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Summary

The spatiotemporal dynamics of transmembrane
hydrogen ion (H") fluxes during oogenesis were
investigated in the telotrophic ovarioles of the insect,
Rhodnius prolixus Although Rhodnius ovarioles possess
exaggerated morphological and electrical polarity between
nurse cells and oocytes, little is known about Hchanges
during oogenesis, despite the regulatory role played by*H
and pH in many relevant cellular processes. A number of
dynamic extracellular H* fluxes were measured along
Rhodniusovarioles, representing an oogenesis cycle, using
a non-invasive, self-referencing, Hselective probe. The

preceded the onset of vitellogenesis in the adjacent
posterior follicle. H* efflux was also observed over the
terminal follicle, where specialized regions of the chorion
were forming, and was still detected around follicle cells
after ovulation, indicating that the somatic follicular
epithelium produced this flux. Transmembrane H fluxes
may drive intracellular pH changes or may stabilize pHin
response to pH-altering events. Hfluxes may play a role
in processes that coincide spatially and temporally,
including the onset of vitellogenesis, endocytosis, follicle
cell cytoskeletal dynamics, and regulation of interfollicular

interfollicular stalk separating adjacent follicles exhibited feedback mechanisms.
prominent H* efflux that peaked during midvitellogenesis
and declined during late vitellogenesis. H efflux in

this region preceded stalk formation and, importantly,

Key words: hydrogen, H ion-selective probe, oogenesis, insect,
Rhodnius prolixus.

Introduction

The egg is a truly remarkable cell that not only stockpilesand gap junctional coupling (Perrachia and Perrachia, 1980;
enough synthetic material to last the future embryo througBohrmann and Haas-Assenbaum, 1993; Francis et al., 1999;
early development, but also contains maternal determinanfnderson and Woodruff, 2001). During insect oogenesis,
necessary to establish the blueprint for the future organism. Wresicular acidification is required for subsequent processing of
insect meroistic ovarioles, most of these products are preparéte endosomal compartments in several species (Dittmann,
by nurse cells for subsequent transport to the oowie 1997; Dittmann and Munz, 1999; Nordin et al., 1990, 1991;
cytoplasmic bridges (Vanderberg, 1963; Huebner, 1981aiNoodruff and Telfer, 2002). In the polytrophic ovarioles of
Huebner and Anderson, 1972c; Gutzeit, 1986). Yolk productgjyalophora cecropiaa rise in pklis accompanied by a range
synthesized by the fat body and ovarian follicle cells, ar®f physiological changes at the onset of vitellogenesis
actively endocytosed by vitellogenic oocytes following (Woodruff and Telfer, 1990), suggesting that phlange may
activation of the previtellogenic oocyte (Telfer, 1965, 1975)increase oocyte metabolic activity. IRhodnius oocytes,
Nurse cells and oocytes retain cytoplasmic continuity aftemembrane potential and pHre affected by extracellular pH
undergoing incomplete cell divisions (Lutz and Huebner, 1980;hanges (O’'Donnell and Sharda, 1994).

1981), but differ in their transcriptional and synthetic activity Insect cells commonly harness electrogenicidnsport to
(Telfer, 1975), cytoskeletal dynamics (Huebner, 1984; Gutzelielp maintain membrane potential and to produce a
and Huebner, 1986), cell membrane activity and bioelectricatansmembrane chemical gradient that drives secondary
properties (Woodruff et al., 1986a; Woodruff and Telfer, 1990transport mechanisms (Dittmann, 1997; Haley and O’'Donnell,
O’Donnell and Sharda, 1994). In particular, differences inl997; Harvey and Wieczorek, 1997). The dependence of
intracellular ion activity can impact a broad spectrum ofcellular Hf regulation on the extracellular space makes this ion
cellular functions relevant to oogenesis. Alterations inideally suited to investigation using a self-referencing,
intracellular pH (ph) can coordinate changes in metabolicextracellular, ion-selective probe (ISP), permitting selectite H
activity (reviewed by Busa and Nuccitelli, 1984), microtubulemeasurement with minimal perturbation of the tissue. Previous
and F-actin assembly and dynamics (Tilney et al., 1978&tudies using extracellular voltage-sensitive probes have
Regula et al., 1981; Schatten et al., 1985; Southwick, 20003stablished that dynamic bioelectric currents are present
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around ovarioles of a number of insects (Bohrmann et al Tablel. Ovariole stages spanning an oogenesis cycle in
1986; Bowdan and Kunkel, 1990, 1994; Diehl-Jones an Rhodnius
Huebner, 1989, 1992; Dittmann et al., 1981; Huebner an

Sigurdson, 1986; Jaffe and Woodruff, 1979; Overall and Jaffe Stage gn(;(:ﬁf(tri) Differentiation features
1985; Verachtert and DeLoof, 1986; Woodruff et al., 1986b) - -

lon substitution studies and exposure to pharmacologici 300-400 Late previtellogenesis
agents have demonstrated that*N&£LF, K+ and C&* ; ‘5188:288 g;rsl;tvﬁg\l’lggl%%i?ses's
contribute to these currents Iﬁhodnlus(plghl—Jones and 4 600-700 Early vitellogenesis
Huebner, 1993). Although voltage-sensitive probes hav 5 700-800 Midvitellogenesis
provided some insight into the character of these ionic curren ¢ 800-900 Mid-late vitellogenesis
they are inherently limited, since current alterations dut 7 900-1000 Late vitellogenesis

to secondary or synergistic effects of pharmacologica 8 1000-1500 NC-oocyte continuity lost

perturbation are difficult to rule out. The ion-selective probe (trophic cord closes)
offers a considerable advantage as a direct measuring tc 1500-2000 Chorionation
without pharmacological complications.
The telotrophic ovarioles dRhodnius prolixuprovide an Stgging was based on T fqllicle length, and characterized by
ideal model for this study, since they possess an exaggerafSPecific developmental events, listed here.
polarity between nurse cells and oocytes, and ther
exists a wealth of morphological, endocrinological andbehaved normally: muscular contractions of the ovariole
electrophysiological data. The coupling of oogenesis to theheaths appeared to be unaffected over the time period needed
ingestion of a blood meal also makes identification of causab complete a scan. Ovarioles were transferred to a customised
relationships more likely. Despite the importance of pH inrecording chamber that minimized deformation and stretching
many cell processes relevant to oogenesighiodniuslittle is  (Bjornsson and Huebner, 2002). Ovarioles were staged based
known about pH and Hflux during this process. O’'Donnell on terminal (T) follicle length (Pratt and Davey, 1972), as
and Sharda (1994) determined the pfvitellogenic follicles  shown in Tabld.
400-600um in length and carefully investigated the pH-
dependence of oocyte membrane potential, but did not examine lon-selective probe (ISP) technique
H* flux and pH changes related to oocyte growth over Extracellular H flux was measured with the automated
a complete oogenesis cycle. Determining the timing andcanning electrode technique (ASET) using a non-invasive
magnitude of extracellular H dynamics is an essential ion-selective probe (ISP; Applicable Electronics, Inc.,
first step towards understanding the potential role(s) oBandwich, MA, USA; Science Wares, Inc., Falmouth, MA,
transmembrane fluxes during oogenesis. By determining tH8SA) based on Kuhtreiber and Jaffe (1990) and Somieski and
spatial and temporal distribution of*Hluxes around the Nagel (2001). Glass electrodes were fashioned from TW150-
ovariole during a complete oogenesis cycle, we can gai borosilicate capillary tubes (World Precision Instruments,
insight into regional and stage-specificipHanges in the adult Inc., Sarasota, FL, USA) pulled to gush diameter tip on a
Rhodniuvariole, and can consider these in relation to the celbutter P-97 Flaming/Brown pipette puller (Novato, CA, USA).
differentiation and regulatory events of oogenesis. Batches of 30-40 electrodes were preheated overnight at
200°C in a presilanized 100l glass chamber, silanized by
, adding 8Qul dichlorosilane (Sigma-Aldrich, St Louis, MO,
Materials and methods USA) to the chamber for 3@in, and postsilanized overnight
Ovariole preparation at 200°C after the chamber was briefly vented (A. Shipley and
A colony ofRhodnius prolixuStahl was maintained at 27°C J. Kunkel, personal communication). * Hprobes were
and 65% relative humidity, and fed every 3—4 weeks on rabbitsackfilled with 40mmoll-1 KH2PQu and 100mmol -1 KCl,
or using an artificial membrane technique (Huebner et alpH 7.0, then frontfilled with a 40-50m column of hydrogen
1994). Ovaries dissected from mated adult females 3—-12 daljguid ion exchanger (#85293, Fluka Chemie, Inc.,
post feed (d.p.f.) were transferred to Petri dishes containinwitzerland). The Hprobe was placed in an electrode holder
modified O’Donnell’sRhodniusRingers (O’'Donnell, 1985), (#MEH2SW15, World Precision Instruments, Sarasota, FL.
composed of 12thmoll-1 NaCl, 8.6mmoll-1 KCI,  USA) with an Ag/AgCl wire. A DRIREF2 (World Precision
0.02mmoll-1 CaCh, 10.48mmoll-1 MgCly, 48mmoll-1  Instruments) was used as a reference electrode. The ASET
dextrose and inmol -1 Hepes, pH.0, adjusted to 34@O0sm  preamplifiers and 3D stepper motor system were mounted on
with glucose. Ovarioles were carefully isolated and desheathed Zeiss IM35 microscope (Zeiss Canada, Toronto) using a
using jeweler’'s tweezers and sharpened tungsten needles. Thedified stage.
reduced Hepes concentration minimized dampening bf H x-y axes transmitted images of the ovariole were acquired
fluxes (Kunkel and Faszewski, 1995). Mgvas added to using a Zeiss plan 2&bjective and a Cohu 6500 (San Diego,
compensate for the reduced f@a and osmolarity was CA, USA) video camera. Side view-éxis) images were
adjusted using glucose. Ovarioles under these conditiortaptured using a Panasonic WV-CD50 video camera fitted with
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a long focal length Optem Zoom-70 lens (Thales Optern
Fairport, NY, USA). A Computer Eyes 1024 framegrabbel
(Digital Vision Inc.) received inputs from both cameras. A
Fostec (Schott-Fostec, Southbridge, MA, USA) fiber-optic
lamp fitted with an infrared filter illuminated the sample. A
Melles Griot (Ottawa, Canada) air table was used to minimiz
vibrations, and a Faraday cage (built by the authors) was us
to minimize external electronic interference. The ISP signe
was independently monitored using a Tektronics 220!
oscilloscope (Beaverton, OR, USA) to evaluate probe noist
All ISP and peripheral equipment was connected to a dedicat:
AC wall outlet with a neutral line connected directly to ground
through an isolation transformer to eliminate noise from othe
equipment in the building; this arrangement was of utmos
importance to achieve the low noise necessary to detect ic
fluxes at the biological level.

Electrode calibrations were performed at the beginning an
end of each ovariole scan, by measuring voltage offset i
0.1mol -1 phosphate buffers with gBlO, 7.0 and 6.0,
providing a measure of the probe’s accuracy and respon
speed. H-selective probes were only used if the slope of a lint
derived by plotting the logarithm of [ vs the electrode’s
voltage output equaled the expected Nernst value ofr5g.2
(x5%) per tenfold change in concentration, and the probe toc
less than 18 to settle on a voltage value during the calibratior
procedure at the beginning and end of each ovariole scan.

Each' scan included background no_lse measurements tak,g‘ia. 1. An illustration depicting the positions along adult ovarioles of
at a point over 5¢im away from the tissue before and after gjtferent stages measured during a scan. As the connective stalk (see
scanning points along the ovariole. Twenty-five positions werstage 4) and the anterior region of the T and T-1 follicle (stages 8-9)
measured along all stage 2-9 ovarioles (Ejg.additional became more complex, additional points were introduced to include
positions measured in some ovarioles were included to obtameasurements of these dynamic and potentially interesting regions.
more information as the stalk separating T and T-1 follicle:
formed, as follicle cells began to differentiate during stage
2-3, and also to measure specific areas associated with 1
development of regionally specialized chorion productior
during stages 8-9. In some cases, certain positions did not ex
or were inaccessible without severe disruption of the tissue at
recording chamber; measurements were not made at the
points. An image was captured at every point measured,
record the probe’s position, to allow proper placement of i
vector representing the *Hflux at that point during data
analysis (described below), and to permit assessment of tl
ovariole’s condition throughout the scan.

A 3-D sampling routine was used to measuré H
concentration at an ‘origin’ position within |2n of the
ovariole surface, and 30m away from this origin in each of
thex- andy-axes in the horizontal plane, and in the verteal
axes, for a total of four measurements (Bjg At each of these
four points, the probe was paused fa hefore taking a &
rea(.jl.ng. Five Complete_3-D measurements Wgre taken qt eaFig. 2. Examples of Hinflux and efflux. 2-D vectors were calculated
position along the ovariole, and averaged during analysis. A

. d halfw h iole in th . from measurements taken near the ovariole anghi@way in thex-
positions were measured halfway up the ovariole in the Vert'c‘andy-axis, and superimposed over an image of the ovariole. Vectors

Z-axis. were classified as influx if the vector traveled over the ovariole image
Exported data were compiled using Microsoft Excel™,eft), or as efflux if the vector traveled away from the ovariole (right).
where H flux was calculated based on the method oflon concentration gradients are shown as red gradients representing

Kuhtreiber and Jaffe (1990). The equations used to calculainflux (left) or efflux (right).
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flux were modified to include the diffusion coefficient for During the entire course of experimentation using ovarioles
hydrogen (9.3%#10°5cnt2s1), and the bath hydrogen from insects dissected 3-12 d.p.f., only one stage-1 ovariole
concentration. 2-D and 3-D resultant vectors were generatedas encountered. This ovariole was unhealthy, and was
from thex- andy-axes values and the, y- andz-axes values, consequently removed from subsequent analysis.
respectively. The verticataxis data were excluded, becauselnterestingly, only one of ten stage-3 ovarioles had formed a
they confounded the data without contributing any essentialonnective stalk long enough to measure three positions.
further information. During stage 4, Hefflux at the connective stalk separating T
Next, an image was generated using Adobe lllustrator™ 9.8nd T-1 follicles reached its maximum rate. By stage 5, all
that displayed H flux at each position measured along theovarioles sampled but one had well developed interfollicular
ovariole, using the first image taken during the trial as atalks. Beginning with stage-7 ovarioles, a small but
backdrop. The image corresponding to the vector being placeifynificant increase in Hefflux over the T-1 T-2 junction
(showing the position of the probe in relation to the ovariolefould be detected that was higher than other positions nearby.
was positioned over the original image and rendered partiallikll other positions were not significantly different from
transparent to allow the two ovariole images to be juxtaposetbackground noise or from the positional average during
If the second picture required rotating to line up correctlyprevious stages. Along the T follicle in stage-8 ovarioles, H
as sometimes happened when the ovariole moved slightux at the anterior T 1/3 and 2/3 positions actually reversed
during a trial, it was adjusted to the nearest 0.5°, and th® become a significant influx. Stage-9 ovarioles developed
corresponding vector was similarly rotated before beindwo strong H effluxes not present in earlier stages. First, H
placed. A line of arbitrary, consistent length was scale@fflux was observed at the T-1:T-2 junction, anterior to the
according to the vector magnitude, so thaffldx at different  newly activated T-1 follicle. Weaker efflux in this region was
positions and from different ovarioles could be directlyobserved during stages 7 and 8, and by stage 9 many T-1
compared. Each vector was positioned so that the origin wésllicles had entered vitellogenesis and formed well-
next to the ovariole at the location where the probaleveloped interfollicular stalks. The stage-9 average was
measurement was taken. Once positioned, each vector wasavily weighted by trials with T-1 follicles in
scored as a positive efflux if it extended away from themidvitellogenesis. Hefflux at the connective stalk separating
ovariole, or as a negative influx if it extended over the ovariold and T-1 follicles during stage 9 also increased. The second
image. new H" flux was seen over the specialized rim and
Once signs had been assigned, the data from each ovaripigeudomicropyle structures of the forming chorion. A strong,
were grouped according to ovariole stage, and stage-specificscretely localized efflux in this region was observed in two
means and standard erroesefv.) were calculated for each ovarioles. While the graphs presented here show only a single
position measured along the ovariole. Using StatView softwarpoint, this efflux was characterized further, and is considered
(SAS Institute Inc., Cary, NC, USA), single-factor analyses ofurther below along with other special regions of interest.
variance (ANOVAs) were calculated for each stage, using The spatial and temporal patterns of fllixes presented in
ovariole position as the categorical variable, to assess tHeable2 are more easily visualized in a contour plot as )ig.
significance of signal vs. background noise. SignificanChanges in H flux along the anterior of the T follicle are
difference was assigned Bs0.05. Fishers’ PLSD (Protected evident, while pedicel Hfluxes were stable over time. Except
Least Significant Differences) post-tests were performed téor influxes along the anterior T 1/3 and 2/3 positions of stage-
derive pairwise comparisons between all positions for eac8 ovarioles (mentioned above), none of the influxes observed

stage. in later stages were significantly different from background
noise.
Results Detailed analysis of Hflux at specific regions along the
General features of extracellularHlux ovariole

When analyzing the main body of data we were interested The spatiotemporal patterns of extracelluldrfldx, derived
in detecting both spatial differences in* Hlux along the from the average flux at each position along ovarioles grouped
ovariole surface, and temporal differences occurring within aaccording to stage, constitute the major focus of this work. In
oogenesis cycle, i.e. by stage. addition to the average extracellular fluxes observed, a few

Significant extracellular Hfluxes were localized to specific special cases not evident in the above data were encountered
ovariole structures. Hflux at some positions was especially that merit discussion, and these are considered below.
prominent during all stages (Tall® including all three During two scans of stage-9 ovarioles, an increased number
positions along the interfollicular stalk separating the T and Tef positions were measured near the promineng¢fflux near
1 follicles, and both positions along the pedicel. In additionthe forming chorion rim, in order to resolve the source df H
H* flux at other positions became significant during lateflux more accurately. Hefflux was confined to a narrow
stages, notably the junction between T and T-1 follicles duringegion along the horizontal (anteroposteriefyplane (Fig 4),
stages 7-9, and the position where the anterior and posteramd continued circumferentially around the ovariole inzhe
regions of the T follicle meet. axis (N=2). In addition, H efflux in this region could be



Table2. Mean extracellular H flux at all positions along the adi®hodniusovariole

Developmental stage

Ie|n||oenxg

5

Ovariole position 2 (400-500m) 3 (500-60Qum) 4 (600-70Qum) 5 (700-80Qum) 6 (800—90Qum) 7 (900-100Qum) 8 (1000-150Qum) 9 (1500-200Qum)
Noise 10+2 (10) 8+1 (10) 9+1 (9) 1142 (10) 6x1 (12) 10+1 (10) 9+1 (17) 12+3 (10)
Troph tip 7+2 (10) 8+2 (10) —1+3 (9) 10+4 (9) 64 (12) 7+3 (10) 4+4 (16) 15+4 (10)
Mid troph tip 0+4 (10) 1+4 (10) —7+4 (9) 2+3 (9) —2+3 (12) —6+4 (10) 1+4 (17) 7+4 (10)
Ant troph —1+5 (10) 2+5 (10) —2+7 (9) 0+5 (9) —745 (12) 2+6 (10) —145 (17) 7+6 (10)
Ant troph 1/3 945 (10) 16x1 (10) 135 (9) 1943 (10) 11+5 (12) 17+5 (10) 945 (17) 1916 (10)
Ant troph 2/3 11+4 (10) 1943 (10) 7+5 (9) 1745 (10) 8+4 (12) 1046 (10) 1145 (17) 1846 (10)
Troph widest 1543 (10) 16+2 (10) 15+4 (9) 1942 (10) 1443 (12) 1245 (10) 845 (17) 1845 (10)
Post troph 10+4 (10) 14+1 (10) 9+4 (9) 15+2 (9) 7+6 (11) 3+5 (10) 1045 (17) 11+7 (10)
Troph junction 7+8 (10) 21+6 (10) 9+6 (9) 16+7 (10) 9+7 (12) 5+7 (10) 20+18 (17) 26+10 (10)
Mid T-3 6414 (2) 3611 (2) 43+14 (3) 2617 (7) 2315 (10) 16+11 (10) 207 (16) 2618 (10)
T-2:T-3 junction 44+7 (2) 30+8 (5) 1843 (5) 26+8 (8) 25+8 (11) 13+6 (10) 1846 (16) 25+10 (10)
Mid T-2 1546 (10) 2243 (10) 2745 (9) 25+11 (10) 2015 (12) 1845 (10) 1942 (17) 10+10 (10)
T-1:T-2 junction 42+27 (10) 2143 (10) 2749 (9) 33+7 (10) 2849 (12) 41+7(10) 41+12(17) 116+22(10)
T-11/4 10+10 (6) 15+3 (10) 1445 (9) 18+2 (9) 10+4 (12) 1345 (10) 11+4 (17) 1449 (10)
T-11/2 15+8 (10) 2046 (10) 21+3 (9) 26+3 (10) 15+4 (12) 12+7 (10) 1045 (17) 18+9 (10)
T-13/4 20+10 (6) 44+8(10) 39+7 (9) 41+6 (10) 25+6 (12) 21+8 (10) 1545 (17) 14+11 (10)
Ant T stalk 4942 (2) 211(1) 174+57(5) 116+19(9) 60+17(12) 45+12 (10) 29+7 (15) 48+23 (6)

Mid T stalk 122+24(10) 202+30(10) 237+53(9) 181 +29(10) 101+21(12) 74+18(10) 47+9(17) 149+23(9)

Post T stalk 172+67(2) 236(1) 316+55(5) 291+44(9) 146+26(12) 136+23(10) 86+11(16) 194+40(9)

AntT 1/3 43+13 (3) 117+21(10) 145+44(9) 153 +37(10) 66+23(12) 16+33 (10) —38+20(17) 32+26 (10)
AntT 2/3 2249 (3) 47+10(10) 49+24 (9) 74+16(10) 31+14 (12) 48+22 (10) —23+17(17) —25+18 (10)
Pseudomicropyle - - 82+14 (2) 118(1) 713 (2) 15+16 (2) 5410 (5) 271+4(2)

T collcub border 447 (3) 10410 (10) 3+13 (9) 367 (10) 5+10 (11) —-8+10 (10) —25+11(17) —39+27 (4)
Lateral T 1/4 1446 (10) 1345 (10) 9+8 (9) 1548 (10) —-8+9 (12) —348 (10) 13+12 (16) 25+30 (10) T.
Lateral T 1/2 1548 (10) 2146 (10) 12+10 (9) 1848 (10) —249 (12) —2+8 (10) 612 (17) 18431 (10)
Lateral T 3/4 24+8 (10) 11+10 (10) —8+19 (9) 7+8 (10) —14+19 (12) 4+7 (10) 11+13 (17) 23433 (10)S
Post T corner 26+19 (3) 13+13 (10) —1+15 (9) 34+10 (9) —13+11 (12) —9+9 (10) 8+11 (17) 47+32 (8)
Mid pedicel 178+39(9) 246+23(8) 223+26(9) 190+20(7) 180+17(10) 202+20(9) 237+20(10) 208+10(6)

Post pedicel 120+32(10) 274+29(9) 235+48(9) 210+27(10) 198+24(11) 206+13(9) 244+29(12) 230+25(6)
Thicker plug - 353(1) 245(1) 322+4(2) 270+4(3) 173+14(3) 295+18(2) -

Noise 10+2 (10) 10+1 (10) 9+1 (9) 10+2 (10) 12+1 (12) 10+1 (10) 1045 (17) 1442 (10)

Fluxes are presented in fmmir2s1 and are means s£.M. Sample number is included in parenthesis. Values that differ significantly from the average noise measurements
stage are in bold type.

6E£8¢ Sojolle/@sniupoyy

r each
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detected along stage-9 T follicles held in different orientationgegion of the main body (Fig, asterisk). Remarkably, *H
suggesting it formed a ring encircling the entire rim. Fineefflux in this area continued even after ovulatidix2), when
mapping of the region to identify individual cells responsiblethe associated chorionated oocyte had been released into the
for generating H efflux was not possible due to the limited oviduct (Fig.5, asterisk). No Hflux was detected around the
optics of the side-mounted camera, and difficulties incorresponding region of a recently ovulated elbjgl( not
visualizing specific groups of cells using theplane camera shown).

due to the curvature of the ovariole. Nevertheless, the H* efflux begins at the junction between T-1 and T-2
resolution was such that we could resolve a distinct and narrofellicles by stage 7, in the region of the newly forming
zone (probably 3—4 cells wide at most) that composed part abnnective (Fig6). Increased sampling in this region during
the rim close to the juncture between the cap and the neddur trials revealed that Hefflux also extended posteriorly,

Noise
N >
Noise

_ & AN SN S 2 (10)
L ; I.__ 3(10)

Y i L ¢ 4 (10)
- . —r 5(10) o
6 (12) -2

— - - 7(10)
- <+ - . . . ' . 8 (18)
: : < 9 (10)

stage

vari

O

Noise

Efflux
H* flux (fmol cnT2 s

Influx

Fig. 3. Mean extracellular Hfluxes along adulRhodniusovarioles. (A) H flux magnitude and direction (influx/efflux) relative to position

along ovariole and ovariole stagd=10-18, shown in parentheses). The data for each ovariole stage, represented by fluctuating black lines
running through the coloured region of the plot, are superimposed on each other making it difficult to show stage differeenesthese

are clearly discerned in a top view as seen in (B). The colour coding indicafles Fhagnitude and direction, which is calibrated in B. Each
vertical column on the surface plot corresponds to a specific point along the ovariole as indicated by the ovariole inefg@®sTelumn

displays background noise. Horizontal rows display the averadienfor each ovariole stage (see Materials and methods). Prominent efflux
occurs near the interfollicular stalks on either side of the T follicteeffiux at the anterior stalk is greatest around stage 4 (early vitellogenesis)
and declines gradually until stage 8 (late vitellogenesis) when it is significantly diminished. Stage-8 ovarioles wereaelenzetthby the
appearance of Hinflux along the anterior columnar epithelium of the T follicle.
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Fig. 4. Light micrograph of a stage-9 ovariole with correspondingFig.5. Light micrograph of a recently ovulated follicle with
extracellular H fluxes superimposed. *Hflux is indicated by red corresponding extracellularHluxes superimposed. The chorionated
vectors, with length proportional to the flux magnitude. Vector angleoocyte was loosely contained by the follicular epithelium, and fell
are the result of summing andy- axis measurements. Vectors away from the ovariole during dissection’ efflux in the region of
traveling away from the ovariole surface represenefflux; vectors  the rim is still present after ovulation (asterisk), suggesting follicle
traveling over the ovariole are influx. The noise measurement is in ttcells generate this Hflux. Red scale bar, 1Gtnol cnt2sL; black
bottom left corner. Of interest is the*Hefflux near the forming scale bar, 10Qm.

chorion rim in late vitellogenic oocytes (asterisk), which remains
throughout choriogenesis. Red scale bar, firdf) cnm2s1; black
scale bar, 10Qm.

100 fmol/cm?/sec
e " Tmmoscmmossm camm
r 4 100 um

1  —

presumably associated with the columnar follicle cells at th
anterior pole of the oocyte (Fi, asterisk).

Discussion

The foundation and blueprint for development is establishe
during oogenesis through a complex orchestration of ger
cells and numerous intra- and extraovarian somatic cell type
The discovery of dynamic, localized transmembrant H
fluxes in Rhodniusovarioles coincident with regional cell
differentiation and regulatory events suggests that these fluxe
along with associated changes or stabilization of ptay a
key role during oogenesis in the telotrophic ovariole. Gener:
aspects of the observed Hluxes will be discussed before
addressing specific localized and stage-related event
followed by consideration of the potential importance of thes:
fluxes to changes occurring during oogenesis.

General features of extracellulartlux during oogenesis in Fig. 6. Light micrograph of the anterior portion of a T-1 follicle from
Rhodhnius prolixus a stage-9 ovariole with corresponding extracellulat fixes

superimposed. Additional measurements near theftiix along the

One of the most striking features of flux around adult  1_3/7.5 junction reveal that the efflux extends to the anterior pole of
Rhodniusovarioles is that the large, sustained transmembrarihe T-1 follicle (asterisk). These follicle cells presumably are also

fluxes at the interfollicular stalk separating T and T-1 follicleinvolved in interfollicular stalk morphogenesis, and will ultimately
and at the pedicel were effluxes. While average influxes weiform the columnar cells at the anterior pole of the follicle. Red scale
observed in other regions, notably the anterior tropharium arbar, 100fmol cnr2s7%; black scale bar, 100m.

the anterior surface of the T follicle during stages 8-9, the

were smaller and by no means balanced overall effluy

Substantial influxes were also observed during individual trialnembranes of the ovariole did not appear to add up to zero,
in regions that did not show average influxes, including ovesuggesting that Hfluxes do not establish a current loop, but
the lateral T follicle. As a result, *Hflux across the cell rather that an intracellular source producédat efflux.
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The lateral surfaces of vitellogenic T follicles did produce
substantial H fluxes; however, both influxes and effluxes were
observed, and in calculating the mean values at each stage
balance of influx and efflux in these regions negatet
differences significant from noise. There are two possibl
explanations for these results: first, that the difference
reflected the future embryonic axis, as shown for bioelectri
currents around insect follicles (Bowdan and Kunkel, 1990
and that we were incapable of discriminating them, since °
follicle orientation was not accounted for during these trials. /
second possibility stems from the morphology of the latere
follicular epithelium, which forms large intercellular spaces
during vitellogenesis to facilitate yolk uptake. The ion-
selective probe may have been positioned over either the ba
surface of a follicle cell or over the intercellular space.
Differences in H flux between these two regions, as might
occur if small local current loops were established, migh

Fig.7. Light micrograph of a
longitudinal section through the
interfollicular stalk separating T-
1 (top) and T follicle (bottom).
The ovariole sheath is still intact.
The three positions measured
along the stalk are shown as red
dots, from anterior (top) to
posterior (bottom). Two groups
of cells are present near the
posterior stalk position: the stalk
cells which are not dye-coupled
to either adjacent follicle (a), and
follicle cells which are coupled
to the T oocyte (b). Semi-thin
section stained with 1%
Toluidine Blue in 1% Borax.
Scale bar, 2@um.

explain the measurements we obtained.
surrounding the injected oocyte, but did not pass into cells of
Regional H fluxes observed during oogenesis the stalk, or into adjacent follicles (see Fdor orientation).
Prominent extracellular Hfluxes measured using the ion- This suggested that stalk cells are not coupled to adjacent
selective probe were mapped to discrete regions of thelliclesviagap junctions (Huebner, 1981b; Telfer et al., 1982;
ovariole, suggesting they are important to regional celE. Huebner, unpublished results). Thus transmembrarfien
physiology. At many locations, the pattern of Hux also  may influence intracellular Hlevels in the cells forming the
changed over an oogenesis cycle, suggesting these tempatllk, the follicle cells surrounding the oocyte, the oocyte itself,
changes are linked to dynamic events during oogenesis. Thas some combination thereof. While the cells responsible for
it is important to consider the location and temporal dynamickl* flux in this region cannot be positively identified by this
of these fluxes relative to the germ and somatic cell evenstudy alone, we hope to address this question in future studies.
contributing to the development of a viable mature oocyte.
H* influx along the anterior surface of the T follicle
H* efflux at the junctions separating follicles A significant feature of stage-8 ovarioles was the onset of H
The interfollicular stalks are ideally situated to regulateinflux across the cap region of the T follicle. Whilé& idflux
interfollicular communication, coordinating entry into was observed in some T follicles during earlier stages, it appears
vitellogenesis or generating anteroposterior polarity in botln the majority of follicles during stage 8 and early stage 9,
adjoining follicles. Therefore, the prominent* Hefflux  when H efflux at the connective stalk was reduced.
observed at the interfollicular stalk separating T and T-Vitellogenesis is also occurring at a rapid pace during this
follicles is significant. In particular, the stage-related variatiorperiod. Fusion of smaller yolk vesicles into larger, more
in the strength of this Hefflux suggests a relationship to the membrane-efficient spheres requires acidification of the vesicle
development of the terminal follicle. interior to release vitellogenin from its receptor (DiMario and
Oogenesis in insect ovarioles involves a progression dflahowald, 1986; Dittmann, 1997; Dittmann and Munz, 1999),
stages: an oocyte in the penultimate (T-1) position becomes tle that excess membrane can be recycled to the oocyte surface.
terminal oocyte once the current chorionated T follicle passeBhis process appears to involvé-pump activity, probably a
into the oviduct. The Hefflux at the anterior end of the T V-ATPase (DiMario and Mahowald, 1986; O’Donnell and
follicle could be traced back to follicles in the T-1 position asSharda, 1994), or a N&* antiporter (Dittmann, 1997;
early as stage 7, where efflux begins before the connecti@ittmann and Munz, 1999) to move' lffom the ooplasm into
stalk begins to form (see Fig.and Results). the yolk spheres. It is possible that yolk vesicle acidification
Identification of the cells that generate Hfflux will be  occurs during the later stages of oogenesis and is strong enough
essential to determine which cells might be affected by changésat it exhausts the *Hpool available for efflux, so that
in pHi, and will permit a better understanding of the potentiatytoplasmic pH remains stable throughout vitellogenesis.
downstream effects of Hefflux. Several cell groups exist at
the junction separating T and T-1 follicles that could be wholly ~ Strong H efflux from follicle cells forming specialized
or partly responsible for generating the observedeHlux chorion structures
(Fig. 7). For example, the somatic cells of the connective stalk While the source of other*Hluxes remains speculative, the
are functionally isolated from the adjacent follicles. This couldH* efflux that develops during stage 9 near the cap rim, where
be seen when fluorescent dyes were injected into the oocyté® micropyle and pseudomicropyle cells form, is clearly
of either follicle. The dyes moved into follicle cells generated by the follicle cells. *Hefflux begins during
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chorionation (Fig4), when most follicle cells are no longer Discovery and Equipment grants to E.H. and postgraduate
coupled to the oocyte and are separated from it by the choriofellowships to C.B. from the Canadian Natural Sciences and
After the mature egg passed into the oviduct,efflux was  Engineering Council are gratefully acknowledged. Technical
still present along the follicle cells (Fif) but not the egg (not support from Al Shipley (Applicable Electronics, Inc.) and
shown), indicating the follicle cells generate this flux: H Eric Karplus (Science Wares, Inc.) is greatly appreciated.
efflux in this region occurs within a narrow zone and attenuates

a short distance away in either direction along the
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