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Summary. The cellular mechanism of K-stimulated C1 transport 
in locust hindgut was studied using double-barrelled ion- 
sensitive microelectrodes and electrophysiological techniques. 
Steady-state net electrochemical potentials for CI and K and the 
conductances of apical and basal membranes and paracellular 

�9 pathway were determined under control conditions, during expo- 
sure to 1 mM cAMP, and following ion substitutions. Under con- 
trol open-circuit conditions, intracellular C1 activity (a~O was 3.5 
times that predicted for passive equilibrium across the apical 
membrane. The net electrochemical potential opposing C1 entry 
from the mucosal side (AI2~I/F) increased by 50% during cAMP 
stimulation of transepithelial C1 absorption whereas the net elec- 
trochemical potential favoring C1 exit across the basal membrane 
(--AI2b~/F) was unchanged. No correlation was observed be- 
tween AI2~I/F and the net electrochemical potential across the 
apical membrane for Na. The net electrochemical potential 
favoring K entry across the apical membrane (-AI2~/F) was 
negligible under l~c conditions when C1 transport rate was ap- 
proximately 10 ~eq cm -2 hr-L Locust rectal cells showed electri- 
cal and dye coupling. The results also indicate that most trans- 
epithelial diffusion of ions is transcellular and that epithelial 
tightness effectively increases during exposure to cAMP because 
Ra and Rb both decrease by - 8 0 %  while Rj is unchanged. The 
cAMP-induced AR b was abolished in Cl-free saline whereas ARa 
was insensitive to C1 removal, but was blocked by removing K 
from the saline. Based on these findings, our model for CI ab- 
sorption in locust hindgut features i) an active entry step for C1 at 
the apical membrane which is stimulated by cAMP and by low 
levels of K on the mucosal side, but is not energized by -At2~a/F 
or -AI2[/F and ii) a large cAMP-stimulated C1 conductance in 
the basal membrane and a similar cAMP-stimulated K conduc- 
tance in the apical membrane, cAMP dose-response curves are 
similar for the stimulation of active CI absorption and Cl-inde- 
pendent (i.e. K) conductance, indicating that cAMP exerts dual 
control over active CI transport and counter-ion permeability. 

Key Words insect C1 absorption �9 intracellular ion activity �9 
K-stimulated C1 transport �9 NaC1 cotransport �9 epithelial trans- 
port �9 electrophysiology 

* Present address: Dept. of Physiology, Yale University 
School of Medicine, 333 Cedar St., New Haven, CT 06510. 

Introduction 

Previous tracer flux experiments indicated that ac- 
tive chloride transport across the rectum of the des- 
ert locust Schistocerca gregaria occurs by a mecha- 
nism which differs from the Na- and HCO3-coupled 
models established in vertebrate epithelia. In the 
present paper we investigate this novel mechanism 
of C1 absorption using double-barrelled ion-sensi- 
tive microelectrodes and electrophysiological meth- 
ods. Specifically, we attempt to localize the active 
step for transrectal C1 transport, to determine 
whether K stimulates active C1 transport directly or 
indirectly through changes in membrane potential, 
and to examine whether active C1 absorption is 
driven by transmembrane electrochemical poten- 
tials for Na or K through coupled ion movements 
(i.e. "secondary" active transport). We then inves- 
tigate permeability and its regulation by cAMP. The 
results suggest that entry of C1 into rectal cells from 
the mucosal side is active, electrogenic, stimulated 
directly by cAMP and also by mucosal K, but is not 
energized by Na or K gradients at the apical mem- 
brane. Our findings suggest that locust rectum is a 
tight epithelium having low transepithelial resis- 
tance. Some of these findings were reported in pre- 
liminary form [21-23]. 

Materials and Methods 

THE PREPARATION 

Locust recta were dissected and mounted as fiat sheets in a 
Plexiglas| perfusion chamber which permitted microelectrodes 
access to the mucosal surface and separate perfusion of mucosal 
and serosal sides [20]. The tissue and microelectrode were 
viewed through a glass window at the end of the chamber using a 
dissecting microscope (Zeiss, Jena, GDR) at 25 to 100x magnifi- 
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cation, and were illuminated from front and rear by fiber optics 
(Intralux, 150 H, Volpi AG, Urdorf, Switz.). Transepithelial po- 
tential (V,) was measured as before except that calomel half-cells 
were replaced with Ag/AgC1 wires. Microelectrodes were ad- 
vanced manually at an angle of 30 to 40 ~ to the plane of the 
epithelium using Leitz micromanipulators (Wetzlar, F.R.G.). 
The tissue was continuously perfused with saline by gravity-feed 
from well-gassed reservoirs at 22 • I~ 

The following modifications were made to the saline de- 
scribed in the preceding paper for microelectrode experiments 
requiring ion substitutions: i) N-methyl-o-glucamine was substi- 
tuted for Na and gluconate for C1 because choline and methyl- 
sulfate are sensed by K and C1 liquid ion-exchangers, respec- 
tively; ii) all salines were HCO3-free and were oxygenated with 
100% O2 in order to minimize HCO3 interference during intra- 
cellular CI measurements. We showed in the companion paper 
that C1 transport and transepithelial electrical properties are not 
affected by removal of external CO2 and HCO3. External pH was 
7.2 to 7.4. 

ION ACTIVITY MEASUREMENTS 

The potential difference between reference and ion-sensitive bar- 
rels of the double-barrelled microelectrode (Vi) was measured 
using a differential electrometer having high input impedance 
( -10  ~5 1); FD223, WP Instruments, New Haven, Conn.). The 
potential difference between the reference barrel within the cell 
and external mucosal and serosal agar bridges (V~ and Vb, re- 
spectively) were measured individually using high impedance 
operational amplifiers (1012 ft; 4253, Teledyne Philbrick, 
Dedham, Mass.). Transepithelial resistance (R,) was calculated 
from the deflections in Vt produced by transepithelial current 
pulses and served to indicate gross damage as well as tissue 
viability. Saline resistance was determined by focusing the mi- 
croscope just below the epithelial surface, removing the tissue, 
and then repositioning the microelectrode in the plane of focus 
for measurement of the voltage deflections caused by current 
pulses. The deflections in "apparent"  Vo that were produced by 
passing current pulses through the chamber with no tissue 
present were identical to those obtained immediately before im- 
palements. Constant current pulses (~l -sec  duration, 0.3 Hz) 
were supplied by waveform/pulse generators (Type 160 Series, 
Tektronix, Beaverton, Ore.) and measured as the voltage drop 
across a series resistor. Tissues were short-circuited with com- 
pensation for series resistance as before. After filtering ( -3  db at 
3 Hz), Vt, V,, Vb, Vi, L were recorded simultaneously using a 6- 
channel pen recorder (Brush 260, Gould Inc., St. Louis, Mo.) or, 
when fewer parameters were required, on a 2-channel recorder 
(7402A, Hewlett Packard, San Diego, Calif.). Signals were also 
monitored using a storage oscilloscope (DI5, Tektronix) and V, 
was always displayed digitally (616, Keithley Instr. Inc., Cleve- 
land, Ohio). 

The techniques used for constructing double-barrelled mi- 
croelectrodes were similar to those of Fujimoto and coworkers 
[14, 15, 27]. Capillary glass (1.0 mm OD, Frederick Haer and 
Co., Brunswick, Maine) was cleaned for at least 2 hr in conc. 
HNO3, thoroughly rinsed with distilled water, dried in an oven, 
and stored dust-free at 0% relative humidity. Two glass capillar- 
ies were heated, rotated one-half turn, and drawn to a final tip 
diameter of less than 1/xm. After back-filling the reference barrel 
with acetone (ACS, Eastman Kodak Co., Rochester, N.Y.) elec- 
trodes were dipped into a 0.1% solution vol/vol of Dow Corning 
1107 silicone oil in acetone for approximately 10 sec to silanize 

the ion-sensitive barrel and then were cured on a hot plate at 
-300~ for 15 min. The electrode shaft was reinforced with fast- 
drying epoxy, and a 2- to 4-mm column of liquid-ion exchange 
resin (K, Corning 477317; CI, Orion 92-17102; Na, monensin in 
Coming 477317) was injected into the silanized barrel from a 
syringe through fine polyethylene tubing and coaxed to the tip 
using a cat whisker. Electrodes were back-filled with 0.5 M KC1 
(for K and CI exchangers) or 0.49 M NaC1 at pH 3.0 (for Na 
exchanger). 

Microelectrodes were calibrated frequently during the 
course of experiments in electrolyte solutions encompassing the 
entire range of intra- and extracellular ion activities. In most 
experiments 5, 50, 120, 500 mM KC1 (conc.) solutions were used 
for calibrating K and C1 electrodes except during perfusion with 
nominally K- or Cl-free solutions, when 1 mM KCI was also 
included. Sodium microelectrodes were calibrated in pure solu- 
tions containing 1, 10, 100, 120 mM NaC1 and mixed solutions 
containing 10 mM NaC1 and 110 mM KC1. Ion activities in cali- 
brating solutions were calculated using the modified Debye- 
Hfickel equation [39]. 

Plots of microelectrode electromotive force (mV) against 
the logarithm of the ion activity (raM) in pure solutions yielded 
the following slopes (s) and r 2 values (2 +_ SE): CI, s = 57.77 + 
0.8709 mV, r E = 0.9950 • 0.0013, 29 electrodes; K, s = 52.44 -+ 
0.62 mV, r 2 = 0.9961 -+ 0.0008, 26 electrodes; Na, s = 54.08 -+ 
1.4 mV, r 2 = 0.9988 • 0.0007, 11 electrodes. These values com- 
pare well with previous studies [11, 14, 15, 27, 38, 44, 47]. Re- 
sponse time of the ion-sensitive barrel was usually about 1 to 3 
sec except for Na-sensitive electrodes which occasionally re- 
quired 15 to 20 sec to reach a stable value. The resistance of the 
ion-sensitive electrodes ranged between 2 x 109 and 5 x 1010 
ohms. 

Selectivity coefficients of C1 microelectrodes against gluco- 
nate and sulfate interference were (KcL0ur = 0.039 • 0.006 and 
Kc~,so4 = 0.1324 • 0.0215 when determined by the separate solu- 
tion method [20]. The anion signal observed during p~rfusion 
with nominally Cl-free saline (i.e. apparent C1 activity after gln- 
conate + sulfate substitution) was 5.2 raM, as expected using the 
microelectrode selectivity coefficients. Perfusion of recta for 3 hr 
with Cl-free saline resulted in apparent intracellular C1 activities, 
a~, of 4.84 • 0.38. An identical apparent CI activity has been 
reported in heart muscle after prolonged exposure to methyl- 
sulfonate saline in the absence of HCO3 (4.8 • 0.6, [2]). Mea- 
surement of true residual intracellular CI was not attempted since 
there is no method having the required sensitivity. It is unlikely 
that intracellular HCO3 (KcI,HCO3 = 0.2 to 0.09) accounts for all of 
the apparent CI activity since salines were HCO3-free and vigor- 
ously stirred with 100% 02. Under this unnatural condition, the 
cells may contain some residual C1, and replacement ions (SO4 
and gluconate) in addition to the interfering anions which are 
normally present. Since the validity of subtracting the residual 
a~ measured in nominally Cl-free saline is debatable when the 
identity of the intracellular anion is not known under normal 
conditions, we did not correct for this possible error. Regardless, 
since a~ normally ranged between 30 and 60 mM (i.e. six- to 12- 
fold larger) such interference would not change any of the con- 
clusions in this study. 

Na interference was ignored during intracellular K mea- 
surements since i) K electrodes showed high selectivity over Na 
(KK,~a < 0.02), ii) measured intracellular Na activities were low 
(a~a = 8.0 + 0.4 mN, 125 cells in 11 recta under Iso conditions), 
and iii) intracellular K was reduced to approximately 1 mM after 
prolonged perfusion with K-free saline (Fig. 4). Results obtained 
with Na-sensitive microelectrodes required corrections for K in- 
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terference. Selectivity for Na over K in eleven electrodes was 
11.2 -+ 1.1. Therefore, a~: was measured immediately before or 
after a ~  on the same tissues under each experimental condition. 

Successful impalements were characterized by i) abrupt 
monotonic deflections in voltage, it) stable intracellular poten- 
tials which remained within + 1 mV, iii) constant voltage divider 
ratios, and iv) return to the original baseline potentials upon 
retraction of the microelectrodes. No evidence of impalement 
damage was obtained using double-barrelled as opposed to sin- 
gle-barrelled microelectrodes, probably due to the large size of 
the columnar cells ( -15  • 100/~m) and extensive infolding of the 
cell membranes. 

EFFECTS OF TRANSEPITHELIAL SALT GRADIENTS 

To measure the effects of single salt gradients, solutions contain- 
ing 200 mM NaC1, KC1, choline C1 or K-methylsulfate were 
mixed separately with a sucrose solution (400 raM) in order to 
give intermediate concentrations of each salt (2, 8, 40 and 120 
m~a). These solutions also contained the normal eleven amino 
acids. V, was measured during exposure of the tissue to trans- 
epithelial concentration gradients of various salts. After equili- 
brating in HCO3-free saline for 3 hr, both sides were exposed to 
the full strength (200 mM) salt solutions described above and re- 
equilibrated for a further 30 rain. The mucosal or serosal side was 
then rapidly rinsed with lower concentrations of the same saline, 
alternating with the 200 mM full-strength solutions (e.g. se- 
quence: 200, 2, 200, 8, 200, 40, 200, 120, 200 or reverse). A 
vacuum pump was used to drain the chambers while fresh saline 
was injected by syringe. Solution changes were completed within 
10 sec. Control experiments showed that neither Vt nor R, were 
altered artifactually by the technique of changing solutions and 
V, returned to approximately the same value between each test 
solution. The average discrepancy before and after a test run was 
0.32 -+ 0,32 mV following mucosal substitutions and 0,34 -+ 0.12 
mV after serosal substitutions (2 -+ sE, n = 214). Net liquid 
junction potentials were measured by replacing the rectum with a 
short 3 M KC1 agar bridge and were small (i.e. -0.45 mV be- 
tween 200 raM NaC1 and 2 mM NaC1 + sucrose). It is clear that 
correcting for such sma/1 errors wouId strengthen our conclusion 
that transepithelial permeability properties are asymmetrical be- 
cause liquid junctions would be of similar magnitude when test- 
ing gradients in opposite directions, and would therefore tend to 
increase the symmetry of 17, responses. 

Responses were slower when solutions were changed on 
the serosal side than on the mucosal side, often requiring several 
minutes to reach a stable value when the largest gradients were 
tested. This delay is probably due to subepithelial diffusion barri- 
ers (secondary cells, and muscle tissue) and the unstirred layer 
associated with them; however, the possibility of some change in 
intracellular composition cannot be ruled out during these slow 
transients. 

VOLTAGE SCANNING 

This technique was used to explore the surface of the epithelium 
for regions of high conductance [13, 28, 36]. Current (250/,A 
cm -2) was passed transepithelially while the potential difference 
between a "scanning" microelectrode, which was moved over 
the tissue surface, and the mucosal 3 M KCI agar bridge was 
monitored in order to determine the uniformity of the electrical 
field. The voltage between scanning electrode and agar bridge 

was measured using a differential electrometer (FD 223, W.P. 
Instr., New Haven, Conn.). This signal was filtered, displayed 
on a storage oscilloscope, and recorded using a pen recorder. 

INTRACELLULAR INJECTION 

OF FLUORESCENT DYE 

The fluorescent dye Lucifer Yellow CH was injected intrace[lu- 
larly by ioutophoresis. A 3- to 5-ram column of dye was placed 
into the tip of the single-barrelled microelectrode by immersing 
the blunt end of the electrode into a 5% solution of Lucifer Yel- 
low CH in distilled water (-0.1 M). Electrode tips were less than 
1 /~m dia. and had resistance of 25 to 40 or 10 to 15 M ~  after 
bevelling in a stream of abrasive [32]. Hyperpolarizing current 
was passed through the microelectrode by a constant current 
source (M 701, W.P. Instr., Tektronix, Beaverton, Ore.). A 
switch allowed passage of direct current or pulses. Current was 
monitored continuously using a storage oscilloscope. A second 
electrometer was used to measure current flowing through the 
microelectrode during dye injection and this was displayed digi- 
tally. Continuous impalement during dye injections was ensured 
by switching to pulse mode and observing the membrane poten- 
tial between pulses, and a standard bridge was occasionally used 
to inject current and measure membrane potential simulta- 
neously through the same electrode. Two cells at least 1 mm 
apart, were each injected for 30 to 45 rain with - 5  and -50  nA. 
This protocol allowed dye from the first injection to continue 
diffusing as the second cell was being filled; however, this should 
not affect the results noticeably since the dye spreads within 
seconds by diffusion ( -200 /~m sec ~ [45]) and then, in locust 
rectum cells, appears to react preferentially with the nuclei. For 
processing, recta were pinned onto thin wafers of polymerized 
Sylgard 184 (Dow Coming Corp., Midland, Mich. ; 2.3 cm 2 with 
0.2 cm 2 hole cut in the center) and fixed in 4% paraformaldebyde 
buffered with 0.1 M phosphate at pH 7.2. After at least 1 hr of 
fixation, recta were dehydrated in ethanol (50, 80, 100% for 5, 5, 
10 rain, respectively) and then cleared for 5 rain in methyl salicy- 
late, Fluorescent ceils were observed in whole mounts With inci- 
dent excitation at 125 or 500x magnification (Orthoplan, Leitz 
Wetzlar, FRG). Photomicrographs were taken using an auto- 
matic camera attachment (Orthomat W, Leitz Wetzlar) and 35 
mm Kodak Ektachrome 160 (Tungsten) film. Externally applied 
Lucifer Yellow was not taken up into ceils across the plasma 
membrane. 

ELECTRICAL COUPLING 

AND F L A T - S H E E T  CABLE ANALYSIS 

Cell-cell coupling and cable analysis were determined using two 
single-barrelled microelectrodes. Current pulses (200 hA, 0.3 
Hz, 1-sec duration) were passed intraceIlularly through one mi- 
croelectrode and the resulting voltage deflections were measured 
in other cells using the second microelectrode. The distance be- 
tween electrodes was measured using a calibrated eyepiece mi- 
crometer. Hyperpolarizing currents were usually used although 
depolarizing pulses gave similar results. Voltage responses were 
displayed on a storage oscilloscope after filtering and were mea- 
surable when greater than 0.3 inV. The mucosal and serosal sides 
are effectively short-circuited with respect to intracellular cur- 
rent in these experiments since tile total resistance of the epithe- 
lium is much less than the resistance of the basal membrane in 
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the region of current spread (<0.5% in locust rectum; for discus- 
sion see [13, 28]). The voltage spread adjacent to the site of 
current injection is described by the differential equation [12, 13, 
28, 36, 40]: 

d2 V 1 dV V 
dx 2 + 0 (1) x dx h 2 

where V is the voltage deflection at some distance x, and h is the 
space constant defined as ~Rz/R~. Rz is the effective input resis- 
tance (resistance to ground: RaRb/(Ra + Rb)) in 12cm 2 and Rx is 
the resistance to current flow within the epithelial sheet in k i t  
Under the condition V---~ 0 at x = % the solution of Eq. (1) is V = 
AKo(x/h), where Ko is the zero-order modified Bessel function, A 
is an integration constant (mV), and x is distance (/zm). Deflec- 
tions in apical membrane potential were measured as a function 
of distance and compared to a set of curves obtained by drawing 
the Bessel function at 14 values of X between 50 and 800 /zm 
using published tables [33]. Data were then fitted by eye to give A 
and h which were then used to calculate Rz according to 

Rz = 2~rAhZ/lo (2) 

lous paper and wet weight was determined to within -0.1 rag. 
After drying to constant weight in a dessicating oven at 60~ 
tissues were digested in 1 N KOH overnight, neutralized with 
conc. H2SO4, and counted as before. The difference between wet 
and dry weights was used as an estimate of total tissue water, 
and intracellular volume was calculated as the difference be- 
tween total tissue water and mannitol space, assuming that man- 
nitol distributes homogeneously throughout the extracellular 
space, does not enter the cells, and does not adsorb on the tissue 
surface. Similar estimates of mannitol space were obtained after 
1 or 1.5 hr, suggesting that 1 hr was adequate for mannitol distri- 
bution to reach a steady state. 3H-mannitol space could not be 
checked using z4C-inulin because the cuticular intima is virtually 
impermeable to this polysaccharide; however, we showed in 
the previous paper that mannitol is not metabolized by locust 
rectum. 

CALCULATIONS AND STATISTICS 

Calibration curves for ion-sensitive microelectrodes were deter- 
mined by standard linear regression. Net electrochemical poten- 
tials were calculated as: 

where Io is the current injected intracellularly (/xA) and symbols 
are described as above. The ratio of apical-to-basal membrane 
resistances (c0 was calculated, after corrections for series resis- 
tance (see above), from the deflections in apical and basal mem- 
brane potentials produced by transepithelial current pulses (I, = 
20/zA/0.196 cm 2, 0.3 Hz, 1-sec duration) as 

er = AVo/AV b = Ra/Rb. (3) 

Resistance of the lateral intercellular space should not cause a 
significant underestimate of R~/Rb in this tissue since AVa/AVb <-- 
2 and since the ratio of apical membrane : paracellular resistance 
is less than 4 [7]. Transepithelial resistance was determined as 

AI2JF = RT(ln a, ~ - In am'S/F) + zV,~.b (8) 

where a~ is the activity of ion " i"  in the cell, a~ '~ is the activity of 
ion " i "  in mucosal or serosal solution, V~ and Vb are apical or 
basal membrane potentials, respectively, and z, F, R and T have 
their usual meanings. "Uphill" net electrochemical potentials 
are given as positive values; favorable electrochemical potentials 
are negative. Statistical comparisons were made using standard 
paired or unpaired t-tests. 

Results 

R, = (AVa + AVb)/It (4) ELECTROCHEMICAL POTENTIALS 

where I, is transepithelial current as described above. Apical 
membrane resistance (Ra), basal membrane resistance (Rb), and 
junctional resistance (Rj) were then determined using the stan- 
dard equations: 

R~ = (1 + a)Rz (5) 

Rb = (1 + oORz/c~ (6) 

Rj = (RtR,~ + RtRb)/(R, + Rb - R,) (7) 

which follow from the "lumped" equivalent electrical circuit 
model usually applied to epithelial tissues. 

MANNITOL SPACE 

Since changes in ion activity during cAMP stimulation might 
result from alterations in cell volume rather than ionic fluxes, 
nonmannitol space of recta was measured in normal saline, with 
or without 1 mM cAMP. Tissues were placed in small vials of 
vigorously oxygenated saline containing 3H-mannitol. After 1-hr 
incubation, three 1-kd samples of saline were counted by liquid 
scintillation to estimate 3H activity. Recta were blotted on bibu- 

S t e a d y - S t a t e  M e a s u r e m e n t s  

o f  I n t r a c e l l u l a r  C h l o r i d e  a n d  P o t a s s i u m  A c t i v i t i e s  

Figure 1 shows traces of V,, Va, Vb and intracellular 
ion activity obtained during impalements with dou- 
ble-barrelled K- and Cl-sensitive microelectrodes. 
Values were usually stable and showed little vari- 
ability between cells in any particular tissue. Deflec- 
tions in apical, basal and transepithelial potentials 
due to applied current pulses are also shown. Tran- 
sient deflections in Vi, the potential difference be- 
tween Cl-sensitive and reference barrels of the mi- 
croelectrode, are artifacts which result from their 
having different time constants. K-sensitive micro- 
electrodes had resistances that were one order of 
magnitude lower than those of Na or CI electrodes, 
and generally did not show these transient deflec- 
tions. As in previous open-circuit flux experiments, 
Vt was initially 25 to 40 mV (mucosal-side positive) 
and decayed to approximately 8 mV after 2 to 3 hr. 
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Fig. 1. Representative traces obtained using double-barrelled 
ion-sensitive microelectrodes. Simultaneous recording of trans- 
epithelial potential (V0, apical membrane potential (V,,), basal 
membrane potential (V~: also shows V, when the electrode is 
withdrawn into the mucosal half-chamber), potential difference 
between reference and ion-sensitive barrels of microelectrodes 
(Vi) under open-circuit conditions in normal saline. Transepithe- 
lial current pulses are shown at bottom (It) 

I ~-- 4 060 ~]~'~:'rl'~]]'[ 8 0  

5 rain 

Fig. 2. Time-course of the effects of cAMP on Vt, V~ and CI- 
sensitive potential (Vi, differential). Deflections in Vt and Va are 
due to transepithelial current pulses (20 /~A/0.1962 cm2). The 
regular deflections in Vi are artifacts which result from the differ- 
ence between time constants of ion-sensitive and reference bar- 
rels. As indicated by Va and Vi, the electrode became dislodged 
after 8 min (at *) and a second cell was impaled 

Control intracellular measurements were made 
when Vt had declined to this level. Following addi- 
tion of 1 mM cAMP or external K, approximately 30 
min was required for the measured parameters to 
reach a new steady state. The time course of 
changes in Vt, Va and intracellular CI activity is 
shown in Fig. 2. Steady-state measurements were 
made 30 to 60 min after switching to each new con- 
dition. Figure 3 shows impalement histograms of a~l 
and a~ measured in control preparations (unstimu- 
lated, 10 mM K), and during exposures to l mM 
cAMP and to K-free saline for 1 hr. Intracellular 
activities of C1 and K appear to be unimodal and 
seem reasonably normal in distribution about their 
mean values, suggesting that a single cell population 
was sampled and/or that there is effective cell-cell 
coupling. 

Chloride. Table 1 summarizes the results of one 
series of experiments using double-barrelled Cl-sen- 
sitive microelectrodes. Under control (open-circuit) 
conditions, a~l was 30.7 -+ 1.1 mM, which is approx- 
imately 3.5-fold higher than predicted for passive 
distribution across the apical membrane (8 to 9 
mM). There is a net C1 flux of -4 .5 /zeq  cm-2hr -~ to 
the serosal side (JnC~t) under these conditions; there- 
fore, an active step must be postulated at the apical 
membrane while exit of CI across the basal mem- 
brane may occur passively down a favorable elec- 
trochemical potential (-A/Z~I). 

Serosal cAMP hyperpolarized AVo by 6 mV and 
elevated a~l by 16 mM. If a cAMP-stimulated CI 

pump were located at the basal cell border, one 
would expect a~l to either decrease or remain con- 
stant during cAMP exposure; an increase in a~l is 
not consistent with stimulation of a pump in the 
basal membrane. When combined with the earlier 
finding that steady-state JnC~t is elevated - ninefold 
under the same open-circuit conditions, these data 
indicate a cAMP-stimulated C1 pump at the apical 
membrane. It is interesting that At2~/F did not 
change significantly following cAMP addition al- 
though cAMP stimulates C1 flux through the mem- 
brane by ninefold. This finding hints that CI con- 
ductance of the basal membrane might also be 
stimulated by cAMP if C1 exits by electrodiffusion, 
an idea that was confirmed using flat-sheet cable 
analysis (see below). 

When external K was removed bilaterally in the 
presence of cAMP, Va hyperpolarized to - - 1 3 0  
mV and then gradually declined, reaching -80  mV 
after 1 hr. Vt increased temporarily and then de- 
clined to 4.8 _+ 0.4 mV after 1 hr, consistent with the 
reduction in jC~net in K-free saline observed previ- 
ously using tracers. Most importantly, Atz~/F de- 
clined in K-free saline, indicating that K stimulates 
active C1 entry. Note that if potassium stimulated 
JnCelt by K depolarizing Va (thereby reducing the 
work needed for net C1 entry), then the uphill step 
required for C1 entry would have increased follow- 
ing K removal. 

Potassium. Table 2 shows results obtained us- 
ing double-barrelled K-sensitive microelectrodes 
under the same sequence of conditions as those just 
described for C1. Values of Vt, Va and Vb were simi- 
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lar to those obtained using Cl-sensitive microelec- 
trodes (compare with Table 1). The mean intracellu- 
lar K activity (a~:) was slightly below that predicted 
for equilibrium across the apical membrane; how- 
ever, this difference was not significant (P < 0.05). 
Since a~ would have to be above equilibrium across 
the apical membrane in order for Vo to be attributed 
solely to a K-diffusion potential, some other elec- 
tromotive force must be invoked at the apical mem- 
brane, such as an inward-directed, electrogenic CI 
pump. 

Small electrochemical potentials (<5 mV) fa- 
voring K absorption from mucosa-to-serosa were 

observed across the apical (AI2~/F) and basal (A/2~/ 
F) membranes under control (unstimulated) condi- 
tions. This agrees with passive transepithelial K ab- 
sorption, but alone does not exclude the presence of 
an additional small active flux. 42K movements are 
largely passive in the absence of cAMP; i.e. there is 
no jKnet under these Isc conditions [19]. 

Serosal addition of cAMP dramatically in- 
creased A/2~ and A/2[, mostly because of changes 
in membrane potentials. Under open-circuit condi- 
tions, most of the large JnKet that is observed during 
tracer flux experiments [19, 23] can be explained by 
electrical coupling to active CI absorption. 

Locust rectal cells contained 14 mM K after per- 
fusion with nominally K-free saline for 1 hr, and a~ 
continued to decline to 1 mM over the next 2 hr (Fig. 
4). Although the conditions were not strictly steady 
state with respect to a [  after 1 hr, this does not 
influence our conclusions regarding the mode of 

Table 1. Effects of adding cAMP and removing external K on 
electrical potentials, intracellular CI activity, and calculated CI 
electrochemical potentials a 

Sequential V, Va Vb a~l A#~I/F A#bcI/F 
condition (mY) (mY) (mY) ( m M )  (mY) (mY) 

Control 8.6 -57.0 -48.7 30.7 32.0 -23.3 
(6; 40) -+0.3 -+0.8 +-0.9 +-1.1 +-1.2 -+1.4 
+ 1 mM cAMP 29.8 -63.8 -34.0 46.6 49.8 -20.1 
(6; 42) +-0.5 -+0.6 -+0.6 +-0.8  +-0.5 +-0.6 
+ cAMP, 
K-free, 4.8 -79.6 -74.8 11.8 28.3 -23.5 
after 1 hr -+0.4 +-4.8 -+5.0 +-0.9  -+4.2 -+4.4 
(6; 42) 

~ Vt, transepithelial potential; Va, apical membrane potential; Vb, basal 
membrane potential; a~t intracellular CI activity; AtZ~/F, A#~t/F, CI net 
electrochemical potentials calculated for apical and basal membranes. 
Sign convention: Vt, mucosal side relative to serosal; V~ and Vb, intracel- 
lular potential relative to mucosal and serosal side, respectively; 5I.Z~JF 
and AI2~I/F, a positive sign indicates gradients opposing passive net CI 
movement in the mucosal-to-serosal direction, negative sign indicates 
downhill gradients. Means -+ SE, (number of recta; number of cells) for 
intracellular measurements; (number of recta; number of observations) 
for measurements of Vt Extracellular [CI] is 110 raM. 

Fig. 3. Distribution of intracellular CI and K activities in rectal 
pad epithelial cells under (open-circuit) control conditions, and 
after sequential exposure to 1 mM cAMP, and to K-flee saline 
with cAMP present, a~ and ak were measured in recta from 

different animals (n = 6 to 10) 

Table 2. Effects of adding cAMP and removing external K on 
electrical potentials, intracellular C1 activity, and calculated C1 

electrochemical gradients 

Condition V, V~ Vb a~ A ~ / F  AI2~/F 
(mY) (mY) (mY) (mM)  (mY) (mV) 

Control 7.2 -57.8 -50.7 61.4 -3.3 -3.9 
(10; 97) +0.3 -+0.5 -+0.3 -+0.7 +-0.5 -+0.3 
+ 1 mM cAMP 32.2 -70.2 -38.0 70.3 -12.4 -19.8 
(9; 81) +0.8 -0.6 +-1.0 +-1.1 +-0.8 +-1.2 
+ cAMP, 
K-free, 9.8 -84.1 -74.3 13.9 >55.2 >-65.0 
after 1 hr -+0.7 +-3.4 -+3.3 +-1.2 +-2.0 -+1.9 
(5; 58) 

See footnote to Table 1 for explanations, 
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action of K on chloride transport because they are 
based on net 36C1 fluxes and C1 electrochemical gra- 
dients when transepithelial transport is steady state. 
Moreover, as reported in the next section, similar 
results were obtained in experiments using recta 
more nearly depleted of K (<5 mM). 

Effect of  Bilateral K Additions on C1 and K Net 
Electrochemical Potentials under Is~ Conditions 

Chloride-dependent I~ increases dramatically when 
K is added stepwise to both sides of K-depleted 
tissues [23]; however, from transepithelial measure- 
ments alone it was not clear whether this is an indi- 
rect electrical effect, for example membrane depo- 
larization, a direct stimulation of the C1 pump, or 
both. A more direct action of K on C1 entry is indi- 
cated in the preceding section because removal of 
external K under open-circuit conditions reduces 
the net electrochemical potential opposing C1 entry, 
but to test this possibility further, electrical and 
chemical gradients for C1 across the apical and basal 
membranes were measured in short-circuited recta 
as a function of bilateral K concentration. This ap- 
proach had the added advantage that AI2~I/F and 
AI2~/F could be compared to find out whether C1 
entry might be driven by K cotransport under I~ 
conditions, when the rate of active C1 transport is 
known. 

Figure 5 illustrates intracellular potential (Vi), 
intracellular K and C1 activities, and calculated K 
and C1 electrochemical gradients. Data were ob- 
tained sequentially under the following conditions: 
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Fig. 4. Time-course of  the decline in a~ and V~ during bilateral 
perfusion with K-free saline under open-circuit conditions. Each 
point is the mean -+ SE of  6 measurements  using a double-bar- 
relied microelectrode in one tissue. Compare with a~ = 61.4 -+ 
0.7 under control conditions 

Unstimulated (K-free saline), cAMP-stimulated (K- 
free saline), cAMP-stimulated (with stepwise in- 
creases in potassium on both sides; [K] = 0, 2, 4, 
10, 40, 100, 140 raM). Measurements were made at 
least 0.5 hr after exposure to cAMP and after each 
change in [K]: (i.e. steady-state conditions were ap- 
proximated during all measurements). In nominally 
K-free saline, a At2~/F was estimated from the ac- 
tivity coefficient for K determined in normal saline 
(same ionic strength) and the level of K contamina- 
tion measured using an atomic absorption spectro- 
photometer. 
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Fig. 5. Effects of  1 mM cAMP and then bilateral K additions on 
Vi, at ,  a~j, and calculated At2~</F and AI2~]F (with respect  to 
cytoplasm) under Iso conditions. Cyclic-AMP was added at the 
arrows during initial perfusion with nominally K-free saline. 
Note: i) Ve changes about 50 mV/decade change in external K 
activity; ii) a~: in K-depleted tissue increases from 3 mM to near 
control levels (65) when recta are re-exposed to 2 mM K; iii) a~] 
decreases during hyperpolarization of  Va,b; iv) AI2~/F is approxi- 
mately 0 mV at all external K activities. Results shown are from 
one preparation; means _+ SE; n = 20 obs. (VJ,  n = 10 obs. (a~:, 
a~j, AI2~/F , At2~I/F) 
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Several points should be noted: 
i) Exposing recta to K-free saline for more than 

2.5 hr reduced a~ to <5 mM (mean 1.6 mM) and 
depolarized both membranes to 23 mV. 

ii) Serosal addition of 1 mM cAMP to K-de- 
pleted tissues increased a~l by 12 mM, hyperpolar- 
ized Vr by 15 mV (both changes significant at P < 
0.05), and elevated the net electrochemical poten- 
tial opposing CI entry by 12 inV. All these observa- 
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Fig. 6. Effects of sequential cAMP and mucosal K additions on 
Va, Vb, a~, all, and calculated AI2~/F and AI2~I/F (with respect  
to cytoplasm) under open-circuit conditions during serosal perfu- 
sion with normal saline (10 mM K). Measurements  were made 30 
to 60 rain after exposure to each condition. Note: i) a t  during 
mucosal perfusion with nominally K-free is similar to that ob- 
served when mucosal [K] = 10 raM; ii) AtZ~l declines progres- 
sively as mucosal [K] is elevated. Results from one preparation. 
Means + sE; n = 20 obs. (V~, Vb), n = 10 obs. (a~, a~cl, AI2~/F, 
At~I/F) 

tions are consistent with the previous tracer experi- 
ments that showed partial (35%) stimulation of C1 
transport in the absence of external K and that the 
active step is at the apical membrane. 

iii) Addition of K (2 or 4 mN) to both sides 
caused recovery of a~ to control levels and mem- 
brane repolarization within 0.5 hr (see Fig. 6; exter- 
nal K activities of 1.44 and 2.89 raN, respectively). 
Under these Isc conditions, both Va and Vb were 
virtually identical to the equilibrium potential (EK). 
This is not surprising since the top panel shows that 
Va and Vb vary approximately 50 mV per decade 
change in bilateral K activity. 

iv) Adding K to both sides of the epithelium (0 
to 4 raM) increased the electrochemical gradient op- 
posing C1 entry (A/2~I/F), consistent with previous 
observations under open-circuit conditions. Since 
A~I /F  increased after K addition, the stimulation 
of active C1 transport by small amounts of K cannot 
be explained by simple depolarization of the apical 
membrane potential and a more direct stimulatory 
action of K on C1 entry must be postulated (see 
Discussion). 

v) There is no correlation between At2fc/F and 
Aft~l/F when external K is varied. In fact, Af~/F is 
not different from zero under Isc conditions over the 
range of 4 to 140 mM K (P > 0.2). 

In summary, the results of varying bilateral [K] 
under ls~ conditions indicate that 2x12~/F could not 
drive C1 entry because K is near electrochemical 
equilibrium across both membranes. Importantly, 
bilateral additions of K (2 to 4 mM) under/~ condi- 
tions elevate the unfavorable • across the api- 

Jnet, indicating that cal membrane while increasing cl 
K enhances active C1 entry. Only at higher external 
concentrations of K would membrane depolariza- 
tion enhance C1 absorption. 

Effects of Mucosal K Addition 
on Cl and K Electrochemical Potentials 
under Open-Circuit Conditions 

The mucosal side is normally positive with respect 
to the serosal side in vivo and [K] varies only in the 
lumen. To measure electrochemical potentials un- 
der these conditions, tissues were left open-cir- 
cuited while [K] was increased from 0 to 140 mN on 
the mucosal side and serosal [K] was maintained at 
10 mM (Fig. 6). 

The following observations are noteworthy: 
i) When mucosal K activity was 0 mM, addition 

of 1 mM cAMP to the serosal side hyperpolarized Va 
by 20 mV and increased a~, consistent with stimu- 
lation of an electrogenic C1 pump in the apical mem- 
brane. 
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ii) a~ is near control levels (=60 raM) when the 
mucosal side is perfused with nominally K-free sa- 
line for >2.5 hr. Under these conditions intracellu- , , , 
lar K must have been acquired from the serosal ~ ~- , 
side, presumably via a Na/K exchange pump in the Va -59mV i -57mV 
basal membrane, i i L 

iii) Increasing mucosal [K] from 0 to 10 mM 
while maintaining 10 mM K on the serosal side de- " J ~  ~ 
polarized V~, in contrast to the preceding experi- 7i '~_ 8.4 ' 1  ~0.9 
ment in which Va and A/2~I both increased when [K] 
was raised bilaterally. Under open-circuit condi- 5o1 
tions, the stimulatory effect of mucosal K on the mY I active entry step and z~/2~1 is probably obscured by a ~ ,.~~ 
very large outward-directed K diffusion potential 
which results from the K gradient from cell (65 mM) 
to mucosal solution (nominally K-free). 

Effects of  Altering the Electrochemical Potential 
for Na across the Apical Membrane 

Previous results indicated that C1 transport across 
locust rectum is relatively insensitive to Na removal 
[23]. Nevertheless, even trace quantities of Na 
might sustain NaC1 coentry in the presence of a 
favorable Na electrochemical gradient across the 
apical membrane (A/2~a) provided that the affinity 
of the carrier is exceptionally high and Na is recy- 
cled locally [16]. 

Figure 7 shows typical recordings of impale- 
ments made using double-barrelled Na-sensitive mi- 
croelectrodes under Isc conditions when recta were 
perfused with normal saline bilaterally and 1 mM 
cAMP on the serosal side. The a~a averaged 8.01 - 
0.41 mM and intracellular potential was 58.06 • 0.54 
(2 • sz, 125 cells, 11 tissues). Large net electro- 
chemical potentials favored Na entry across both 
cell membranes, a~a changed little when mucosal 
[Na] was reduced to 49/xM. 

We examined the relationship between mucosal 
[Na] (measured using an atomic absorption spectro- 
photometer) and AI2~tF or AI2~/F which were cal- 
culated by measuring intracellular a~a  , a~l and V; 
using double-barrelled ion-sensitive microelec- 
trodes under Isc conditions. Extracellular C1 activi- 
ties observed immediately before impaling cells 
were used to calculate electrochemical potentials 
and this was also true for Na at all concentrations 
except that of nominally Na-free saline in which it 
was not possible to measure external aNa reliably 
with liquid ion-exchanger microelectrodes. In the 
latter case, an atomic absorption spectrophotome- 
ter was used to measure Na concentration which 
was then corrected for the activity coefficient mea- 
sured in normal saline which had the same ionic 
strength. As shown in Fig. 8, the Na gradient varied 
directly with mucosal [Na], as would be expected if 
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Fig. 7. Representative traces obtained during impalement of rec- 
tal tissue using a double-barrelled Na-sensitive microelectrode 
with Vt clamped at 0 mV and mucosal perfusion with normal 
saline (115 mM Na) and then nominally Na-free saline (49 /XM 
Na). The serosal side was bathed in normal saline throughout. 
Values of V~ and Vb were corrected for series resistance, a~a was 
corrected for electrode selectivity using K activities measured in 
the same tissue under both conditions. As shown at lower right, 
the differential Na-sensitive trace goes off-scale when the micro- 
electrode is retracted into nominally Na-free saline (N-methyl-D- 
glucamine substituted) 

Fig. 8. Relationship between -At2~/F and 3,12~1/F in cAMP- 
stimulated recta with l't clamped at 0 inV. The calculated value 
of --AI2~JF declined linearly with slope - 5 8  mV/decade change 
in [Na] and reversed when mucosal [Na] was less than 1 raM. The 
shaded area shows energetically feasible trajectories for A#~/F 
if CI were to enter across the apical membrane by "secondary" 
active transport driven by AI2~a/F. The dashed line shows the 
predicted values of AI2~t/F if CI flux is coupled 1 : 1 with that of 
Na. Note that AI2~/F falls completely outside the shaded region. 
Means _+ SE; 58 to 125 impalements, 6 to 11 tissues 
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Fig. 9. Representative recordings of Vt during exposure to trans- 
epithelial NaCI or KC1 gradients, (a) Serosal (S) composition 
held constant (200 mM NaCI) and the mucosal side was exposed 
to solutions of increasing [NaC1] as indicated. (b) Mucosal [KC1] 
was maintained at 200 mM while the serosal side was exposed to 
various concentrations of KC1. Sucrose was added to solutions 
having low salt concentration to minimize streaming potentials 
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Fig. 10. Deflections in Vt resulting from exposure of cAMP-stim- 
ulated recta to transepithelial salt gradients. (a) choline chloride, 
(b) sodium chloride, (c) potassium chloride, (d) potassium 
methylsulfate. Similar results were obtained using unstimulated 
or azide-poisoned tissues. Means + SE; n = 10 recta (NaC1), n = 
6 (KCI), n = 8 (K-methylsulfate) 

the apical membrane has low Na permeability, but 
AI2~1/F was not changed. Intracellular chloride was 
above electrochemical equilibrium by more than 38 
rnV, even when the calculated 2x/2~a reversed; i.e. 
favored exit of cell Na to the mucosal side. Only 
3.7% of this uphill AI2UF could be attributed 
to interference from normal intracellular anions 
(=5 mM). 

ELECTROPHYSIOLOGY 

Effects of Salt Gradients on V~ 

Figure 9 shows representative traces of Vt in the 
presence of salt gradients. In the upper trace (a), 
the mucosal side was exposed to various concentra- 
tions of NaC1 while serosal [NaCI] remained con- 
stant at 200 raM. When NaC1 and KC1 solutions 
were used, Vt reached a maximum within a few sec- 
onds and then declined. Deflections in Vt were less 
abrupt when solutions were changed on the serosal 
side and transients sometimes occurred at the sero- 
sal border but were not studied in detail. We consid- 
ered AVt during mucosal solution changes to be gen- 
erally more accurate because they occurred 

instantly, so that there was little opportunity for 
changes in intracellular ion levels. 

Figure 10 summarizes the relationship between 
the logarithm of the imposed gradient, and the 
change in V~ produced across locust rectum by each 
salt solution. Transference numbers are not shown 
because they would be underestimated because of 
shunting by the paracellular pathway. Neverthe- 
less, the effects of choline C1, NaC1 and KC1 gradi- 
ents are clearly asymmetrical, implying that trans- 
epithelial properties are determined by two barriers 
having different properties rather than by a single, 
symmetrical barrier as might be expected for the 
paracellular pathway. Also, the apical cell border, 
site of the active step for Cl transport, appears 
to be cation-selective and have low Ct permeability 
(Fig. 10). 

Voltage Scanning 

No current leaks were observed when microelec- 
trodes were moved over the epithelium proper, 
over the reduced epithelium between each rectal 
pad, or at the edge of the tissue where it was fas- 
tened to the chamber. Experimentally damaged at- 
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Fig. 11. Fluorescence of rectal 
cells following injection of the 
central cell with Lucifer Yellow 
CH (50 nA for 30 rain). The 
nuclei of 20 to 30 cells normally 
stain intensely after injecting dye 
into one cell 

eas were easily located. We calculate that a 7.6/xm 
dia. hole would have been detectable assuming a 
voltage sensitivity between microelectrode and agar 
bridge o f - 0 . 3  mV. 

Cell-Cell Coupling 

Figure 11 shows a typical result of Lucifer Yellow 
CH injection into one cell as observed by fluores- 
cence microscopy. In recta from eleven locusts, 
eight out of thirteen experiments showed extensive 
diffusion of dye from injected into adjacent cells. 
The central cell was usually the brightest, and was 
presumed to be the one in which the microelectrode 
was situated. No preferential routes of coupling 
were observed; the stained area was circular and 
did not stain particular pathways or clusters of 
cells. Lucifer Yellow CH stained an average of 28 -+ 
4 cells and an area of 78.9 -+ 13.8/xm 2 (2 -+ SE) after 
30-min injections. Five out of 13 injected cells ap- 
peared to be uncoupled; however, four of these 
were within 200/zm of the edge of the rectal pads 

where the cuticular intima attaches to the rectum. It 
is possible that these cells were damaged and be- 
came uncoupled during dissection of the intima. 

Figure 12 shows the effects of current injection 
into one cell on the apical membrane potential of a 
second cell located 42/xm from the point of injec- 
tion. The I/V relation of intracellularly injected cur- 
rent measured in different cells was linear over the 
range of currents and in all salines used in this 
study. Coupling was also independent of the direc- 
tion of current flow since voltage responses were 
identical when negative (hyperpolarizing) or posi- 
tive (depolarizing) currents were injected, in con- 
trast to many epithelia in which cells are uncoupled 
by depolarization [28, 41; reviewed in 29]. 

Finally, we tested whether large current pulses 
caused time-dependent uncoupling or deterioration 
of the membrane potential (this was important be- 
cause membrane resistances were low, necessitat- 
ing large pulses in order to measure the space con- 
stant). Depolarizing current pulses of 300 nA were 
injected into some rectal cells for 20 min with no 
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evidence of uncoupling or deterioration of mem- 
brane potential (data not shown). 

Cell Membrane and Paracellular Resistance 

In order to estimate membrane resistances of locust 
rectum in the presence of cell-cell coupling, voltage 
deflections were measured at various distances 
from the point of current injection before and after 
addition of 1 mM cAMP as described in Materials 
and Methods (Fig. 13a,b). The best-fit Bessel func- 
tions are also shown as solid lines. Table 3 summa- 
rizes the results of cable analyses under control 
conditions, and during cAMP exposure in normal 
saline. The values of R~, Rb and Rj suggest that the 
locust rectum is a tight epithelium, particularly dur- 
ing cAMP exposure when ~90 to 95% of passive ion 
movements across the tissue occur transcellularly. 
The resistances of locust rectum cell membranes 
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: ;::1 Nil IIIIIIIIII/    
O 1 min 

20 ~vo ~ ............ ~ ............ 

Fig. 12. Electrical coupling between cells in the rectal epithe- 
lium. Hyperpolarizing (upper traces) and depolarizing currents 
(lower traces) were passed from an adjustable constant-current 
source (10 to 100 nA, -1-see  duration, square pulses) into a cell 
through one microeiectrode, and the resulting deflections in api- 
cal membrane potential (~V~) were measured using a second 
microelectrode located 42 gm (~3 cells) from the point of current 
injection. Note that similar results were obtained with hyperpo- 
larizing and depolarizing currents 

after stimulation (30 to 40 s cm 2) are low compared 
to most other epithelia, but this is probably due to 
extensive membrane infolding which results in nine- 
to 200-fold amplification of membrane area. Addi- 
tion of 1 mM cAMP caused a large decline in Rt 
(65%) and reduced both apical and basal membrane 
resistances by about 80% (Table 3). The space con- 
stant (h) declined from 420 to 219/xm (P < 0.01) 
after cAMP addition in normal saline. Junctional 
resistance was difficult to measure accurately in 
cAMP-treated tissues bathed in normal saline due 
to the low value ofRz, which declines as the square 
of X. Nevertheless, no large changes in Rj were ob- 
served under these conditions (Table 3) or in el-free 
saline when Rz was higher during cAMP stimulation 
(Table 4). 

Figure 14 shows that deflections in V~ and Vb 
produced by transepithelial current pulses were di- 
minished after addition of 1 mM cAMP to the sero- 
sal side. To identify which ionic conductances were 
affected at each membrane, the effects of cAMP on 
5Va and zlVb were measured during ion substitu- 
tions. In el-free saline (gluconate substituted), only 
the apical membrane resistance appeared to de- 
crease during cAMP exposure (Fig. 15a) consistent 
with data shown in Table 4. In fact, ZXVb actually 
increased under these Conditions; however, this ob- 
servation is not surprising because more current 
flows transcellularly when R, declines and this in- 
crease in current should cause larger deflections in 
the basal membrane potential even though Ro re- 
mains constant. After prolonged perfusion of recta 
with KCl-free saline (Na gluconate substituted), 
cAMP had no effect on voltage deflections at either 
cell border, although polarization effects at the api- 
cal membrane made a valid cable analysis impos- 
sible under these conditions (Fig. 15b). These 
results suggest that the basal membrane contains a 
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Fig. 13. Deflections in V~ as a function of distance from the point o1" current injection before and after addition of cAMP in (a) Normal 
and (b) el-free saline. Measurements during cAMP exposure were made at least 30 min after addition of 1 mM cAMP to the serosal 
perfusate. The solid line indicates the best-fitting Bessel function obtained as described in the text 
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Cl-dependent conductance and the apical mem- 
brane contains a K-dependent conductance, both of 
which are stimulated by cAMP. Simultaneous stim- 
ulations of apical membrane K- and basal mem- 
brane Cl-conductances would explain why o~ re- 
mains constant during cAMP exposure while Rt 
declines by 50 to 65%. 

Table 4 shows the effects of cAMP on resis- 
tances under Cl-free conditions determined by cable 
analysis. As in normal saline, R~ declined by 80% 

during cAMP exposure whereas basal membrane 
resistance was only slightly reduced. Basal mem- 
brane conductance (Gb = I/Rb) increased by 22.6 
mS cm -2 in normal saline (114 mM C1) as compared 
with only 0.4 mS c m  -2  in Cl-free saline. 

Effects of  [cAMP] on I~ and Gt 

I~ and Gt were measured as a function of [cAMP] 
for two reasons: First, if stimulations of Gt and I~c 

Table 3. Electrical parameters  es t imated by cable analysis in normal  saline 

Preparation Rt a Rz Rx A ~ R~ Rb Rj Current  N u m b e r  
(-Q cm 2) (~), cm 2) (k~) (mV) (/*m) (f~ cm 2) ( ~  cm 2) ( ~  cm 2) direction of  cells 

Control 
1 213.9 0.80 70.0 34.6 
2 280.4 0.91 90.3 44.6 
3 213.0 1.44 95.0 31.4 
5a 299.4 1.17 118.8 131.9 
6a 256.6 1.35 128.2 8.0 
6b a 256.6 1.35 115.6 7.2 
;e -+ sE 252.7 1.13 100.5 50.3 
n = 5 -+17.4 -+0.12 ---10.4 -+21.2 
+ 1 m R  cAMP 
4 63.7 2.05 17.6 44.0 
5b b 77.9 0.95 15.4 50.2 
6c b 82.7 0.67 12.6 31.4 
7 109.3 1.30 31.1 34.6 
~? -+ SE 76.7 1.24 19.2 40.1 
n = 2,4 -+15.0 -+0.3 --+4.1 -+4.3 

1.10 450 126.0 184.6 687.0 - 14 
1.42 400 183.3 178.0 1252.0 - 16 
1.00 550 232.0 160.8 469.4 - 29 
4.20 300 257.8 220.3 801.0 + 28 
2.55 400 301.3 223.2 502.4 + 20 
2.30 400 271.7 201.3 560.9 + 21 
2.05 420.0 220.1 193.4 742.4 

-+0.60 -+40.6 -+30.3 -+12.2 -+141.1 

1.4 200 53.7 26.2 314.2 - 26 
1.6 175 30.1 31.6 801.0 + 15 
1.0 200 21.1 31.3 560.9 + 15 
1.I0 300 71.5 55.0 803.9 + 22 
1.27 218.8 44.1 36.0 559.1 

---0.14 -+27.7 -+1!.4 -+6,5 -+244.9 

" Cable analysis  was repeated to test  the reproducibility of  the measurements .  
b Rz was ext remely  low during cAM P  exposure  (15.4, 12.6 ~ cm2), approaching the limits of  sensit ivity of  measu remen t .  Since small  
errors resul ted in nonsens ica l  values of  R, Ro and Rb, it was necessary  to calculate R~ and Rb in two recta f rom Rt and c~ measu red  
during cAMP st imulat ion and R~ measured  under  control condit ions,  assuming  that Rj was not  affected by cAMP.  This a ssumpt ion  
seems justif ied since no consis tent  effect of  cAMP was observed in preparations in which Rz was high enough to allow calculat ion of  Rj 
directly (see also Table 4). 

Table 4. Resul ts  of  cable analysis  in Cl-free saline before and after adding 1 mM cAMP 

Preparation R, c~ Rz Rx A ,k Ra Rb Rj Current  N u m b e r  
(11 cm 2) (~  cm 2) (kl~) (mV) (~m) (11 cm 2) (~  cm z) (~  cm 2) direction of  cells 

Uns t imula ted  

8 370.7 0.773 254.5 125.7 4 450 451.2 583.7 577.6 + 22 
9a 295.6 1.160 248.8 69.1 2.2 600 537.4 463.3 419.5 - 15 
10a 347.9 0.386 93.3 149.2 4.75 250 129.3 334.9 1388.6 - 17 
l l a  390.7 0.473 159.3 150.8 4.8 325 234.6 496.0 839.8 - 17 
12a 438.7 0.222 138.2 86.4 2.75 400 168.6 759.5 832.0 - 12 
s -+ SE 368.7 0.603 178.8 116.2 3.70 405 304.2 527.5 811.5 
n = 5 --+23.6 --+0.166 -+31.4 -+21.2 -+0.60 -+40.6 - -+30.3  -+12.2 -+141.1 
1 mM cAMP added 

8b 210.1 0.111 33.3 44.0 1.4 275 37.0 333.3 485.7 + 17 
9b 231.0 0.286 127.2 62.8 2.0 450 163.6 572.0 336.7 - 21 
10b 243.3 0.118 25.4 t13.1 3.6 150 28.4 240.7 2537.7 - 17 
12b 350.4 0.0631 33.9 84.8 2.7 200 36.0 571.2 828.4 - 9 
s -+ SE 258.7 0.145 55.0 74.2 2.43 268.8 66.3 429.3 1047.1 
n = 2,4 -+15.0 -+0.3 -+4.1 -+4.3 -+0.14 -+27.7 -+11.4 -+6.5 -+244.9 



40 J.W. Hanrahan and J.E. Phillips: KC1 Transport across an Insect Epithelium. II. 

reflected two different processes, then G~ and 
l~c might exhibit different cAMP dose-response 
curves. Second, a dose-response relationship for 
the Cl-independent effects of cAMP could be calcu- 
lated by comparing the results obtained in normal 
and Cl-free saline. 

Figure 16 shows the effects of [cAMP] on Gt 
and I~ in normal and Cl-free saline. Both had "S"-  
shaped dose-response curves with similar threshold 
doses (5 x 10 -5 M cAMP) and maximal responses at 
~1 mM cAMP, suggesting that Cl-dependent and 
potassium conductances have similar cAMP sensi- 
tivities. 

Mannitol  Space 

Although cAMP increases a~ and A/2~, both these 
effects might be explained without postulating ef- 
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Fig. 14. Effects of cAMP on the deflections in apical and basal 
membrane potentials of recta produced by transepithelial current 
pulses (voltage divider ratio). Control conditions are shown at 
left. Results shown at right were obtained 30 to 60 rain after 
adding cAMP to the serosal side. Voltage deflections were pro- 
duced by transepithelial pulses of 20/~A/0.196 cm ~ 

fects on a C1 pump if cAMP caused cell shrinkage. 
Intracellular volume was estimated as nonmannitol 
space in controls and during cAMP exposure as de- 
scribed in Materials and Methods. There was no 
significant change in 3H-mannitol space or cell vol- 
ume between controls (3.61 -+ 0.24/xl) and cAMP- 
treated tissues (3.79 -+ 0.25/xl; P > 0.2), although 
the "nonmannitol space" declined drastically dur- 
ing exposure to hyperosmotic saline to 0.43 _+ 
0.11 gl. 

Discussion 

Several observations confirm the viability of the 
preparation used in this study as well as the validity 
of microelectrode measurements. The salines and 
method of mounting tissues onto the chamber were 
identical to those used during previous tracer flux 
experiments. Vt in the microelectrode chamber was 
initially high (25 to 40 mV, lumen positive) and de- 
clined exponentially to - 8  mV, identical to the val- 
ues observed during previous tracer flux experi- 
ments where long-term viability of the tissue is well 
established. Moreover, short-circuit current was 
250 to 300 /~A cm -2 after cAMP exposure during 
both microelectrode and flux studies. In the pre- 
vious paper we found that 35SO4 permeability is neg- 
ligible when using this method of mounting tissues 
and suggested that edge damage is probably low. 
This suggestion is supported by the present electro- 
physiological data. 

Membrane potentials and intracellular ion ac- 
tivities showed little variation within each prepara- 
tion. Potential changes were abrupt after impale- 
ment, and potentials and ion activities remained 
constant during the course of measurements. Re- 
cordings were occasionally made from one cell for 
more than 30 min without detectable changes in 
membrane potentials, ion activity or voltage divider 
ratio. Also, no differences were observed between 
data from single- and double-barrelled microelec- 
trodes although the latter are thought to cause im- 
palement damage artifacts in some epithelia [10, 
38]. 

No intracellular gradients were observed when 
microelectrodes were advanced deep into the epi- 
thelium. Also, only one electrical potential "well" 
was observed when electrodes were pushed 
through the tissue and only one population of cells 
was evident from the approximately normal distri- 
bution of intracellular ion activities. The underlying 
secondary cells do not constitute a continuous layer 
because they are penetrated by tracheoles, and thus 
probably do not contribute greatly to Rt. 
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MEASUREMENTS OF MEMBRANE POTENTIALS 

AND INTRACELLULAR ION ACTIVITIES 

Membrane potentials observed in this study are 
"typical" for many vertebrate and invertebrate 
cells, and agree well with values for isolated recta of 
Locusta migratoria (V~ = -65  to -59  mV, Vo = 
-45  to - 47  mV over the first 4 hr; [46]). Lower 
membrane potentials in Schistocerca recta were re- 
corded by Phillips ([34]; V~ = -50  mV, V~ = -37  
mV); however these early measurements were 
made in situ using microelectrodes with large tip 
diameters, thus the discrepancy might be due to the 
different experimental conditions used and/or to im- 
palement damage. 

Ion activities have not previously been mea- 
sured in locust rectal cells; however, the results are 

similar to those observed in other epithelia. Some- 
what higher a~r (133 mM) and lower a~l (9 to 10 mM) 
were reported in blowfly salivary gland, but in that 
preparation [3, 5], the luminal surface is bathed with 
KCl-rich fluid secreted by the gland rather than a 
" low-K" saline like the one used here. Reported 
values of a~ in the "high PD" cells of lepidopteran 
midgut range from 75.7 mM [6] to 95 mM [31]. Fi- 
nally, intracellular ion activities in the present study 
are in reasonable agreement with concentrations es- 
timated chemically in homogenates of whole rectal 
tissue (55 mM Na, 88 mM K, 39 mM C1; recta from 
water-fed locusts; [34]) and, except for lower Na, 
are in good agreement with electron microprobe 
data for cytoplasm of blowfly rectal papillae (23 to 
47 mM Na, 65 to 85 mM K, 23 to 43 mM C1; [18]). 
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L O C A L I Z A T I O N  OF THE A C T I V E  STEP 

Chloride entry across the apical membrane occurs 
against a net electrochemical potential under both 
open- and short-circuit conditions while C1 flux 
across both membranes is in the mucosa-to-serosa 
direction, as demonstrated in the companion paper 
by measuring tracer fluxes under the same condi- 
tions. Although C1 entry into the rectal cell is ac- 
tive, the insensitivity of jc~ net to a very large reduc- 
tion in A~a/F [23], and the lack of correlation 
between A~I/F and AI2~a/F provides further evi- 
dence that Cl entry is not driven by NaCI cotrans- 
port across the apical membrane. 

Cyclic-AMP (1 mM) and low levels of K stimu- 
late both JnCelt and the A~I/F opposing C1 entry 
across the apical membrane under steady-state I~c 
and open-circuit conditions. Also, small quantities 
of K stimulate/so only when added to the mucosal 
side [19]. The effects of K (2 to 4 mM) on Afz~l/F 
cannot be explained by electrical coupling across 
the apical membrane or the entire rectal wall; K 
must stimulate the active mechanism in some man- 
ner. It is interesting that intracellular K activity is 
maintained near control levels (66.9 raM) when 10 
mM K is present only on the serosal side of locust 
rectum. Since jClnet is not stimulated by K under 
these conditions [19], K apparently acts on C1 entry 
at an external site on the apical membrane. 

Intracellular ion activities are determined by 
the properties of both apical and basal membranes. 
If the C1 conductance of the serosal border is much 
higher than that of the apical membrane, changes in 
a~l will be affected by changes in Vb, even if a~l is 
maintained above equilibrium by the action of an 
apical C1 pump. For example, short-circuiting hy- 
perpolarizes Vb and depolarizes Va by approxi- 
mately equal amounts in locust rectum because the 
voltage divider ratio is near one. Since the partial 
ionic conductance of the basal membrane to C1 is 
higher than that of the apical membrane, more C1 
would be driven out of the cell across the basal 
membrane by I~r hyperpolarization of Vb 
than would be drawn into the cell by depolarization 
of Va. Indeed, a~l was higher under open-circuit 
conditions (46.2 +- 1.3 mM, 49 cells, 5 tissues) than 
under I~r conditions (40.3 -+ 0.9 mM, 40 cells, 4 tis- 
sues; P < 0.01). We emphasize that this effect of Vb 
on a~l does not affect our conclusions regarding the 
location of the active step for C1 transport or the 
stimulatory effect of cAMP and K on the active 
process because they are based on comparisons of 
A/2~l and JnCelt under the same steady-state condi- 
tions. Because the net flux of C1 across apical and 
basal membranes and the entire epithelium are 
equal at steady state, measurements of JnC~t and 
A/i~l are sufficient to show that energy is required 
for C1 entry. 

Changes in cell volume could also affect intra- 
cellular ion activities and calculated electrochemi- 
cal gradients, but total tissue water, extracellular 
water and intracellular volume (nonmannitol space, 
NMS) were not different in controls and cAMP- 
treated tissues (P ~> 0.2). Therefore, the 50% in- 
crease in a~l during exposure to cAMP cannot be 
attributed to cell shrinkage. That NMS provides a 
valid estimate of cell volume is suggested by i) the 
drastic decline in NMS during exposure to high os- 
motic pressure and ii) the fact that nonmannitol 
space agrees very well with our estimates of total 
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intracellular volume based on cell dimensions (3.61 
-+ 0.24 vs. 3.3/zl; [19]). 

POSSIBLE SOURCES OF ENERGY FOR C1 ENTRY 

Sodium entry across the apical membrane is 
strongly favored when the mucosal side is perfused 
with normal saline (115 mM [Na]; A#}a/F ~- -122 
mV) and 2~tif~a/F is more than adequate to drive C1 
entry by NaC1 cotransport (AI2~]F = 45 mV). How- 
ever, no interdependence between 2X#~a/F and JnC~t 
[23] or 2Xt2~a/F and At2~I/F (Fig. 8) were observed 
and there is considerable evidence that C1 fluxes 
and Cl-dependent Isc are insensitive to Na removal 
[22]. Net Na fluxes across stimulated recta in vivo 
and in vitro are very low compared to JnCelt and are 
insensitive to cAMP [43]. 

A/2~: is near 0 mV under I~ conditions; there- 
fore a K-coupled influx could supply little if any 
energy for C1 transport across the apical membrane. 

Most cells possess an inward-directed net elec- 
trochemical potential for protons of ~60 mV; how- 
ever HCI cotransport or CI/OH exchange seem un- 
likely to drive C1 transport across locust rectum 
because Is~ is not affected by raising external pH 
from 6.2 to 8.0 [19, 21], a maneuver which should 
reverse or at least greatly diminish Afif~ if we may 
assume intracellular pH to be in the range (7.0 to 
7.4) observed in other cells. Furthermore, reducing 
mucosal pH below 5.5 inhibits rather than stimu- 
hates Isc (half-maximal inhibition at approximately 
pH = 4.7), contrary to expectations with HC1 co- 
entry. 

In short, we have been unable to find evidence 
that CI absorption is secondarily active in locust 
rectum and the possibility of a C1-ATPase pump 
should be seriously considered for this tissue. There 
are reports of anion-stimulated ATPases in recta of 
locusts [25] and dragonfly larvae [26] but it is uncer- 
tain whether this is localized in the plasma mem- 
brane. 

K AND Na ELECTROCHEMICAL POTENTIALS 

Both apical and basal membrane K gradients are 
consistent with passive K movement in the mucosa- 
to-serosa direction. A small Jn~t has been observed 
during cAMP stimulation in short-circuited recta; 
however, the electrochemical potentials are too 
small to permit localization of the active step for 
transepithelial K transport with certainty. Regard- 
less, we have found that this active absorption is 
quantitatively much less important: passive K reab- 
sorption under normal open-circuit conditions con- 

stitutes -85% of net K flux and is electrically cou- 
pled to C1 transport [23]. 

There is active Na absorption across locust rec- 
tum under these Is~ conditions (1/zeq cm-2hr 1; K. 
Black, unpublished observation); however, the rate 
is much lower than that of C1 (about 10 /~eq 
cm-2hr -1 during cAMP exposure) and it does not 
contribute significantly to Isc. The present results 
suggest that, like epithelia in vertebrates, Na entry 
across the apical membrane is favored by a large net 
electrochemical gradient of 120 mV when Na-rich 
saline is present bilaterally. Also, ion-sensitive mi- 
croelectrode data are consistent with an active step 
at the basal membrane since any Na entering the 
cells from the mucosal side would have to be 
pumped across the basal cell border against a A/2~a/ 
F of 120 mV. 

LOCUST RECTUM IS A TIGHT EPITHELIUM 
HAVING Low ELECTRICAL RESISTANCE 

Results from several techniques indicate that locust 
rectum is a tight epithelium: 1) Deflections in Vt 
produced by transepithelial salt gradients were 
strongly dependent on the direction of the gradient, 
indicative of two barriers in series having different 
properties. Such asymmetry would not be expected 
if ion diffusion occurred through a single paracellu- 
lar barrier, since tight junctions in other tissues are 
not known to rectify. 2) Voltage scanning did not 
reveal any low-resistance regions. This technique is 
qualitative in nature and there is the possibility that 
small leaks could go undetected, but in this connec- 
tion, negative results have been reported for other 
tight epithelia whereas paracellular shunting has 
been detected by voltage scanning Necturus gall- 
bladder [13] and MDCK cultures [8]. 3) Cable analy- 
sis of the epithelium indicates that locust rectum is 
moderately tight under control conditions, when 
60% of Gt is transcellular, and becomes functionally 
tighter during cAMP stimulation, when transcellu- 
lar conductance ranges between 89 and 96% of the 
total. The fractional conductance of the transcellu- 
lar pathway of locust rectum under these conditions 
is similar to that of other tight epithelia (53%, toad 
bladder [36]; 80%, Necturus stomach [42]; 65 to 
96%, rabbit urinary bladder [28]; 31%, rabbit cornea 
[30]), but is much higher than that of leaky epithelia 
(--4% Necturus gallbladder [13], Necturus proximal 
tubule [17]). Locust rectum is tight because the cell 
membrane resistances per macroscopic area are ex- 
tremely low, and in this respect resembles verte- 
brate salivary duct [1] and gastric mucosa [9]. 

Many insect epithelia are probably tight, al- 
though this has not previously been directly shown. 
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For example, Berridge et al. [4] demonstrated that 
Rt of blowfly salivary gland falls from 80 f~ c m  2 at 
rest to 5.5 fl c m  2 during stimulation with 5-HT. This 
large decline and the small effect of 5-HT on Vb 
argue against a large paracellular shunt in blowfly 
salivary gland. Malpighian tubules and lepidopteran 
midgut also maintain large chemical and electrical 
gradients while having low electrical resistance (ca. 
40 fl cm 2, [49], and -150 ~ cm 2, [50], respectively). 

REGULATION OF PASSIVE PERMEABILITY 
BY cAMP 

Addition of cAMP, cGMP or theophylline stimu- 
lates Lc (1000%) and G, (50 to 60%; [19]). When the 
voltage deflections across apical and basal mem- 
branes during transepithelial current pulses are 
monitored before and after cAMP addition, both ap- 
ical and basal voltage deflections are greatly re- 
duced, suggesting a decline in apical and basal 
membrane resistances. This was confirmed and 
quantified by measuring the radial spread of intra- 
cellularly injected current. Since AGb was nearly 
abolished in Cl-free saline whereas ARa was K-de- 
pendent, the simplest explanation for these obser- 
vations is that cAMP increases apical membrane 
conductance to K by -18  mS cm -z, and increases 
basal membrane C1 conductance by approximately 
-19  mS cm -2. It is clear from Fig. 16 that both 
processes have similar cAMP dose-response curves 
and might be turned on simultaneously by a CTSH- 
induced /'ise in intracellular cAMP. The large in- 
crease in apical membrane K conductance observed 
in this study would explain the 400% stimulation J~m 
by cAMP seen previously by measuring 42K fluxes. 
The R~ calculated under KCl-free conditions is 
lower than estimated when the saline is only C1- 
free. Our explanation for this paradox is that Ra and 
a are underestimated in KCl-free saline because V~ 
does not reach a steady-state value during 1-sec 
current pulses. The transient response of AV~ to 
current pulses could not be attributed to capaci- 
tance since apical membrane area would have to be 
50,000 times greater than the macroscopic tissue 
area (assuming 1 ~F c m  -2 )  in order to explain the 
observed time constant. A more detailed analysis 
will be required to determine whether the transient 
is due to membrane polarization-transport number 
effects, voltage-dependent conductance, or some 
other mechanism [37]. At present the important 
finding is that K-removal blocks AGo during cAMP 
exposure. 

Addition of cAMP stimulates net CI flux by ap- 
proximately 4 to 5/xeq cm-2hr - 1 under open-circuit 
conditions while the net electrochemical gradient 

favoring C1 exit across the basal membrane A/~bl is 
- 20  inV. Converting net C1 flux to current, 5/xeq 
cm-Zhr -1 becomes 134/xA cm -2, and the minimum 
increase in basal membrane chord conductance re- 
quired for C1 efflux by electrodiffusion would be 
(134.1 x 10-6A cm-2)/(20 x 10 -3 V ) =  6.7 mS cm -2 
or only 30% of the AGb during cAMP stimulation. 
The increase in Ge is approximately twice that re- 
quired for passive exit, even after subtracting the 
possible error caused by interfering anions on a~l 
(4.9 raM) and allowing for a 36% higher rate of C1 
transport during the present experiments as sug- 
gested by the low values of Rt shown in Table 3. 
Some uncertainty results from the use of different 
tissues for flux, ion sensitive microelectrode, and 
cable analysis experiments, and from the small sam- 
ple size in the latter. Another possible source of 
error might be our neglect of distributed current 
flow at the lateral border, although as noted above, 
these should be small. Recent current fluctuation 
analyses [24] indicate that the basal membrane has 
substantial numbers of Ba-blockable K channels. 

EQUIVALENT ELECTRICAL CIRCUIT PARAMETERS 

When the apical and basal membranes and tight 
junctions are replaced with Thevenin equivalents 
(Fig. l a), V,, Vb and Vt are given by 

V~ = [E,~(Rb + R A + Ra(Eb + Ej)]/(Ra + Rb + R A (9) 

Vb = [Eb(R,, + Rj) + Rb(E~ + Ej)]/(R~ + Rb + R )  (10) 

Vt = (V~ - Vb)RJ(Ro + Rb + gj )  (11) 

when V~, E~, Vb and Eb are measured with respect 
to the intracellular compartment, and V, and Eg to 
the serosal side. With these polarities, the equiva- 
lent electromotive force across apical (Ea) and basal 
(Eb) membranes are 

Ea = Va - V , R , , / R j  (12) 
Eb = Vb + VtRjRj  (13) 

if we assume that Ej = 0 when identical solutions 
are used on both sides of the epithelium. A small Ej 
would exist if ions were more concentrated in the 
intercellular spaces and there is evidence for ele- 
vated [K] in the lateral spaces of insect recta (re- 
viewed in [23]). However, our results were obtained 
in vitro using vigorously perfused tissues which had 
been exposed to isosmotic saline for many hours. 
These conditions would be expected to dissipate 
any gradients that might be present in vivo. Also, 
we observed no unusually high ion activities with 
ion-sensitive microelectrodes although we would 
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Table 5. Calculation of steady-state equivalent electromotive 
forces (Ea and Eb, respectively) across apical and basal mem- 
branes 

Saline V, ~ Vb Vt R~/Rj RJRj E, Eb 

(mY) (mY) 

Control 57.8 50.6 7.2 0.2965 0.2605 55.7 52.5 
+cAMP 70.2 38.0 32.2 0.0711 0.0581 67.9 39.9 
Cl-free b 56.7 50.4 6.3 0.0633 0.4100 56.3 53.0 

a Voltages from Table 2 and unpublished observations. 
b Recta were bathed in nominally Cl-free saline in which Cl was 
replaced by gluconate. Va and Vb are with respect to the intracel- 
lular compartment; V, is with respect to the serosal side. 

have expected to impale hypertonic lateral spaces 
occasionally despite their small size (<5/xm). 

Table 5 shows the equivalent emf's  calculated 
for apical and basal membranes of unstimulated 
recta in normal saline (control) during exposure to 1 
mM cAMP, and during cAMP-stimulation in Cl-free 
saline. Membrane and junctional resistances were 
taken from Table 4 and Table 5, to calculate Ra,jRj.  
The Table clarifies several points: i) addition of 1 
mM cAMP increased Ea by 12 mV as would be ex- 
pected if an absorptive C1 pump at the apical mem- 
brane were stimulated. Also, removing C1 from 
cAMP-stimulated recta returned E~ to the control 
value, ii) In normal saline, exposure to cAMP re- 
sulted in a decline in Eb, consistent with enhanced 
C1 exit out of the cells across the basal membrane. 
This AEb can be explained by a large increase in C1 
conductance because intracellular C1 is above elec- 
trochemical equilibrium across the basal mem- 
brane, and AEb is nearly identical to the net electro- 
chemical potential favoring C1 exit (hl2~l/F = 23.3 
+-- 1.4 mV). 

A CELLULAR M O D E L  FOR KC1 ABSORPTION 

ACROSS LOCUST RECTUM 

Figure 17 summarizes previous tracer flux results 
and the main conclusions of this paper. Transepi- 
thelial absorption requires active C1 entry across 
the apical membrane, and this process is appar- 
ently electrogenic and is stimulated by cAMP and 
mucosal K ions. Although the mechanism by 
which K stimulates C1 entry is not firmly estab- 
lished, it apparently does not involve a KCI cotrans- 
port step at the apical membrane, because i) trans- 
epithelial K fluxes are insensitive to CI removal 
[19], ii) the apical membrane hyperpolarizes during 
cAMP exposure after equilibration in K-free saline 
(consistent with electrogenic C1 entry under these 

mucosa cell serosa 
Y 

( ............... :.=: .................. eAMPf~CTSH 
K "  T. . .  . . . . .  ..~ Na "'~" K----~ K 

amino Na acids 

Fig. 17. Summary diagram of the cellular mechanism and regula- 
tion of KCI transport across locust rectum. CI enters the cell 
across the apical membrane by an active mechanism which is 
thought to be electrogenic and K-stimulated; potassium enters 
through a parallel conductive pathway. C1 exits across the basal 
membrane via a conductive pathway, and most K probably 
leaves the cell by electrodiffusion. The peptide hormone CTSH 
(chloride transport stimulating hormone) elevates intracellular 
cAMP [35], which stimulates active C1 entry, apical membrane K 
conductance, and basal membrane C1 conductance 

conditions), and iii) 35% of the cAMP-stimulated Isc 
is K-independent. Another important effect of 
cAMP is to reduce transepithelial resistance by 
-50%,  through increases in the conductance of 
both cell membranes. The stimulation of apical 
membrane conductance is K-dependent whereas 
the increase in basal membrane conductance is C1- 
dependent. Regulation of KCI by the peptide hor- 
mone CTSH would be unusually efficient because 
both electrogenic CI transport and counter-ion per- 
meability are stimulated by cAMP (J~et exactly 
matches JnC~t under open-circuit conditions [23]). In 
addition to on/off hormonal control mediated by 
cAMP, mucosal [K] also modulates the rate of KC1 
absorption by enhancing active C1 transport at low 
mucosal K levels and by inhibiting active C1 trans- 
port and passive K permeability at high concentra- 
tions [23]. 
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