AW that can be inhibited with azide.
incubations used in this study is consistent with the normal The finding that bafilomycin depolarized cell membranes in
timetable of post-vitellogenic developmeht.sity, the oocyte the follicle to approximately the same degree as azide suggests
also undergoes a 50% volume increase, but not until sevetéilat the electrogenic effects of ldxtrusion account for most
hours after follicle cell swelling has been completed (Y. Wangf this fraction ofAW. Observations on cytoplasmic pH have
and W. Telfer, unpublished observation). That the follicle cellsupported this idea. In an earlier study (Styeeml. 1988),
initiate the response to PKA activatiam vitro is consistent AW became more negative in synchrony with a fall in
with the finding that they contain 90% of the total follicular cytoplasmic pH when follicles were incubated with the
PKA activity (Wang, 1996). cation/H exchange ionophores nigericin and monensin. The

When sections of vitellogenic follicles fromManduca sexta response was inhibited by azide and thus depended on
were stained with monoclonal antibodies against the 20 kDmetabolic energy. Interpretation of this relationship focused at
subunit of an M V-ATPase (Janssast al. 1995), the stain was the time on the ability of proton ionophores to inhibit
localized both in the cortex of the oocyte and at the outer ndosome  processing  during  vitellogenin  uptake.
basal surface of the follicular epithelium. The former would beSubsequently, O’'Donnell and Sharda (1994), working with
expected, since vesicular proton loading, a general feature fufllicles of R. prolixus showed that experimental acidification
endocytosis, is required for the transfer of vitellogenin fromwas accompanied by hyperpolarization of follicle membranes.
endosomes to yolk bodies (Styretral. 1988). The follicle cell  Their analysis went on to provide evidence for a proton pump
surface, by contrast, is much less active in endocytosis, atldat generated approximately 10 % of the membrane potential.
localization here is more consistent with a role for W The fraction of AW attributable to the proton pumps k.
ATPase in generating follicular membrane potentials. cecropiawas greater than iR. prolixus approximately 60 %

Follicle cells and oocyte communicate through gap junctionas opposed to 10%, but this may be a manifestation of
(Woodruff, 1979), and any ionic changes induced in onevolutionary adaptation to a Npoor diet which, in moths, has
should therefore be transmitted to the other. This suppositided to a high-[K]/low-[Na*] hemolymph and to the use of
is supported by the observations recorded in Tables 2 andpBoton pumps to energize cell membranes in place of the more
that AY measured with electrodes in the follicle cells wasconventional ouabain-inhibitable NK*-ATPase (Wieczorek
consistently within 1-4 mV of that recorded in the oocyte. Thest al. 1986).
epithelium was always the more negative of the two The drop in pH that occurs after PKA activation should by
compartments, however, and this in turn is consistent with iself promote electrogenesis since it indicates an increase in
role in generating the active componeni\&. substrate availability to the *HV-ATPase. An additional
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Table 5.Summary of physiological responses evoked by PK4lasma-membrane-associateti WATPase are concentrated

activation
Response Source of evidence
Activation of PKA with Wang and Telfer (1996, 1997)
Sp-cAMPS

Increased Clconductance Figs 2, 3 (Tables 1, 4)
(CI~ required for
swelling)

Acidification of cytoplasm Table 3

Tables 1-3; Fig. 5 (Table 3; Stynen
et al.1988; O’'Donnell and Sharda,
1994, foRhodnius prolixusollicles)

Fig. 4A (Table 2)

Hyperpolarization
(correlated with
acidification)

Increased uptake of*K
(K* required for
swelling)

Fluid uptake Fig. 1; Tables 2, 4; Wang and Telfer

(1997)

PKA, cyclic-AMP-dependent protein kinase.

there, and perhaps also because these cells are surrounded by
spaces into which they can readily expand; oocyte swelling, in

contrast, would be constrained by the vitelline envelope, whose
mechanical loosening would be essential for the final swelling

of the follicle that is observeid situ.

Several basic questions are left unanswered by these
considerations. Are the increases in- €bnductance and
acidification separate effects of PKA activation, or does one
generate the other? Does acidification result from metabolic
changes that increase organic acid production or from proton
leakage across membranes? How faifdtake accelerated and
how are its electrical effects neutralized? And, central to
understanding hydration in the context of ovarian development
in situ, how are individual follicles stimulated to generate these
changes at an appropriate stage of egg formation?

This work was supported by a grant from the National
Institutes of Health (GM 32909). We would also like to
acknowledge the advice of William R. Harvey and Richard I.

Parentheses in the right-hand column enclose the sources ¥Yoodruff.
evidence for the statement enclosed in parentheses in the left-hand

column.
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