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ABSTRACT.

Recently, Audsley (1991) purified a neuropeptide factor - scgITP from the copora
cardiaca of Shistocerca gregaria. ScgITP stimulates ileal reabsorption of Cr, Kt, Na+
and fluid and inhibits acid secretion. Stimulation with scgITP causes an increase in both
Cr dependent short-circuit current and transepithelial voltage (Vt) and a decrease in
transepithelial resistance (Rt; Irvine et al 1988). There is evidence to suggest that cAMP
acts as the second messenger for scgITP (Audsley 1990).
In this thesis the mechanisms underlying ileal ion transport and the effects of
cAMP were investigated. Intracellular microelectrodes were used to measure apical and
basolateral membrane potentials. Brief transepithelial current pulses (13.3 gA) and ion
substitutions permitted the estimation of specific ion conductances.
In nonstimualted ilea, Vt was slightly positive (to the lumen side) and the inside
of the cell was negative with respect to both haemolymph and lumen side bathing
media. The apical membrane potential (Va) was slightly more negative than the
basolateral membrane potential (Vb). Apical membrane resistance (Ra) was much higher
than the basolateral membrane resitance (Rb). Stimulation of ileal ion transport with
cAMP resulted in an increase in Vt. There was no change in Va after cAMP stimulation
but Vb depolarized. Addition of cAMP caused a large decrease in Rt, due solely to a
decrease in Ra with Rb remaining at control values.
In nonstimulated ilea, a small apical Na+ conductance was measured. Voltage
ii

measurements indicated an increase in apical Na+ conductance after cAMP addition.
However, resistance measurements were not consistent with a cAMP stimualted apical
Na conductance. In nonstimulated ilea the conductance of the apical membrane to K+
was very small. After stimulation with cAMP a large increase in apical IC ' conductance
-

was observed. The cAMP stimulated apical IC conductance was not inhibited by high
-

luminal [1(1. The basolateral membrane displayed a very high conductance to IC' and
to a lesser extent Ct. There is no evidence for cAMP stimualtion of basolateral Cl

-

conductance. These results are formulated into a model of the mechanism of cAMP
control of ileal ion transport.

iii
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CHAPTER 1 GENERAL INTRODUCTION.

Transporting epithelia form the boundary between body fluids of different ionic
and osmotic composition. Epithelia create, maintain and regulate these ionic and osmotic
gradients through vectorial and selective transport processes yet, at the same time,
epithelial cells must maintain their own intracellular ionic composition. In most multicellular animals, whole animal osmoregulation is dependent upon renal and extra-renal
epithelia which are typically under hormonal control.

The osmotic demands placed on insects are often extreme, especially in the
freshwater and arid terrestrial environments, due to large surface to volume ratios. The
majority of insects, however, regulate haemolymph composition within narrow limits
under highly variable external conditions. Schistocerca gregaria displays only a 30%
change in haemolymph osmotic pressure when fed either a hyperosmotic solution
equivalent to sea-water saline or tap water (Phillips 1964a). Also, during dehydration,
when haemolymph volume may decrease by up to 90%, ionic composition is
maintained. Subsequent feeding on succulent material rapidly restores haemolymph
volume with little affect on ionic composition (Hanrahan 1978, Chamberlin and Phillips
1979). This high capacity for haemolymph regulation is achieved through structural,
behavioral and physiological adaptations (Maddrell 1971).
1

The excretory system is largely responsible for the rapid homeostatic control of
insect haemolymph osmotic and ionic composition. The source of this control is the coordinated regulation by hormones of the membrane transport processes in the three
major epithelia of the insect excretory system; the Malpighian tubules, the ileum and the
rectum. In a terrestrial phytophagous insect, such as the locust (Fig 1.1), the Malpighian
tubules secrete a KC1-rich isosmotic primary urine. A small proportion of this primary
urine enters the midgut (Dow 1981). The majority, however, passes into the hindgut
where selective reabsorption takes place. The ileum reabsorbs a near isosmotic
adsorbate, playing a major role in the maintenance of haemolymph ionic composition
(Irvine et al. 1988). The rectum is the main concentrating segment and control of this
process may lead to a very hyposmotic or hyperosmotic urine, or powder dry excreta
(reviewed by Phillips 1983, Phillips et al. 1986).

Structure of the Locust Excretory System.

The Malpighian tubules number approximately 250 and join the alimentary canal

at the junction between the midgut and ileum. The hindgut is lined with a 2-10 gm thick
chitinous cuticle which acts as a molecular sieve due to the presence of water-filled
pores of about 6 A, lined with a fixed negative charge, the residue having a pIC---. 4
(Phillips and Dockrill 1968, Lewis 1971, Maddrell and Gardiner 1980). These pores
allow small hydrophilic molecules such as ions and metabolites to pass through the
2
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Fig 1.1: a: Diagram of the locust ailementary canal. b: Detail of the locust
excretory system. Epithelial transport is denoted by the large arrows, small
arrows represent the flow of urine. Modified from Phillips et al (1981),
redrawn from Audsley (1990).
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cuticle but exclude large, often toxic substances. Consequently, these large molecules
accumulate in the hindgut and are expelled in the excreta. The cuticle also protects the
hindgut epithelia from mechanical abrasion by the gut contents.
The locust ileum is about 6 mm long with an outside diameter of 2.5 mm. The
macroscopic surface area of the ileum is 0.4 cm 2 compared to 0.64 cm 2 for the rectum.
Ultrastructural observations reveal a simple epithelium of only one cell type. Cells are
about 40x20 gm in size and display the dense apical infoldings with associated
mitochondria typical of transporting epithelia (Fig 1.2; Irvine et al. 1988). The cuticle
is firmly attached to the apical membrane. Apical junctional complexes between cells
are about 10 gm in length and resemble those of the rectum. The basal plasma
membrane displays numerous narrow infoldings. The basal surface of the epithelium is
covered by a thin basal lamina, overlaid by a sheet of circular muscle (Irvine et al.
1988), with longitudinal muscle bands evenly spaced around the outside of the ilea
(pers. obs.).
The colon is much less permeable than either the ileum or the rectum (Maddrell
and Gardiner 1980) and is composed of small unspecialized epithelial cells. Thus, this
segment is not thought to contribute significantly to absorption in the hindgut.
The rectum consists of six, radially arranged, thick epithelial pads separated by
narrow regions of thin epithelium. The pads are composed of two types of cells,
columnar epithelial cells and occasional secondary "B" cells which contact the lumen
side only. The columnar cells are 17x100 gm in size and display highly folded lateral
membranes with associated mitochondria (Fig 1.2; Irvine et al. 1988). These lateral
4
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Fig 1.2: Comparison of the ultrastructural organization and gross

dimensions of the ileal epithelium and rectal pad of the locust. Rectal "B"
cells are not shown. From Irvine et al (1988).
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foldings are termed lateral sclariform complexes and are thought to be the site of ion
recycling back into the rectal cells (Wall and Oschman 1970). The apical membrane, as
in the ileum, is highly infolded but the cuticle is often detached from the apical surface
creating a sub-cuticular space (Martoja and Balan-Dufrancais 1984, Chapman 1985,
Irvine et al. 1988).

Fluid and Ion Transport in the Rectum.

The mechanisms and control of ion transport have been well characterized for
the locust rectum utilizing a variety of experimental techniques (Reviewed by Phillips
et al. 1986 and 1988, Phillips 1980). Fig 1.3 summarizes the localisation of specific
transport processes in the apical and basolateral membranes of this epithelia and their
control by a neuroendocrine factor, CTSH acting via cAMP.
The rectal epithelia transports mainly IC - and a from the lumen to haemolymph.
-

Na+ is also reabsorbed but to a much lesser extent due to the low levels of this cation
in the primary urine. Ion substitution shows that fluid transport is secondarily coupled
to ion transport, whereas inhibition by KCN, ouabain and iodoacetic acid demonstrates
dependence on metabolism (Goh and Phillips 1978). In the absence of an initial osmotic
gradient, the rate of net fluid reabsorption (Jv) in situ is 17 1.11.11 -1 .rectum -1 (Phillips
1964a). This is higher than the rate of absorption from a NaCl-rich fluid observed for
in vitro studies (Jv = 6 111.11 -1 .rectum -1 ; Goh and Phillips 1978). In vitro Jv from a KC16
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Fig 1.3: Summary of ion transport processes in locust rectum.Upper

diagram: Proposed model for KC1 reabsorption; solid arrows
through circles, active transport; arrows through cylinders,
channels; dotted lines, dissipative net ion movements; thick
dashed lines, control by cAMP and K. Cyclic AMP stimulated net
ion fluxes are shown on the right hand side. Lower diagram: Apical
and basolateral membrane potentials (Va, Vb) and resistances (Ra,
Rb). Rj is paracellular resistance (Redrawn from Phillips 1986 and
Hanrahan and Phillips 1983).
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rich saline, resembling Malpighian tubule secretion is higher (10 µ1.h - '.rectum') and
more comparable with values from in vivo studies (Andrusiak et al. 1980). Initial Jv is
higher immediately after rectal excision, consistent with higher values for Isc but falls
over the first hour to a steady state (Jeffs 1993). Also, rates of fluid transport were
found to vary 2-fold depending on the hydrated state of the locust, suggesting a control
mechanism for fluid reabsorption in the rectum (Goh and Phillips 1978).
The large short-circuit current in the rectum is due to the apical electrogenic
transport of Cl", which represents the predominant transport process for this epithelia.
C1 transport is unusual in the rectum in that it does not involve exchange for another

anion (HCO3) or co-transport with Na - (Hanrahan and Phillips 1984c). Cr exits the cell
through basolateral Cl - channels down a favorable electrochemical gradient (Hanrahan
and Phillips 1984b,c). These channels are blockable with pharmacological agents
(Phillips et al. 1986).
Reabsorption of IC+ is passive through channels in both apical and basolateral
membranes and occurs by electrical coupling to transport. Low levels of luminal 1C -1stimulate electrogenic CT transport, although KC1 co-transport has been excluded
(Hanrahan and Phillips 1984a-c).
Ne-ICATPase has been demonstrated in microsomal fractions isolated from
locust rectum and identified ultrastructrally as lateral membrane fragments (Lechleitner
1988). Na is pumped out of the cell basolaterally against a large electrochemical
gradient, creating a favorable gradient for passive entry across the apical membrane.
Some Na+ entry is through channels but most is used to drive amino-acid (glycine)
8

uptake from the lumen by Nal" co-transport (Balshin 1973), and for secretion of NH,'
(some W) by Na+ counter-exchange (Thompson et al. 1988b). Fr is actively secreted
into the lumen, mostly by electrogenic transport (80%), the remainder being due to
Neill+ exchange. There is a concomitant reabsorption of HCO3 to the haemocoel side,
derived mostly from the epithelial cells (Thompson et al. 1988a).
The amino acid proline is absorbed from the lumen at high rates by the rectum.
Entry is Ne-independent and may be proton linked (Meredith and Phillips 1988).
Proline represents the major substrate for oxidative metabolism and ammoniagenesis in
the rectum (Chamberlin and Phillips 1983) and also drives a large component of fluid
transport (Lechleitner and Phillips 1989).

The cAMP second messenger system.

Neuropeptide hormones are unable to traverse the plasma membrane and thus act

upon surface receptors to initiate the formation of intracellular "second messengers". Fig
1.4 describes the cyclic nucleotide cAMP second messenger pathway.
The ligand (eg. a hormone) binds with a receptor. This ligand/receptor complex

activates several G-proteins; the first phase of signal amplification. The G-protein a subunit activates adenylate cyclase which catalyses the conversion of ATP into cAMP. One
G-protein may activate several adenylate cyclase units; this is the second phase of
amplification. Adenylate cyclase may convert many ATP molecules to cAMP before it
9
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Fig 1.4: The cAMP second messenger cascade. See text for

explanation. PDE, phosphodiesterase; AC, adenylate cyclase;
cAMP, 3':5' cyclic adenosine monophosphate; GTP, guanadine
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plasma membrane. Adapted from Brown (1991) and Greenguard
(1978).
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is deactivated; the third phase of amplification. (Brown 1991).
Phosphodiesterase (PDE) hydrolyses 3':5'cAMP to 5'AMP and thus downregulates cAMP levels. Mechanisms which modulate cellular PDE activity have been
proposed but their application in insect systems has not been widely tested (Bodnaryk
1983).
Cyclic AMP interacts with protein kinases (PKE) to release a catalytic sub-unit
which phosphorylates specific proteins thus altering their biological activity. The cyclic
nucleotide system is reviewed in detail by Bodnaryk (1983), with special reference to
insect systems.
The pharmacological agent forskolin activates adenylate cyclase and therefore
mimics hormone effects (Seamon and Daly 1981). Theophylline is a strongly
competitive cAMP-PDE inhibitor and thus acts to maintain high intracellular cAMP
levels (Butcher and Sutherland 1962). Initiation of a biological response by these agents
is considered strong evidence implicating the involvement of the cAMP second
messenger system.

Hormonal Control of Reabsorption in the Rectum.

The insect neurosecretory system is shown in Fig 1.5. Aqueous extracts of
corpora cardiaca (CC) stimulate Cl dependent short-circuit current (Isc) by several fold
-

(AIsc) and also cause an increase in chloride-dependent fluid transport (Spring and
11

Fig 1.5: Side view of an insect, showing the neuroendocrine organs. From
Phillips (1981).
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Phillips 1980a-c). Transepithelial voltage (Vt) increases and transepithelial resistance
(Rt) declines after CC stimulation (Spring and Phillips 1980a-c, Proux et al. 1984,
Hanrahan and Phillips 1985). The actions of CC are mimicked by 1mM cAMP and
intracellular measurements of this cyclic nucleotide show that maximum levels are
attained at a time corresponding to the maximum increase in CC-stimulated Isc
(Chamberlin and Phillips 1988). Recent pharmacological studies on stimulants of rectal
Jv and Isc by Jeffs (1993) provide further evidence for the involvement of the cAMP
second messenger system in the control of rectal transport processes. However, he also
reported a partial stimulation of rectal reabsorption by cGMP and the involvement of
Ca2+ which had both stimulatory and inhibitory effects at different concentrations. There
is no evidence for the involvement of either PKC or the PI second messenger system
in the control of rectal transport (Jeffs 1993).

Using AIsc as a bioassay, Chloride Transport Stimulating Hormone (CTSH) was
partially purified from locust CC. CTSH has a molecular weight of about 8,000 Daltons
and maximally stimulates AIsc at concentrations of <7 1.1M (Phillips et al. 1980).
Forskolin and theophylline both mimic the action of CTSH (Spring and Phillips 1980a),
strongly implicating a CTSH receptor initiated cAMP cascade in the control of rectal
reabsorption.
CTSH stimulates KC1 and fluid reabsorption and inhibits fr secretion but has
no effect on Na transport (reviewed by Phillips et al. 1986). The increase in Cl transport is due to stimulation of the apical Cl - pump. There is a 50% decline in Rt
13

associated with stimulation, due to an increase in conductance of the basolateral
membrane to C1 and of the apical membrane to K. Since CTSH simultaneously
increases both active electrogenic Cl - and passive IC' transport, this provides for a very
efficient stimulatory mechanism (Hanrahan and Phillips 1984c).
In high IC+ saline, stimulation does not result in an increase in ICE permeability
(Pk). This is attributed to a decline in apparent P k at high luminal [K1 due firstly to
changes in intracellular IC+ activity and membrane depolarisation and secondly to a real
decline in P k which is [K1 0 sensitive (Hanrahan and Phillips 1984c, 1985).
Neuroparsins, two neuropeptides also isolated from CC extracts have been
proposed as agents controlling rectal reabsorption in Locusta migratoria (Fournier and
Girardie 1988). However, the effects of these factors on solute transport have not yet
been investigated.

Fluid and Ion Transport in Locust Ileum.

The rate of fluid transport in the ilea in the absence of a transepithelial osmotic
difference and stimulants is 3 - 3.5 121.11 -1 .ileum -1 (Lechleitner et al. 1988a). Fluid
transport is inhibited by azide, KCN and iodoacetic acid and is coupled to ion transport.
Fluid reabsorption can occur against osmotic gradients of up to 600 mosmol (Lechleitner
et al. 1988a,b) but the reabsorbate is always near isosmotic or slightly hyperosmotic to

the luminal fluid. The inability of the ilea to produce a hyposmotic adsorbate is thought
14

to lie in ultrastructural differences between this segment and the rectum. As discussed
previously, the ilea lacks the lateral sclariform complex of the rectum, thought to be the
site of solute recycling, leading to the production of a hyperosmotic excreta (Irvine et
al. 1988, Wall and Oschman 1970).
Measurements of Vt and Isc indicate a net active absorption of anions to the
haemocoel side. After removal of the ilea from the locust, Isc is initially large but falls
rapidly to around zero, presumably due to the removal of natural stimulants present in
the haemolymph. This, together with stimulation of ileal Isc by cAMP, suggested
hormonal control of ileal transport (Irvine et al. 1988).
From a saline resembling haemolymph, everted ileal sacs reabsorb a NaCl-rich
fluid with substantial amounts of K. Net active absorption of Na+ was estimated by flux
studies to be 4.2 ± 0.18 gequiv.cm 2 .h-1 (Irvine et al. 1988), which is twice the rate
measured for the rectum (Black 1987).
In the absence of exogenous bicarbonate and CO 2 , there is an active acid
secretion into the ileal lumen at a rate of 1.56 p,equiv.cm 2 .11-1 , which declines to zero
over 4 hours (Thompson et al. 1991). This is comparable to rates of acid secretion
measured for the rectum (Thompson and Phillips 1992).

Stimulation of ileal transport processes by cAMP switches absorption from low
capacity transport of NaC1 and NaHCO 3 to high capacity absorption of NaC1
(Lechleitner et al. 1988a). Addition of 5mM cAMP causes a rapid increase in Vt and
15

Isc (AIsc) due to the stimulation of electrogenic Cr transport to the haemolymph side.
Rates of fluid absorption are increased 4 fold (Irvine et al. 1988, Lechleitner et al.
1988b). Fluid transport is C1 dependent with maximum rates being achieved at a Nal":1C+
luminal ion ratio of 1:1 and at a concentration of 60mM (Lechleitner et al. 1988a).
Glucose and 5 amino acids (alanine, asparagine, glutamine, proline and serine)
are absorbed from the lumen and provide the metabolic substrate for the maintenance
of AIsc. Metabolic breakdown of these amino acids is the source of ammonia secretion
(J ) to the luminal side. Ileal J am„ is stimulated by cAMP but not CC extracts (Peach
1991). In contrast to the rectum, proline sustains ileal metabolism equally well from
both luminal and haemolymph sides and does not represent the major respiratory
substrate (Peach and Phillips 1991).
Cyclic AMP also stimulates passive IC + and active Na+ absorption, the latter
being the first report of control of Na+ reabsorption in any insect (Irvine et al. 1988).
High levels of Na+K+ATPase have been detected in the microsomal fraction of ileal
tissue (Lechleitner 1988) but the mechanism of passive Na+ entry at the apical
membrane is unknown. Na+ substitution has no effect on Isc (i.e. Cr transport; Irvine
et al. 1988) or ammonia secretion (Peach and Phillips 1991). This precludes Na/Cl cotransport or Ne/NH 4+ exchange as mechanisms of apical Na+ entry into ileal cells.
There is a large decrease in transepithelial resistance (Rt) after stimulation with
cAMP. Ion substitution has shown this to be due to an increase in conductance primarily
to IC+ and also Cr (Irvine et al. 1988). Blocking of basolateral IC - channels with Ba +
prevented cAMP induced stimulation of passive IC + current caused by an imposed K +
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gradient. Ba+ had no such effect on IC' transport at the apical membrane (Irvine et al.
1988). Some preliminary intracellular electrical measurements have been made on both
nonstimulated and cAMP stimulated ilea. These will be discussed in Chapter 4.

The effect of Neuroendocrine factors on ileal transport.

Stimulation of ileal transport processes by the second messenger cAMP implies
regulation of ileal reabsorption by unknown hormones. Using AIsc as a bioassay, the
locust neurosecretory system (Fig 1.5) has been surveyed for agents that might act to
stimulate Cl" transport, this being the dominant ion transport process in the ileum
(Audsley and Phillips 1990, Audsley 1990).
Extracts from most ventral ganglia cause some increase in Isc, whereas
homogeanates of muscle show no stimulatory effect. Crude homogeanates of corpus
cardiacum (CC) and 5th Ventral abdominal ganglia (VG5) cause the same maximal
stimulation of ileal Isc as does cAMP and both act in a dose-dependent manner.
However, unlike cAMP, CC and VG5 have no stimulatory effect on ileal NH 4-1" secretion
but do inhibit secretion of fr (Audsley and Phillips 1990). The stimulatory factors
present in CC and VG5 appear to be different neuropeptides as they result in different
time courses for AIsc and have different thermal stabilities and solvent extraction
properties (Audsley and Phillips 1990, Audsley 1990).
Schistocerca gregaria ion transport peptide (scgITP) was purified from CC by

a 4-step reverse phase HPLC extraction protocol (Audsley et al. 1992a-c). VG5 factor
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has not yet been purified. Pure scgITP has all the actions of crude CC but requires
higher doses for a maximal response due to loss of protein during purification (Audsley
et al. 1992b). Amino acid analysis gives a molecular weight of 7700 Daltons for scgITP.
The first 50 amino acids of the scgITP sequence have been determined out of a total of
65 residues. Approximately 2.5 pmoles of scgITP is required for maximum stimulation
of ileal Isc (Audsley et al. 1992 a-c).
ScgITP has no effect on rectal Jv or IC+ permeability and elicits only a submaximal increase in Isc. ScgITP is therefore assumed to be a different peptide from
CTSH (Audsley et al. 1992b).
Heal Isc is also stimulated by 5 mM theophylline and 50 ilM forskolin (Audsley
1990). This is consistent with cAMP as the second messenger system. ScgITP an
increase in ileal cAMP levels by 1 hour after addition but the timecourse of cAMP
change remains to be studied (Audsley et al. 1992b).

Towards a model of cAMP stimulation of ileal ion transport.

Irvine et al. (1988) first demonstrated the importance of the ileum in hindgut
reabsorption and its role in the control of the excretory process. Audsley (1990) has
shown that ileal ion transport processes are under the control of natural stimulants
present in the locust neuroendocrine system. Based predominately on transepithelial
measurements of ileal ion transport and the similarity of these results to those from the
18

Fig1.6: Model proposed by Audsley (1990) for the control of ion transport
across locust ilea. See text for details. Redrawn from Audsley (1990).
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rectum, Audsley (1990) proposed a model of ion transport mechanisms in the ilea and
their modulation by scgITP and cAMP (Fig 1.6). In essence he proposed that scgITP
acts via cAMP to stimulate an apical Cl" pump and increase both apical IC' and
basolateral Cl conductances (i.e. open ion channels). He also suggested that cAMP
-

control of Na+ transport occurs at the passive entry step at the apical membrane,
possibly by opening Nal" channels.

The aim of this study is to test Audsley's model using cAMP as the stimulant.
ScgITP is not available in large enough quantities to warrant a direct study until the
basic features of the ion transport mechanisms are elucidated using cAMP. Intracellular
recording of cell electrical properties provides information on apical and basolateral
membrane ion transport processes, particularly ion conductances (i.e. ion channels) and
their control by cAMP. Ion substitution permits elucidation of the specific ions
responsible for conductance changes. Based upon Audsleys' model, this thesis utilizes
these methods to address three main questions:
1) Is there a cAMP stimulated increase in apical Na + conductance?
2) Is there a cAMP stimulated increase in apical IC+ conductance?
3) Is there a cAMP stimulated increase in basolateral C1 conductance?

Chapter 2 details the methods used in this investigation. It also describes the
perfusion system developed for this study which provides a constant flow of oxygenated
salines during the impalement of ileal cells. Chapter 3 consists of results in 4 sections.
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Section I expands on the preliminary intracellular recordings made by Irvine et al.
(1988) and describes the stability of electrical parameters with time and the effect of
changing saline. This section also reports the time course of electrical changes for single
ileal cells after cAMP addition. Section II tests whether apical entry of Na + occurs by
ion channels and if so whether cAMP opens such ion channels. The effects of amiloride
inhibition and C1 removal on Na+ transport are also considered. Section III investigates
whether cAMP stimulation increases apical IC" conductance, as observed for the rectum.
In section IV, Cl" conductance is investigated using bilateral replacement of this anion.
Chapter 4 is a discussion in four sections. Chapter 5 is a general discussion and
summary.
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CHAPTER 2 MATERIALS AND METHODS.

Animals.

Adult female Schistocerca gregaria Forskal, 4-5 weeks post-moult were used in
all experiments. They were fed a diet of lettuce and a dry mixture of alf alfa, bran and
milk powder and were kept on a 12 h light 12 h dark cycle at 28°C, 55% relative
humidity.

Solutions.

The control saline used in this study is based upon measurements of locust
haemolymph composition (Hanrahan and Phillips 1983). This saline contained, in mM
concentrations; NaC1 (100), MgSO 4 (10), K 2 SO4 (5), Na Isethionate (10), CaC12 (5),
glucose (10), MOPS (2), arginine (1), serine (6.5), proline (13.1), asparagine (1.3),
glycine (11.4), valine (1.8), tyrosine (1.0), lysine (1.4), histamine (1.4), glutamine (5),
alanine (2.9). Sucrose (100) balanced the osmotic contribution of haemolymph trehalose
and other solutes. The saline was bubbled vigorously with 100% oxygen for 1/2 h and
the pH was then adjusted to 7.0 with HC1 or NaOH (H 2 SO4 or KOH were used for Clfree or Na+ free salines) using a Radiometer PHM84 pH meter (Copenhagen).
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Modifications to this saline are described later in this chapter. Saline containing 5 mM
cAMP was made up from 100 mM cAMP stock solution in control saline and then the
pH readjusted to 7.0 as above. All chemicals were obtained from the Sigma Chemical
Co. (St Louis, Mo.).

Beal preparation.

Locust ilea were mounted as flat sheets in a plexiglass perfusion chamber (Fig
2.1). Ilea were dissected from the animal and cut longitudinally to form a flat sheet.
Excreta was removed and the cleaned ilea stretched over a plexiglass collar with a
central opening of 0.196 cm 2 . Eight tungsten pins embedded in this collar served to
secure the tissue and any excess below these was removed. A closely fitting neoprene
0-ring was placed over an ileum thus forming a tight seal around the collar. This
technique has been shown to minimize edge damage (Hanrahan and Phillips 1984a). The
three parts of the perfusion chamber were then clamped together with screws secured
by wing-nuts. Any leaks were sealed on the exterior with RTV 108 silicone (GE
Silicones Canada, Pickering Ont.).

The chamber used in this study (Fig 2.1) was developed from that used by
Hanrahan (1982). Each side of the chamber contained 2 ml of saline and the open
design allowed access for microelectrodes. The preparation was illuminated from the
rear by fibre optics (Intralux 150H, VolpiAG, Urdorf, Switz.) and could be viewed by
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Fig 2.1: Plexiglass perfusion chamber, developed from that used by
Hanrahan (1982).
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means of a horizontally mounted dissecting microscope (Zeiss, Jens, Germany) at 90750x magnification.

The preparation was continually perfused separately to both sides of the chamber
at a rate of 3 ml/min. Fig 2.2 shows a schematic of the perfusion system. Various
salines were bubbled with 100% 0 2 in reservoirs and selected by means of a valve. A
dual-channel peristaltic pump (Microperpex, LKB, Pharmacia, Switz.) delivered saline
via PE240 tubing to the base of the chamber, in close proximity to the epithelium.
Saline was removed from the chamber at the top, diagonally opposite from the point of
entry in order to maximize mixing. Saline changes took less than 3 mins (measured
visually by dye clearance experiments). On the luminal side of the chamber (upper
portion of diagram) saline removal was by means of a water vacuum pump. On the
haemocoel side, however, a peristaltic pump (Microperpex) allowed saline to be recirculated. Saline which passed through the chamber during the first 2 hours of
experimentation was not re-circulated. This system was designed with a view to testing
the action of scgITP directly, in the extreme allowing the re-circulation of <10 ml of
saline. Time from dissection to the commencement of perfusion was less than 5 mins.

The muscle layer was partially removed 1 h after dissection, exposing
approximately 30% of the ileal epithelium, thus enabling microelectrode impalement of
the basal surface. This procedure had only a transitory effect on electrical parameters
(Irvine et al. 1988, pers. obs.). The ilea were allowed to equilibrate for 2 h from
26

Schematic of the perfusion system developed for this study.
Haemolymph side is towards the bottom of the diagram, lumen side
towards the top. See text for details.
Fig 2.2:
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dissection before the experimental period in order to establish a steady state. Individual
epithelial cells were then impaled with microelectrodes advanced at an angle of approx
30° from horizontal and 45° from the plane of the epithelium using micromanipulators
(Leitz, Weltzlar, Germany). Criterion for successful impalement of cells included:

i) Sharp monotonic voltage deflection.
ii) Steady voltage (<1 mV fluctuation) with constant voltage divider ratio.
iii) Return to within ±1 mV of baseline upon microelectrode withdrawal from the cell.

Electrical methods.
i) Transepithelial measurements.

Fig 2.3 shows a schematic diagram of the electrical set-up. Transepithelial
potential (Vt) was measured through 3M KC1 agar bridges (PE90) and calomel
electrodes connected to a high input impedance differential amplifier (10'0; 4253,
Teldyne Philbrick). Vt was recorded on a pen chart recorder (Soltec 1242, San Fernando
Cal.). Values for transepithelial resistance (Rt) were obtained by passing transepithelial
square-wave current pulses (13.3 pA) and monitoring the resultant voltage deflections
in Vt (AVt). Rt could thus be calculated from Ohms' law: V= IR. Current pulses were
delivered by waveform/pulse generators (Type 160 Series, Tektronix, Beaverton, Ore.)
via silver electrodes at a frequency of approximately 0.3 Hz and a 1 second duration.
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Fig 2.3: Schematic of the electrical set-up, described by Hanrahan (1982).

Microelectrode measurements are balanced at the microelectrode amp and
switch-box (open circles). Electrodes for microelectrode circuit, em; for
transepithelial circuit, et. See text for details.
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ii) Microelectrode measurements.

Apical membrane potential (Va) and basolateral membrane potential (Vb) were
measured directly by microelectrode impalement. Microelectrodes were referenced to
external by means of agar bridge/electrodes on either side of the epithelium, the voltage
drop across the microeletrode being balanced by variable resistors at the switch box (Vb
reference) and microelectrode amp (Va reference). The head stage (Dagan probe 127,
Dagan Corp. Minneapolis, Minn) was in close proximity to the microelectrode in order
to minimize signal loss. The switch box enabled either Va or Vb to be routed to the
microelectrode amp (Dagan 8800 Total clamp). The resultant signal was filtered at 3 db,
5 Hz, monitored on a storage oscilloscope (D15 Tektronix) and ultimately recorded on
a pen chart recorder as described by Hanrahan (1982).

Values for apical (Ra) and basolateral (Rb) resistances were estimated from
voltage deflections (AVa, AVb, respectively) due to transepithelial current pulses (as
described above). The relationship between AVa and AVb is normally expressed as a
ratio, AVa/AVb = a, where a is termed the voltage divider ratio. However, in the case
of the ileum, AVa is approximately 15-20x larger than AVb, which is typically <10 mV.
Thus, small changes in AVb have a disproportionally large effect on a as they are
amplified through the denominator of the ratio to render a an unacceptably inaccurate
value. Such small changes can be a result of errors which may include;
a) variance in voltage due to microelecrtode position (approximately ± lmV).
b) variance in width of pen of chart recorder (approximately ± 0.1mV).
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c) impalement fluctuations (± lmV).

iii) Correction for saline resistance.

At the end of every experiment, the ilea and 0-ring were removed from the
collar, leaving the perfusion chamber set-up as for the experiment. The deviation of the
measured transchamber (Vts ) voltage from zero was recorded and values of Vt corrected
for this. This procedure was repeated for each saline used. Vts was also determined
before the start of each experiment and was balanced to zero by means of a variable
resistor at the transepithelial amplifier.
A microelectrode was placed in a similar position to where impalements of the
membrane were made and current pulses were passed across the chamber (as described
above). Thus, transchamber (Rt.), apical reference (Ra s ) and basal reference (Rb s )
resistances could be calculated from the resultant voltage deflections (AV....). This was
repeated for the different salines used in each experiment. All membrane resistance
values in this thesis are shown corrected for saline resistance which represented between
15-100% of uncorrected AV, depending upon the experimental condition and whether
AV is AVt, AVa or AVb.

Microelectrode fabrication.

Micropipettes were fabricated from borosilicate capillary tubing (1.0 mm OD,
0.5 mm ID, omega dot) using a model P-77 Brown and Flaming horizontal puller (Sutter
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Inst. Co. San Franscisco, Cal.) and back-filled with 3M KC1 using PE90 tubing pulled
out over a flame.

Statistical treatment.

Differences in electrical parameters between experimental conditions on single
cells were tested for significance using paired Students' T-tests. A P value of <0.001
was considered highly significant (***), 0.005 to be strongly significant (**) and <0.05
to be significant (*). Changes in electrical parameters between different experiments
were tested using independent 't'-tests for two means and ANOVAs for multiple means.
Tukey Tests were applied to test for mean separation in different ANOVAs. Errors are
displayed as ± the standard error. N is shown as the number of cells (the number of
ilea).

EXPERIMENTAL PROTOCOLS.

I: The effect of cAMP on ileal electrical parameters.

1.1 Control impalements.

a) Nonstimulated controls; the effect of saline change alone.
All experiments were conducted at 25°C ± 2. Heal preparations were set-up as
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above. All source reservoirs contained the same control saline. Cells were impaled and
the saline source reservoir changed. The tissue was continuously perfused throughout
the saline change. Electrical parameters were sampled immediately before the saline
change, time 0 and at 3, 8 and 13 mins after the saline change. The saline source was
then returned to the original source reservoir with sampling at the same intervals, i.e.
16, 21 and 26 mins from the start of the experiment. The same impalement was
maintained throughout the saline change allowing direct single cell comparisons to be
made. This was repeated on different cells of the same ileal preparation and on different
preparations.
This is the basic method for all of the experiments in this study and will be
referred to as method A, modifications are referred to below.

b) Cyclic AMP stimulated controls.
The experiment was repeated as for nonstimulated conditions but in this case the
preparations were exposed throughout to 5 mM cAMP, starting 2 h after dissection of
the ilea from the locust. Impalements were made between 30 mins and 6 h after cAMP
stimulation. This is the basic method for cAMP stimulated preparations and will be
referred to as method B.

1.2 Measurement of the timecourse of cAMP stimulation.

The protocol of method A was carried out but with the following modifications.
Two hours after dissection of the ilea from the locust, ileal cells were impaled and the
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bathing saline on the haemocoel side changed from a control saline to a saline
containing 5 mM cAMP. Electrical parameters were sampled immediately before saline
change (time 0), at 3 mins from saline change and then at 5 mins intervals for a total
of 23 mins. Only one experiment was performed per ileal preparation.

II: Investigation of apical Nal conductance.
-

Method A was followed. Saline was changed on the luminal side from a
complete saline to Ne-free saline (measured as 0.054 ± 0.036 11M by flame
spectrophotometer). Na+ was replaced by choline. This was repeated during cAMP
stimulation using method B.
In another experiment, Nal" substitution was carried out as above for
nonstimulated ilea but the initial saline was C1-free (gluconate and N-methyl-Dglutamine replacing C1 and Na+, respectively). This experiment was attempted during
cAMP stimulation for 3 ileal preparations. However, these preparations never achieved
a steady state and intracellular potential was only slightly negative at -10 to -20 mV
making it difficult to judge a true impalement (i.e. one that meets the above mentioned
criterion) from baseline. Cells did not deform upon impalement and the epithelia seemed
"spongy". For these reasons, no results were obtained from this experiment. J. Meredith
has also unsuccessfully attempted to impale ileal cells in Cl"-free saline (pers.comm.).
Na+ channels are blocked by low concentrations (i.i.M) of amiloride (Sariban34

Sohraby and Benos 1986), higher concentrations (mM) inhibit both Na+ electroneutral
exchange for H+ or NH4+ and Na+ co-transport (Sariban-Sohraby and Benos 1986, Benos
1982). To test the effect of this agent on Na+ conductance, sulphate was replaced with
gluconate in all salines and salines containing amiloride at 10 p.M and 1 mM were kept
in darkness. Method A was followed with the following modifications; control saline
was replaced with a saline containing 10 11M amiloride and after 13 mins, instead of
returning to control saline, the saline was changed to a saline containing 1 mM
amiloride, with sampling of electrical parameters at 16, 21 and 26 mins (from start of
experiment).

III: Investigation of K+ conductances.

To determine apical K + conductance and the effect of cAMP, method A was
followed with the saline on the lumen side changed from a control saline (10 mM IC+)
to a saline with 105 mM or 25 mM IC' or a K+-free saline (measured at 0.041 ± 0.065
p,M by flame spectrophotometer). Saline [KI was varied by replacing with NaCl or
adding K gluconate. This was repeated for the cAMP stimulated ilea (method B).
To determine basolateral K+ conductance, [K+] varied as above but salines
were changed on the haemolymph side. This experiment was not repeated for cAMP
stimulated ilea.
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IV: Investigation of CI' conductances of both apical and basalateral membranes.

Method A was followed but saline was changed bilaterally to C1-free saline
(measured at 0.059 ± 0.082 1,LM by digital chlorideometer - DP 975M, Haake Buchler,
N.J.) with gluconate replacing Cr. This was repeated for cAMP stimulated ilea (method
B).

36

CHAPTER 3 RESULTS.

I: THE EFFECT OF cAMP ON ILEAL ELECTRICAL PARAMETERS.

Timecourses under various conditions.

Fig 3.1.1 shows the changes in Vt and Rt over a 10 hour period for ileal
preparations in vitro. Ten mins after dissection from the locust and 5 mins after the
commencement of perfusion (i.e. time 0), Vt was 9.3 ± 4.5 mV but fell rapidly to near
0 mV, with a subsequent recovery to 5.64 ± 2.5 mV after 2 h by which time a steady
state was reached. Rt was initially 102.42 ± 8.6 acm e , rising to a steady state value of
125.9 ± 6.7 fIcm 2 after 1 h. This decline in Vt from an initially high level and the
increase in resistance in the first hour are typical of previous measurements made upon
the ilea and have been attributed to the removal of ilea from natural stimulants (Irvine
et al. 1988, Audsley 1990). The subsequent partial recovery reported here has not been
seen before and may be due to the rapid flushing of the epithelium at the start of
perfusion, which would remove any residual haemolymph from the ileum.
There was no significant difference in Vt or Rt between preparations which were
perfused only with a control saline and those on which ion substitution experiments
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Fig 3.1.1: Changes with time in transepithelial voltage a: and resistance b:
for control ileal preparations (U) n = (5), those on which ion substitution
experiments were conducted (0) n = (4-13) and ilea stimulated with 5mM
cAMP (A) added at 2 h, n = (6-10). Sign refers to lumen side (Vt). Values are
means ± s.e.
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were performed (Vt: P= >0.9, Rt: P= >0.05, Tukey). Thus, experimental procedures had
no deleterious effects upon the electrical properties of ilea. Addition of 5 mM cAMP
caused an increase in Vt which remained significantly higher than Vt for control or
experimental ilea throughout the experiment (P= <0.001, Tukey). For example, in cAMP
stimulated ilea Vt was 19.47 ± 2.9 mV (at 3 h, 1 h after cAMP stimulation) compared
to controls at 5.86 ± 1.78 mV. Rt was significantly lower for cAMP stimulated ilea than
control or experimental preparations (P= <0.001, Tukey). One hour after cAMP addition,
Rt was 53.31 ± 6.7 S2cm 2 compared to controls at 125.56 ± 5.8 flcm 2 .
There was no significant change in values of either Vt (P= >0.9, ANOVA) or Rt
(P= >0.9, ANOVA) for control, experimental or cAMP stimulated preparations
compared against each other over the time period of 3-10 h. There was also no change
in Vt or Rt between 2 and 10 hours for control values, when a paired comparison was
made (P= >0.09 and P= >0.5, respectively, paired 't'-test).
As indicated in Fig 3.1.1, subsequent experiments were conducted within the 2
to 8 h period. Ilea' preparations were monitored under control conditions for at least one
hour after experimentation to detect changes in Vt or Rt which would indicate tissue
damage.

Variability between cells.

Fig 3.1.2 shows the frequency distribution for values of Vb for impalements on
nonstimulated ilea maintained in control saline. The frequency distribution is normal,
with a deviance of 2.7%, determined by normal probability plot (Ryan et al. 1985). The
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modal value for Vb was -63 mV (cell interior negative). Impalements which lay outside
a range of values for Vb of -50 to -70 mV were rejected for further experimentation.

Effect of saline changes.

Fig 3.1.3 shows the effect of changing the bathing saline without changing saline
composition for nonstimulated ilea (control A). Fig 3.1.4 is the same experiment
conducted upon ilea which had been previously stimulated with 5mM cAMP (control
B).
Table 3.1.1 summarizes electrical parameters from Figs 3.1.3 and 3.1.4 for both
nonstimulated and cAMP stimulated ilea at 0 and 8 min after the saline was changed.
In both cases there was no significant change in any electrical parameter associated with
the saline change (paired 't'-test). There was no significant difference in voltage or
resistance measurements between all times compared against each other for either
control (P= Vt, Rt, Ra, Rb >0.9; Va >0.8; Vb >0.4, ANOVA) or cAMP stimulated ilea
(P= Vt, Rb >0.9; Rt, Ra >0.8; Va >0.7; Vb >0.5, ANOVA). Saline changes had,
therefore, no effect on the measured electrical parameters. Although there seems to be
a trend for Rt to increase with time when ilea are stimulated with cAMP, this
represented only a 4.7% increase in Rt at most (at 26 mins) and was not significant (P=
>0.05, paired 't'-test). Since recording of electrical parameters during impalement and
through saline changes provides relatively steady values over a 26 minute period, the
effect of cAMP addition and ion substitutions in subsequent experiments described in
this thesis are primarily paired experiments on single cells within this time period.
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Table 3.1.1: Control impalements for both control A; nonstimulated condition, n = 17
(5) and control B; cAMP stimulated condition, n = 21 (5) at 0 and 8 mins after saline

was changed from control saline to an identical saline. There is no significant difference
between t = 0 and t = 8 mins for any parameter measured for either nonstimulated or
cAMP stimulated ilea. Values are means ± s.e.

CONTROL A
Time (mins)

CONTROL B

0

8

0

8

Vt (mV)

9.15 ± 1.7

9.75 ± 1.65

24.66 ± 1.74

25.18 ± 1.63

Va (mV)

-72.97 ± 1.92

-74 ± 1.74

-67.93 ± 2.01

-68.66 ± 1.69

Vb (mV)

-63.83 ± 0.75

-64.25 ± 0.89

-43.28 ± 1.31

-43.48 ± 1.14

Rt (C2cm2)

137.35 ± 8.23

136.95 ± 8.02

58.46 ± 3.53

59.44 ± 3.69

Ra (C2cm2 )

127.92 ± 7.13

127.23 ± 7.04

51.91 ± 3.6

52.72 ± 3.65

Rb (0=2)

10.61 ± 1.81

11.49 ± 1.88

10.07 ± 1.09

10.64 ± 1.24

44

Fig 3.1.5 shows samples of an actual trace of electrical measurements made
during impalement of an ileal cell while passing constant current pulses used to estimate
resistance. Both Va and Vb displayed only minor variations and a was constant.
Unfortunately, traces are too long to show in their entirety in this thesis.

Electrical properties of Heal cells.

Mean values for impalements made under control conditions in this study are
shown in Fig 3.1.6 for both a: nonstimulated ilea and b: ilea stimulated with 5 mM
cAMP, for impalements made between 30 mins and 6 hours after cAMP addition.
During steady state for nonstimulated ilea, mean Vt was slightly positive (sign
refers to lumen side), although the range of values of Vt included negative values. The
inside of the cell was negative with respect to both haemolymph and lumen side bathing
media, the voltage across the apical membrane being slightly more negative at -67.53
mV than across the basal membrane, -60.15 mV. Most of Rt at 132.91 fIcm 2 was
accounted for by Ra, which at 124.83 fIcm 2 was much larger than Rb at 8.3 S2cm 2 .
Stimulation of ileal cell transport processes with 5mM cAMP caused a 3.4-fold
rise in Vt to 24.96 mV. Va did not change significantly but Vb depolarized by about 1/3
to -40.9 mV.
The major feature of cAMP stimulation was the large increase in the conductance
of the apical membrane, Ra decreasing to 49.54 Ocm2 , i.e. by a factor of 2.5x. Rb did
not change significantly. For 'P' values (independent 't'-test), see Table 3.1.2 which also
provides a comparison with measurements made by Irvine et al. (1988).
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Fig 3.1.5: Actual trace of electrical measurements made during impalement
of an ileal cell when nonstimulated. The deflections are caused by the
passage of constant current pulses (13.3 i.tA) used to estimate resistances.
The y-axis gives the base-line potential only. The scale at right is that of the
chart-recorder. Voltage deflections are uncorrected for saline resistance. Va
and Vb are shown as extracellular positive and Vt as lumen positive.
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Fig 3.1.6: Summary

of electrical measurements made during this study for
a: non-stimulated ilea n = 284 (47) and b: ilea stimulated with 5mM cAMP
n = 150 (28). Values are means ± s.e.
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Timecourse of cAMP stimulation.

Fig 3.1.7 a and b show the changes in voltage and resistance with time after
stimulation with 5mM cAMP as measured from single cells during continuous
impalement. Over the first 8 mins after cAMP addition, Vt displayed a significant
increase from 2.86 ± 4.44 mV to 7.33 ± 2.95 mV (P= <0.05, paired 't'-test). Vb
depolarized significantly from -60.97 ± 2.32 mV at time 0 to -51.4 ±3.01 mV at 8 mins
(P= <0.02, paired 't'-test). Va did not change significantly over the same time period

(P= >0.5, paired 't'-test). Vt reached a new cAMP stimulated steady state value at
around 30 mins after cAMP addition (not shown).
Most of the effect of cAMP stimulation upon Rt and Ra was established within
the first 8 mins after cAMP addition. There was a rapid, significant decrease in Rt over
this time period from 128.21 ± 7.72 SIcin 2 to 71.16 ± 7.9 )cm 2 (P= <0.001, paired 't'test). There was also a decrease in Ra which was of the same magnitude and followed
the same timecourse as the decline in Rt. Ra decreased from 113.26 ± 4.63 Ocm 2 at
time 0 to 54.74 ± 7.95 Ocm 2 at 8 mins after cAMP addition (P= <0.001, paired 't'-test).
These results, recorded from single cells throughout cAMP stimulation were comparable
to those from multiple impalements made from nonstimulated and cAMP stimulated ilea
previously reported in figs 3.1.3 and 3.1.4 and in table 3.1.1. This demonstrates that the
physical conditions of impalement before and after stimulation with cAMP were similar.
Fig 3.1.8 shows actual traces of AVt, AVa and AVb caused by constant current
pulses for before and after addition of 5mM cAMP. These voltage deflections are
uncorrected for saline resistance which was the same in both conditions.
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Fig 3.1.7: Timecourses after the addition of 5 mM cAMP to ilea at * on a:
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a: non-stimulated^b: 5mM cAMP stimulated

O Vt

AVa

AVb

Fig 3.1.8: Actual trace of AVt, AVa and AVb caused by the passage of
constant (13.3 p.A) used to estimate resistances a: before and b: 8 mins after
stimulation with 5 mM cAMP. Voltage deflections are uncorrected for
saline resistance, which does not change between the two conditions. Scale
is shown at right.
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II: IS THERE A cAMP STIMULATED INCREASE IN APICAL Na+
CONDUCTANCE?

Introduction.

ScgITP and cAMP both double ileal Naf reabsorption in S. gregaria (Irvine et
al. 1988). In the previous section, I demonstrated a large conductance increase in the

apical membrane after the addition of 5 mM cAMP. This suggests that scgITP might act
via cAMP to open apical Nal" channels, thus increasing intracellular Na+ levels available
to a NerATPase and resulting in enhanced Na transport. In this section I test this
hypothesis by replacing luminal Na+ and by the addition of the Na+ transport blocker
amiloride to ilea in control saline. Since cAMP has dramatic effects upon Cr transport,
the effect of Na+ replacement was studied in the presence and absence of external Cr.

The timecourse of the effect of sodium replacement.

Fig 3.2.1 shows the timecourse of changes in electrical parameters upon
replacement of luminal Na and subsequent return to control saline (110 mM Na+).
In preliminary experiments, ilea were perfused with Nal" free saline for 23 mins,
at which point the rate of change of the measured parameters slowed, indicating an
approach to a new steady-state in the Na + free condition. However, it is likely that such
a long exposure to Na free saline would alter intracellular sodium activity ([Nai l ).
Experiments described in section III of this chapter indicate that the apical membrane
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Fig 3.2.1: The effect of Na replacement for nonstimulated ilea on a: Vt 43),
Va (A) and Vb (•) and b: Rt (0), Ra (A) and Rb (•). Saline is changed from
control (110 mM) to Na-free at * and back to control saline at 1 n= 4-15 (6).
sign refers to lumen (Vt) or cell interior (Va, Vb). Values are means ± s.e.
53

conductance is able to change rapidly in response to variations in luminal [K1 similar
in magnitude to those of [Nal in this section. This, and the observation that the major
cAMP stimulated changes in Rt and Ra occur within 8 mins after cAMP addition (Fig
3.1.7), indicates that an apical Na + conductance should be evident from changes in Rt
and Ra within 8 mins after Nat substitution. For this reason, electrical parameters were
compared at time 0 and 8 mins after the ion was substituted control saline was restored
at 13 mins so that the 8 min sample time lay within an experimental window. Recovery
of electrical parameters to values similar to those recorded at time 0 upon return to
control saline was also monitored.
Substitution of luminal Na + resulted in an increase in Vt due to a
hyperpolarization of Va. There was an increase in both Rt and Ra consistent with a
small apical Na+ conductance. Vb and Rb did not change throughout the experiment (P=
>0.3 and >0.6, respectively, ANOVA. Values compared over time). Re-addition of Na+
caused a return of both voltage and resistance measurements to values not significantly
different from those at time 0 (P= >0.05, paired 't'-test).

Comparison of electrical parameters in control and Na+-free saline and the effect
of amiloride.

Fig 3.2.2 shows the changes in Vt, Va and Vb between time 0 and 8 mins after
luminal Na+ replacement or addition of 10 .tM and 1 mM amiloride to the haemolymph
side of preparations in control saline.
In nonstimulated ilea, Na l- replacement caused a highly significant increase in Vt
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Fig 3.2.2: A comparison of the values of a: Vt and b: Va before and 8 mins
after sodium removal or the addition of 10[tM and 1mM amiloride to
controls (110 mM Na). Initial saline condition is complete or Cl-free when
non-stimulated. Significantly different from value in initial saline (paired
't'-test) is indicated with * ; n= 59 (18). Numbers above columns indicate
grouping of similar changes in Va (Tukey). Sign refers to lumen (Vt) or cell
interior (Va, Vb). Values are means ± s.e.
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(P= <0.001, paired 't'-test), consistent with electrogenic transport of Ne. Va
hyperpolarized significantly (by 11.5 ± 1.37 mV) as did Vb. When ilea were stimulated
with 5 mM cAMP, there was also a significant increase in Vt (P= <0.001, paired 't'test). Va and Vb both showed hyperpolarizations which were significantly higher than
for nonstimulated ilea at 18.89 ± 1.85 mV and 10.65 ± 0.88, respectively, (P= <0.001,
Tukey). In Cr-free saline, Vt increased as for nonstimulated and cAMP stimulated ilea.
Va hyperpolarized but the change at 9.42 ± 4.44 mV (P= <0.05, paired 't'-test) was
significantly smaller than for cAMP stimulated ilea (P= <0.001, Tukey) or ilea in control
saline (P= <0.002).
Addition of amiloride to ilea bathed in control saline resulted an increase in Vt
and hyperpolarizations of Va and Vb which were not significantly different from those
observed after Nat replacement in nonstimulated ilea. Thus, addition of amiloride causes
quantitatively the same effect as removing sodium, suggesting that amiloride is blocking
an apical Na+ conductance. Since there is no difference between the results observed
with the addition of 10 j.IM amiloride and 1 mM amiloride, it is likely that the apical
conductance is a channel and not an electrogenic cotransporter.
Fig 3.2.3 shows the changes in Rt, Ra and Rb between time 0 and 8 mins after
luminal Na+ replacement or addition of 10 11M and 1 mM amiloride.
In nonstimulated ilea, Na+ replacement resulted in a significant increase in Rt (P=
<0.001, paired 't'-test), which again supports the hypothesis of an apical Na +
conductance. The increase in Rt was due solely to a significant 18% increase in Ra (P=
<0.001, paired 't'-test) with Na l- replacement having no effect on Rb. When ilea were
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stimulated with cAMP, there was a significant increase in Rt after Nal . replacement (P=
<0.05, paired 't'-test) but this was significantly smaller than that observed in
nonstimulated ilea (P= <0.001, Tukey). The increase in Rt was due to a significant
increase in Ra of 12.8% (P= <0.005, paired 't'-test) with Na + replacement having no
significant effect upon Rb. When ilea were bathed in C1 - -free saline, Na+ replacement
resulted in a significant increase in Rt (P= <0.005, paired 't'-test). This was due to both
a significant increase in Ra (P= <0.005, paired 't'-test) and Rb (P= <0.005, paired 't'test) which showed a 6.5 ± 1.9 S2cm 2 change.
The addition of amiloride to ilea in control saline did not cause a significant
change in Rt, Ra or Rb for both concentrations (10 1.iM and 1 mM) tested. This is not
consistent with the block of apical Na+ channels by this agent which should lead to an
increase apical resistance.
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III: INVESTIGATION OF IC CONDUCTANCES.

Timecourse of the changes in electrical parameters.

The thick cuticle (10 gm) attached to the apical plasma membrane represents a
diffusion barrier, which could significantly slow the response of Va and hence Vt to
changes in luminal ions. I therefore first studied the timecourse of changes in voltage
and resistance to determine how long I should measure Va and Vt in other experiments
and yet minimize the time ilea were bathed in media other than control saline.
Fig 3.3.1 shows the timecourse of electrical parameters when luminal [KI was
increased from 10 to 105 mM and then returned to 10 mM. Ilea were stimulated with
5 mM cAMP throughout the experiment. There was a significant decrease of Vt from
+22 ± 2.85 mV at time 0 to -14.99 ± 3.32 mV at 8 mins after increasing luminal [K1
(P= <0.001, paired 't'-test). This change in Vt was due mostly to a significant
depolarization of Va from -63.07 ± 3.25 mV to -19.63 ± 2.57 mV (P= <0.001, paired
't'-test) over the same time period. Vb depolarized slightly but significantly from 40.69
± 1.9 mV to 34.62 ± 2.02 mV over the same period (P= <0.002, paired 't'-test).
There was a large, significant decrease in Rt after increasing luminal [r] from
46.09 ± 1.93 S2cm 2 at time 0 to 15.94 ± 1.12 Ocm 2 at 8 mins (P= <0.001, paired 't'test). The change in Rt was due to a significant decrease in Ra from 39.92 ± 2.01 Ocm

2

to 6.97 ± 1.57 S2cm 2 over the same time period (P= <0.001, paired 't'-test). Rb did not
change significantly throughout the experiment (P= >0.9, ANOVA. Values compared
59

a
40

1
20

b

Time (mins)
Fig 3.3.1: Timecourse for the effect upon a: Vto, Va • and Vb. and b: Rto,
Ra • and Rb • of changing luminal [KI from 10 mM (control) to 105mM at
* and back to control at 1 n= 7 - 13 (4). Ilea were stimulated throughout
with 5 mM cAMP. Sign refers to lumen (Vt) or cell interior (Va,Vb). Values
are means ± s.e.
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over time). There was no significant difference in either voltage or resistance values at
31 mins compared to time 0 (P= >0.05, paired 't'-test). This experiment demonstrates
that changes in voltage and resistance due to varying luminal ion concentration were
essentially complete within 8 mins. While Vt and Va continued to rise slowly thereafter,
this was probably due to changes in intracellular ion activities associated with
experimental perturbation. Thus, I judged 8 mins as the optimum time to estimate
electrical changes with minimal change in transmembrane ion ratios due to intracellular
ion changes.

A) IS THERE A cAMP STIMULATED INCREASE IN APICAL IC'
CONDUCTANCE?

Since an increase in Na + conductance does not account for the cAMP stimulated
decrease in Rt, I thus tested whether there is an increase in the apical conductance to
1C+ after cAMP stimulation as demonstrated for the rectum (Hanrahan and Phillips,
1984c)
Figs 3.3.2 and 3.3.3 show the relationship between Vt and Va when luminal [r]
was varied. If the apical membrane were a perfect 1C -1- electrode (i.e. only permeable to
IC") then the change in Vt or Va per decade change in luminal [K1 would approach the
Nernstian value of 59 mV (at 25°C). For IC concentrations other than 10 mM
(i.e.control saline), the electrical measurements in this section were taken 8 mins after
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Fig 3.3.2: The effect on Vt (8 mins after saline change) of varying luminal

[K] when ilea were nonstimulated,Q n= 29 (6) and when stimulated with 5
mM cAMP, ■ n= 39 (6). Logarithmic curve best fit is shown on the graph
with dashed lines and the legend gives the equations of these lines. Vt is
shown as lumen positive. Values are means ± s.e.
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Fig 3.3.3: The effect on Va of varying luminal [e] when ilea were
nonstimulated, 0 n= 29 (6) and when stimulated with 5 mM cAMP, ■ n=
39 (6). Logarithmic curve best fit is shown on the graph with dashed lines
and the legend gives the equations of these lines. Sign is cell interior
negative. Values are means ± s.e.
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the saline was changed.
In nonstimulated ilea, both Vt and Va changed very little with changes in luminal
[Kl, indicating that the apical membrane has a negligible conductance to IC4- under these
conditions. When ilea are stimulated with 5 mM cAMP there was a dramatic increase
in Vt/decade [K+] 37 mV with a corresponding increase in Va/decade [K+] 42 mV
over a range of 10 to 105 mM K. Thus, the ileal apical membrane displays a large
cAMP stimulated increase in apical KE conductance.
Fig 3.3.4 shows the effect of varying luminal [K+] resistance parameters when
ilea were nonstimulated. Between 0.046 and 105 mM mucosal K", Rt decreased by only
15.91 Ocm2 , a change of 11% which is not significant (P= >0.1, ANOVA). The change
in Rt was due to a significant decrease in Ra of 30.94 SIcm 2 , a 22.5% change over the
same range of [K+] <0.02, ANOVA). Varying luminal [K+] no effect on Rb (P=
>0.9, ANOVA). These results again indicate a very small apical conductance to IC+ when
ilea are nonstimulated.
Fig 3.3.5 shows the effect of varying luminal IC' on resistance parameters when
ilea were stimulated with 5 mM cAMP. Both Rt and Ra decreased dramatically with
increasing [K1. Between 0.046 and 105 mM mucosal 1C+, Rt decreased by 47.1 5 -2cm 2
which represents a significant change of 74.7% (P= <0.001, Tukey). Ra also decreased
significantly by 47 52cm 2 , an change of 87% (P= <0.001, Tukey). Rb is not affected by
varying luminal [K+] >0.4, ANOVA). These results indicate that there is a very
large increase in the IC' conductance of the ileal apical membrane when preparations are
stimulated with cAMP. This is reflected in both voltage and resistance measurements.

64

200

0 •
0 -^
0^20

^

-

40

^

60^80^100

•

^

120

Mucosal [ICJ (mM)

Fig 3.3.4: The effect upon Rt 0 , Ra ♦ and Rb • of varying luminal [K + 1.

Ilea were nonstimulated n= 29 (6). Values are means ± s.e.

65

20

^

40

^

60

^

80

^

100

120

Mucosal [K +] (mM)

♦ and Rb • of varying luminal [IC' ].
Ilea were stimulated with 5 mM cAMP, n= 39 (6). Values are means ± s.e.
Fig 3.3.5: The effect upon Rt ^ , Ra

66

B) IS THERE A SIGNIFICANT BASOLATERAL IC CONDUCTANCE?

Observations in section IV indicate that a Cl" conductance is not the main
conductance of the basolateral membrane. Also, it is unlikely that the passive basolateral
conductance to Na+ is very high as this would increase the energy requirement of a
basolateral Na+K+ATPase. I thus tested whether IC+ represents the major ion conductance
of the basolateral membrane.
Fig 3.3.6 shows the relationship between voltages and varying serosal [r]. The
change in Vb/decade [K +] 45 mV, indicating a high relative conductance of the
basolateral membrane to K. Both Va and Vb depolarized with increasing serosal [K1,
consistent with a decrease in net exit of IC" from the cell, as would be expected if
basolateral IC" exit is passive. The change in Va/decade [K+] 33.6 mV.
Transepithelial conductance to IC- is low when ilea are nonstimulated, with Vt only
changing 5 mV/decade [Kl.
Fig 3.3.7 shows the relationship between resistance and serosal [K1. Rb
decreased with increasing [K1 but non-linearly, changing significantly by 48.36 ± 4.7
1)cm2 between 0.046 and 10 mM 1(+(P= >0.001, Tukey) but only 5.9 ± 1.3 S2cm 2
between 10 and 100mM Kf (not a significant change, P= >0.4, Tukey). This indicates
that increasing [K+] the haemocoel side increases basolateral IC+ conductance. Ra did
not change significantly with serosal [K+] >0.4, ANOVA). As expected, Rt was
mostly dependent upon changes in Rb and decreased significantly by 53.05 ± 8.55 S2cm
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haemolymph side. Logarithmic curve fit is shown on the graph with
dashed lines, the legend provides the equations of these lines. Ilea were
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Values are means ± s.e.
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between 0.046 and 10 mM K* (P= <0.02, Tukey). The change in Rt between 10 and
105mM K+ was not significant (P= >0.6, Tukey).
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IV: IS THERE A cAMP STIMULATED BASOLATERAL C1 CONDUCTANCE?

Cyclic AMP increases both apical electrogenic CT transport and basolateral Cr
conductance in locust rectum (Hanrahan and Phillips 1984a-c). In this section I tested
if a similar situation exists in the locust ileum. Cl was replaced bilaterally to stop Cr
-

transport apically and thereby determine if cAMP increased basolateral conductance.
Fig 4.4.1 shows the effect on voltages of bilateral C1 replacement after 8 mins
(short-term) and when maintained in C1-free saline for 2-5 h, resulting in large changes
in intracellular Cr activity.
In nonstimulated ilea, Cr replacement (from control saline 110mM Cr) resulted
in a significant 10.39 ± 0.67 mV increase in Vt (P= <0.001, paired 't'-test), due to a
hyperpolarization of Va by 17.08 ± 0.96 mV (P= <0.001, paired 't'-test). This change
in Va is thus in the wrong direction for the abolition of an apical Cr conductive entry
mechanism alone, i.e. an apical electrogenic CT pump. Vb also hyperpolarized
significantly by 6.69 ± 0.89 mV (P= <0.001, paired 't'-test).
When ilea were stimulated with cAMP, there was a 16.78 ± 2.41 mV (P=
<0.001, paired 't'-test) decrease in Vt after Cr replacement, due mostly to a significant
hyperpolarization of Vb by 14.35 ± 1.13 mV (P= <0.001, paired 't'-test) which
represents a change in Vb/decade [Cr]. of 4.3 mV. There was no significant change in
Va after Cr replacement in cAMP stimulated ilea (P= >0.02, paired 't'-test).
Longterm exposure of nonstimulated ilea to Cr free saline did not change Vt
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significantly from section I control A values (P= >0.5, independent 't'-test). Thus, in
nonstimulated ilea, Vt can be maintained in the absence of Cr. Both Va and Vb were
significantly more positive in the absence of Cr (P= >0.001, independent 't'-test). This
is due to the depletion of intracellular Cr levels after long exposure to Cr free saline.

Fig 3.4.2 shows the effect upon ileal resistance parameters of short-term and
long-term bilateral Cl - replacement. In nonstimulated ilea, Cr replacement caused Rt to
increase significantly by 60.99 ± 4.61 S2cm 2 (P= <0.001, paired 't'-test). This increase
in Rt was due to both an increase in Ra and in Rb of 17.57 ± 5 C2cm 2 (P= <0.002,
paired 't'-test). This represents a 2.3 fold increase. These resistance changes are
consistent with Cr conductances for both membranes, as predicted.
Ilea which had been stimulated with cAMP, displayed a significant increase in
Rt of 18.22 ± 2.41 Ocm 2 after Cr replacement, due to both to a 1.6 fold increase in Rb
and a significant increase in Ra of 6.83 ± 1.7 C2/cm 2 (P= <0.01, paired 't'-test). The
lesser effect of a replacement after cAMP addition may reflect the proportionally much
greater apical K+ conductance after cAMP stimulation (section III) which greatly lowers
Rt and Ra.
Longterm replacement of Cr resulted in very high values of Rt, due to increases
in both Ra and Rb.
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the effect of longterm (2-5 h) Cl replacement n= 35 (9). Significantly
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't'-test. Values are means ± s.e.
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CHAPTER 4 DISCUSSION.

I:^THE EFFECT OF cAMP.

The normal distribution observed for values of Vb confirms the findings of Irvine
et al.

(1988) and is consistent with a single population of cells for the ileal epithelium.

The results presented here are based on a much larger sample size than in the previous
study and represent, therefore, a stronger basis for this hypothesis which is also
supported by electron micrograph observations of ilea (Irvine

et al.

1988).

Physical observations of the ileal epithelium during impalement and on removal
of the muscle layer suggest the presence of another membrane between the basal lamina
and muscle layer (possibly the basement membrane of the muscle layer). This membrane
can be seen to deform upon impalement and during removal of the muscle layer and
seems to be particularly associated with and around trachea (pers.obs., J.Meredith pers.
comm.). This membrane may represent a physical barrier impeding more intimate
methods of investigation such as patch clamping.
Table 4.1.1 is a comparison between results obtained in the present study and
those from the previous study by Irvine

et al.

(1988). There are some obvious

differences between the two studies both for nonstimulated and cAMP stimulated ilea:
Firstly, in nonstimulated ilea, Vt was much more positive at +33 mV in the
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Table 4.1.1: Comparison between results of ileal impalement from Irvine et al. (1988)
and those from this study. * indicates significantly different between control and cAMP
stimulated ilea in the Irvine et al. study, for paired 't'test for separate impalements made
upon the same preparation before and 7-14 mins after stimulation with 5 mM cAMP.
'P'-values are shown for control vs cAMP stimulated ilea for the present study
(independent 't'test). Values are shown as means ± s.e. AVa and AVb are the voltage
deflections due to constant current pulses (13.3 .tA). N/A, data not available.

CONTROL

+ CYCLIC AMP

Present
study

Electrical
parameter

Irvine et al.
(1988)

Present
study

Irvine et al.
(1988)

Present
study

P - values
('t'-test)

Vt (mV)

33 ±4

7.4 ± 0.5

46 ± 4 *

25 ± 0.7

<0.001

Va (mV)

-95 ± 4

-67.5 ± 0.6

-87 ± 6

-65.9 ± 0.8^>0.05

Vb (mV)

-62 ± 1

-60.2 ± 0.3

-41 ± 4 *

-40.9 ± 0.6^<0.001

Rt (Ocm2)

229 ± 15

132.9 ± 1.7

98 ± 11 *

57.8 ± 1.1^<0.001

AVa

14 ± 1

8.47 ± 0.11

5.6 ± 0.7 *

3.36 ± 0.07

AVb

1.0 ± 0.2

0.56 ± 0.02

0.9 ± 0.1

0.51 ± 0.03^>0.05

a (range)

14 (9-23)

25.55 ± 1.6

6 (4-10) *

6.5 ± 1.08^<0.001

Ra
(S2cm2)

N/A

124.8 ± 1.6

N/A

49.5 ± 1.1^<0.001

Rb
(C2cm 2 )

N/A

8.3 ± 0.4

N/A

7.6 ± 0.5^>0.1

11-40 (3-5)
in total

284 (47)

n=

150 (28)
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<0.001

previous study than reported here. This high value for Vt was attributed by Irvine et al.
(1988) to either partial stimulation of the ilea, which seems unlikely due to the much
higher values of Rt reported in that study compared to the values reported in this thesis
or to the cessation of perfusion during impalement resulting in either an insufficient
oxygenation of the membrane or to the changing of local ion gradients. If this is the
case, it can be seen that this effect operates at the apical membrane as values for Vb
were very similar between the two studies. Rt in the previous study was higher than
reported here. Similarly, voltage deflections due to constant current pulses (13.3 p,A) of
the apical (AVa) and basolateral (AVb) membrane potentials (from which resistances are
estimated) are higher in the previous study. This may be due to the small sample size
(such high values have been recorded in this study but are uncommon), to the cessation
of perfusion or to variations in the amount of stretching of ilea when mounted. It is thus
important to compare changes on the same preparation whenever possible.
Secondly, in both studies Vt was more positive in cAMP stimulated ilea than in
nonstimulated ilea, with a similar incremental increase of ---13-15 mV. However, in the
,

present study, this increase represents a much greater increase proportionally at 3.4x
than in the previous study at x1.5. Both studies revealed that Va was unaffected by
cAMP stimulation, whereas Vb depolarized, values of Vb being again comparable
between the two studies. Rt was shown to decrease on stimulation in both studies and
this decrease was due solely to a decrease in Ra, Rb remaining at control values. A
cAMP stimulated increase in IC+ conductance has been demonstrated for the ilea (Irvine
et al. 1988, Audsley 1990). The location of this increase was attributed to the apical
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membrane through indirect evidence based upon a) the decrease in Ra after stimulation
with cAMP and b) the similarity of these results to those recorded from rectum where
a cAMP stimulated increase in IC+ conductance has been demonstrated (Hanrahan and
Phillips 1984c). In section III exclude an increase in Na+ conductance as an explanation
for the decreases in Rt and Ra.

Nonstimulated locust ileum and rectum display similar electrical properties. In
both epithelia the inside of the cell is negative with respect to both the haemocoel and
lumen side bathing media and Va is more negative than Vb (Hanrahan 1982). The major
difference between the two segments is that ileal Rb at 8.32 S2cm 2 is very much lower
than rectal Rb at 193 Clem' (Hanrahan and Phillips 1984c). Thus, ileal a (AVa/AVb) is
very high at 25.55 ± 1.55 (n= 284 (47)) compared to 1.13 ± 0.12 for the rectum
(Hanrahan and Phillips 1984c).

In the ileum, cAMP caused an increase in Vt which is comparable to
observations made on the rectum. Ileal Va changed little from control values and Vb
depolarized, whereas in the rectum cAMP addition causes Va to hyperpolarize and Vb
to depolarize (Hanrahan and Phillips 1984c).
In the case of the rectum there is a significant decrease in Ra and Rb after cAMP
stimulation, due to an increase in the conductance of the apical membrane to IC+ and the
basolateral membrane to Cl - (Hanrahan and Phillips 1984c). The ilea, however, displayed
only a decrease in Ra, with Rb remaining at control values. Since in the ilea, Rb is so
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low, there may be no need during cAMP stimulation of salt reabsorption to increase
basolateral ion conductances (see section III and IV). Stimulation of ilea with cAMP
therefore causes a decrease in a to 6.5 ± 1.08 (n= 150 (28)) whereas cAMP has little
effect upon a as measured from the rectum (Hanrahan and Phillips 1984c).
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II: IS THERE A cAMP STIMULATED INCREASE IN APICAL Na+
CONDUCTANCE?

The rate of Na+ reabsorption in the ilea is 3-4x that measured for the rectum.
(Lechleitner et al. 1988a, Black et al. 1987). In the ilea net Nal" reabsorption is increased
upon addition of 5 mM cAMP (Irvine et al. 1988), whereas in the rectum cAMP has no
effect upon Na+ transport (Black et al. 1987).
Sodium entry at the apical membrane is usually passive because of the large cell
negative electrical potential and low intracellular Na+ activity caused by the activity of
the basolateral Na+VATPase. High levels of this enzyme have been detected in
microsomal fractions from ilea (Lechleitner and Phillips 1988). Furthermore, serosal
addition of 5 mM ouabain caused a 30% inhibition of fluid transport across everted ileal
sacs (Lechleitner 1988). Similarly, ouabain partially inhibits net Na + and fluid absorption
across rectal sacs (Irvine and Phillips 1970, Goh and Phillips 1978) and the active influx
of nNa+ across short-circuited recta at 30°C (Black et al. 1987). It is therefore
reasonable to assume that basolateral Na1C+ ATPase is responsible for active Na+
reabsorption in both the ileum and rectum.
Apical entry of Na+ can occur by exchange with fr or NH 4+, co-transport with
Cr or organic solutes, or by means of Na + channels. Na+ transport coupled to fr, NH 4+
or Cr has been largely ruled out for the ilea (Irvine et al. 1988, Peach 1991). Amiloride
(1 mM) was found to have no effect upon 22Na+ flux to the haemocoel side, suggesting
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that Na+/cation exchange for I-1+ or NH 4+ is not an important pathway for apical Na+
entry (Lechleitner 1988). Moveover, net acid secretion (JH) is 90% Na+-independent
(Lechleitner 1988). This contrasts with the situation in the rectal epithelium where an
amiloride sensitive cation exchange for both I-1 + and NH4+ accounts for 1/3 of Na + entry
(Black et al. 1987, Thompson et al. 1988a).
In this section I tested whether there is an apical Na + conductive pathway in
nonstimulated ilea and if the observed cAMP stimulated increase in ileal Na+
reabsorption (Irvine et al. 1988) is due to increased conductance of the apical membrane
to Na.+
When ilea were stimulated with cAMP, Irvine et al. (1988) observed similar
increases in Vt and Rt upon Na+ replacement as values reported here. In the previous
study, the increase in Vt was attributed to the removal of a parallel Na + shunt which
when operative would neutralize some of the net charge transfer by the electrogenic Cl
pump. In this study both Va and Vb were found to hyperpolarize after Naf replacement.
These changes in Va and Vb were largest in cAMP stimulated ilea, followed by
nonstimulated ilea in control saline and then free saline. This could reflect a
relationship between Nal" and Cl- entry. This could not be a direct coupling as Na+
replacement has no effect upon ileal Isc (Irvine et al. 1988) but could be indirect with
Na+ acting as a counter ion of electrogenic Cl transport. In order to draw any firm
conclusions, this phenomenon would have to be investigated by the use of radiotracer
Na+ flux experiments under open circuit conditions in the absence and presence of CT.
Since the change in Va/decade luminal [Na} when ilea are nonstimulated is only
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3.4 mV, the apical membrane has a relatively low conductivity to Na. This increases
to 5 mV/decade [Na] in the presence of cAMP, indicating a small, significant increase
in apical conductance (P= <0.003, Tukey).
When luminal Na+ is replaced, both nonstimulated and cAMP stimulated ilea
display a significant increase in Rt and Ra, indicating a small apical Na+ conductance.
The increase is much larger in nonstimulated ilea i.e. an increase in apical Na+
conductance does not contribute to the cAMP stimulated decline in Ra (section I) which
is largely due to an increase in IC+ conductance (section III). In both nonstimulated and
cAMP stimulated ilea, the change in Rt is due entirely to an increase in Ra. This
conductive element of Na+ entry could be due to either the presence of a Nal" channel
or an electrogenic co-transport process. Substitution of organic solutes on the luminal
side and subsequent Na+ replacement would be necessary to distinguish between these
two processes.
The entry of neutral L-amino acids into the rectal epithelium is active and in the
case of at least glycine, is Na+ dependant (Balshin 1973). Also, a large electrochemical
potential of 127mV favours apical Na+ entry. The uptake of amino acids in the ilea was
investigated by Peach (1991) who found that 5 amino acids and glucose absorbed from
the lumen acted as respiratory substrates to support the cAMP stimulated increase in Isc.
The apical entry mechanisms for Heal amino acids and glucose and their possible cotransport with Na + have not yet been studied.
Amiloride, which at 10 1.1M should exclusively inhibit apical Na+ channels, had
no effect upon Rt, Ra or Rb but did cause a significant increase in Vt and a
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hyperpolarization of Va. This suggests that there is a small apical conductance to Na+,
sensitive to amiloride. In the rectum, in the absence of organic solutes, 1 mM amiloride
does not inhibit the change in iVa when Na is replaced on the luminal side with
choline (Black et al. 1987). This would suggest an insensitivity of Na+ channels to
amiloride in Schistocerca. The results obtained with amiloride must, however, be
regarded with some caution as the cuticular lining of the lumen may represent a barrier
to the drug.
In conclusion, the apical membrane of the ileal epithelium has a very low relative
conductance to Na, this conductance is probably due to the presence of Na+ channels.
There is a small, significant increase in apical conductance to Na+ due to cAMP
stimulation as determined from a small increase in Va/decade [Na]. An increase in
apical conductance to Na* does not contribute to the decline in Rt and Ra due to
stimulation with cAMP. Resistance measurements alone do not provide evidence for
cAMP stimulation of apical Na+ conductance.
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III: A) IS THERE A cAMP STIMULATED APICAL K+ CONDUCTANCE?

Locust ilea displayed a large cAMP stimulated increase in the conductance of
the apical membrane to K. After stimulation, Va is largely a r diffusion potential and
the increase in r conductance can account for much of the large cAMP stimulated
decrease in Ra. Irvine et al. (1988) had previously demonstrated that bilateral K±
replacement abolished the decrease in Rt due to cAMP addition and subsequent
restoration of K+ reduced Rt by 40%. Since Rb does not change with cAMP stimulation,
an increase in apical conductance to r is mostly responsible for the cAMP stimulated
decline in Rt (section I).
The rectum also displays a large increase in apical r conductance after cAMP
stimulation (Hanrahan and Phillips 1984a,c). Patch clamping of the rectal apical
membrane revealed distinct current steps indicative of channels. Both slow 10 pA and
fast 1.5 pA channel activity was observed (Phillips et al. 1986). In the ilea, the close
association of the cuticle with the apical membrane (Irvine et al. 1988) precludes patch
clamping of the apical surface of the epithelium. The cAMP stimulated increase in ileal
apical r conductance could, however, be further investigated by using noise fluctuation
analysis. This technique seems particularly appropriate in the case of the ilea where Ra
is much larger than Rb, even when ilea are stimulated with cAMP (see fig 3.1.6). This
would result in minimal attenuation of apical current noise (Lewis and Hanrahan 1988).
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In the rectum, transepithelial V conductance decreases with increasing mucosal
[V], with Rt remaining constant when luminal [V] was raised from 10 to 200 mM
(Hanrahan and Phillips 1984a). In locust ilea, this effect was not observed. When ilea
are stimulated with 5 mM cAMP, Rt and Ra decrease dramatically with increasing
luminal [V] over the range 10-110 mM, indicating that luminal [V] has no modulatory
effect upon apical V conductance. Moreover, Vt reverses to become negative at around
50 mM luminal V. This is stark contrast to the situation described for cAMP stimulated
recta where Rt remains constant for luminal [V] between 15 mM and 200 mM
(Hanrahan 1982). This effect was observed whether V is varied bilaterally or on the
lumen side only (Hanrahan 1982). Furthermore, there is an inverse relationship between
apparent 'V permeability and bilateral [r] and a increases with luminal [V],
indicating an increase in Ra and/or a decrease in Rb (Hanrahan 1982). The results
presented here for the locust ileum differ in that high luminal V does not decrease
apical IC conductance over the range studied. Measurements of the relationship between
42. -+
K
,

flux across ilea and luminal [1(.1 could be made to verify these conclusions.

B) IS THERE A SIGNIFICANT BASOLATERAL IC CONDUCTANCE?

The Koefoed-Johnsen Ussing (1958) pump-leak model demands the presence of
a significant basolateral IC+ conductance (Koefoed-Johnsen and Ussing 1958, reviewed
by Lewis et al. 1984). A V leak current allows exit of K + from the cell down a
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favorable net electrochemical gradient which is established by the active uptake of IC'
by NaWATPase located at the basolateral membrane (Koefeld-Johnsen and Ussing
1958). The evidence for the existence of this pump in the Heal epithelium has already
been discussed in section II.
Basolateral IC - channels also serve as an exit step during transepithelial transport
of ICI. (Hanrahan 1982, Hanrahan and Phillips 1984a-c). I observed a high conductance
of the basolateral membrane to Ki• in nonstimulated ilea. A change in Vb/decade serosal
[KI of 45 mV indicates that a IC" diffusion potential is the main source of Vb. The
depolarization of Vb with increasing serosal [ICI was closely mirrored by a
depolarization of Va. This indicates that the paracellular pathway is very "tight" to K+
and that the apical membrane conductance to IC - is very low under nonstimulated
conditions as only a small amount of the change in Vb is shunted at this membrane.
The change in Vb/decade serosal [K1 is only 45 mV at maximum and is nonlinear, decreasing at low [Kl. This may be because the basolateral membrane is
conductive to another ion (or ions), probably Cl" (see section IV) or Nal" (not tested,
although unlikely, as a Na + conductance would be in parallel with the NeK +ATPase),
or due to the contribution of the NaWATPase to basolateral membrane potential.
Since normal haemolymph [K1 is <10 mM, it is not surprising that between 10
and 100 mM serosal [K-1, basolateral resistance changes very little and is extremely low.
At [r] <10 mM, basolateral membrane resistance increases with decreasing serosal
[Kl. This is probably due to the rapid depletion of intracellular K+ as basolateral K+
conductance is very high and in nonstimulated ilea apical IC - conductance is very low.
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Irvine et al. (1988) demonstrated that serosal addition of Ba + eliminated a cAMP
stimulated increase in the V diffusion current (I k) due to an 80:10 mM, serosal:mucosal
imposed V gradient, in the absence of Cr and with Vt clamped at 0. Mucosal addition
of Ba+ had no effect on Ik under identical conditions. Thus, ileal basolateral IC
conductance is sensitive to block by Be (Irvine et al. 1988). These results are similar
to those obtained for the rectum (Phillips et al. 1986). Further investigation of rectal
basolateral V conductance using noise analysis (Hanrahan et al. 1986), revealed a
Lorentzian component of the power density spectra, consistent with the presence of
channels. Single channel conductance was estimated at 60 pS with a mean channel
density of 180 million/cm 2 . These results were comparable with the macroscopic
conductance of the basolateral membrane if the probability of channels being in the open
state is 0.5 in the absence of Be.
A similar investigation of basolateral V conductance in locust ilea is not feasible
due to the very low relative resistance of the basolateral membrane. However, it may
be possible to investigate ileal basolateral V conductance by patch clamp. This
technique cannot be applied to the basolateral membrane in the rectum due to the
presence of a secondary cell layer (Irvine et al. 1988). While some physical barriers to
patch clamping are also present in the ilea, the muscle membrane can be easily removed
and it may also be possible to remove the underlying basement membrane (described
in Section I), and digest away the ileal basal lamina.

In summary, in nonstimulated ilea, the apical membrane has very low
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conductance to IC+, the basolateral membrane, however, has a high IC+ conductance.
When stimulated with cAMP the IC+ conductance of the apical membrane increases
greatly. There is no evidence for an inhibition of apical 1C+ conductance by high mucosal
[r].
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IV: IS THERE A cAMP STIMULATED INCREASE IN BASOLATERAL a
CONDUCTANCE?

Electrogenic Cr transport is the major cAMP stimulated active transport process
of both the rectum (reviewed by Phillips et al. 1986) and the ileum (Irvine et al. 1988).
In the case of the rectum, the active step of Cl reabsorption has been localised
-

to the apical membrane (Hanrahan and Phillips 1983, 1984c) where an electrogenic Cr
pump, dependent upon metabolic energy (Chamberlin and Phillips 1982) transports Cl

-

into the cell against a net electrochemical gradient of 50 mV which increases by 18 mV
when recta are stimulated with cAMP (Hanrahan and Phillips 1984c).
The cAMP stimulated increase in rectal Isc is due to Cl transport at all
-

concentrations of Cr from 10 to 140 mM, in the presence of 10 mM IC and absence of
-

bicarbonate (Hanrahan and Phillips 1984a). Similar experiments performed upon the
ileum revealed kinetics indistinguishable from those measured for the rectum (Irvine et
al. 1988). These results suggest that both hindgut segments share the same mechanism
of active Cr transport (Irvine et al. 1988). Moreover, the ultrastructural similarity of the
apical membranes of both epithelia suggest a functional similarity (Irvine et al. 1988).
Replacement of Cl caused an increase in ileal Rb, consistent with the presence
-

of basolateral Cr channels. However, when ilea were stimulated with cAMP, although
an increase in Vb after Cr removal was still observed, it was significantly smaller than
that for nonstimulated ilea, thus cAMP does not result in an increase in the conductance
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of the basolateral membrane to cr. In the case of the rectum, cAMP addition results
in an 80% decrease in Rb. This decrease is abolished in Cr free saline and is due to
cAMP stimulation of a basolateral Cr conductance (Hanrahan and Phillips 1984b).
Chloride channel blockers 70B and 71B have been shown to completely abolish
stimulated Isc in locust rectum when applied to the serosal side at concentrations of 10 4
and 10' M (Phillips et al. 1986). These agents have not been tested for their effect upon
ilea. The effect of the Cl" channel blocker DPC upon the ilea was investigated by
J.Meredith (pers. comm.). She found that addition of 1.5 mM DPC to ilea stimulated
with cAMP caused Vt to become more negative, as expected if Cl" exit from the cell
were prevented by Cr channel block at the basolateral membrane. However, DPC caused
a significant depolarization of Vb and if DPC were blocking Cl" channels, Vb would be
expected to hyperpolarize. Furthermore, DPC caused similar increases in AVb whether
Cr was present or absent in the bathing saline, suggesting that DPC was not affecting
a basolateral Cr conductance (J. Meredith, pers. comm.). Blocking of basolateral cation
(i.e. IC+) channels by DPC would explain both the depolarization of Vb and the increase
in AVb in the absence of Cl".
When ilea were stimulated with cAMP, Cr replacement resulted in a
decline in Vt to values comparable to Vt as measured from nonstimulated ilea (P= >0.9,
independent 't'-test, compared to control A). These results confirm those of Irvine et al.
(1988) which showed that restoration of Cr to control levels fully restored the cAMP
stimulated increase in Vt. Similar results were observed for cAMP stimulated Isc after

Cl" replacement and subsequent restoration of this ion (Irvine et al. 1988). Thus, an
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increase in active reabsorption of Cr is responsible for the cAMP stimulated increase
in ileal Vt. These results are comparable to those from the rectum (Hanrahan and
Phillips 1984b).
Bilateral replacement of C1 in the bathing saline when ilea were nonstimulated
caused Va to hyperpolarize. This is surprising as such a change indicates either an
increased net anion or decreased net cation entry into the cell across the apical
membrane. In nonstimulated ilea, there is a large active secretion of fr, which is equal
or even greater than C1 reabsorption (Thompson et al. 1991). The hyperpolarization of
Va may be due to an increase in ir secretion after Cl removal possibly mediated
-

through a change in intracellular pH. When ilea are stimulated with cAMP there is no
significant change in Va after C1 replacement. This can be explained if the high
conductance of the apical membrane to IC" under these conditions (section III) provides
perfect shunting of electrogenic C1 transport by passive IC' transport at the apical
membrane.
There is a significant increase in Ra for both nonstimulated and cAMP stimulated
ilea when Cr is replaced, indicating an apical C1 conductance. However, the increase
in Ra is much larger in nonstimulated ilea. There is a large increase in apical IC+
conductance after cAMP stimulation which may mask the enhanced C1 pump activity.
In both nonstimulated and cAMP stimulated ilea, C1 replacement results in a
hyperpolarization of Vb. This is suprising as a reduction in serosal [Cr] would be
expected to increase the electrochemical gradient for C1 exit, thus depolarizing Vb. This
depolarization would be transitory as intracellular Cr levels are depleted with a
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subsequent hyperpolarization of Vb as passive Cr exit from the cell ceases, revealing
a larger portion of the basolateral IC÷ diffusion potential. The timecourse of the change
in Vb after Cl replacement shows no such transient depolarization (data not shown).
-

These results may reflect the abolishment of the outward Cr current due to channel
inhibition by low extracellular [Cll. The functional significance of such modulation
would be in cell volume regulation: Ilea bathed in Cl" free saline and then stimulated
with cAMP never reached steady state and appeared to have lost cell volume, being soft
and nondeformable upon microelectrode impalement (pers.obs). Attempts to measure Va
and Vb were unsuccessful because very low values for these parameters made
intracellular recordings too close to baseline to be resolved reliably. In contrast ilea
bathed bilaterally for long periods in Cr free saline and not stimulated with cAMP
maintained a steady state and displayed high values for Va and Vb. Measurements of
intracellular [a] would be required in order to develop this hypothesis, so that the
electrochemical gradient across the apical and basolateral membranes could be
determined during brief exposure of ilea bilaterally to Cr free saline in nonstimulated
and cAMP stimulated conditions. When recta are stimulated with cAMP and Cl" is
replaced in the bathing saline, Vb hyperpolarized to a value similar to that recorded
from nonstimulated recta (Hanrahan and Phillips 1984b).
In the ilea, after cAMP stimulation, Vb depolarizes by 27 mV (section I). If this
change in Vb were due solely to an increase in basolateral Cl" conductance and if
intracellular Cr activity (acc ,) is assumed to be in the same range as for the rectum (30.7
mM; Hanrahan and Phillips 1984b), then the change in Vb/decade [Cl] a would have to
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increase by about 35 mV, with Vb depolarizing with decreasing [Cll.. In the case of the
rectum, acc , increases after cAMP stimulation to 46.6 mM (Hanrahan and Phillips
1984b). This would demand a larger required increase in Vb/decade [Cll.. Since in the
ilea cAMP stimulation causes only a 2.3 mV increase in Vb/decade [Cli o , the
stimulation of basolateral Cl - conductance which occurs in the rectum (Hanrahan and
Phillips 1984b) cannot be postulated for the ileal epithelium.

The ileal basolateral membrane thus has a very high conductance, which consists
of both a r - and Cr conductance. Vb is due mostly to a IC diffusion potential and
serosal r- replacement (from 100 mM) causes a 87 S2cm 2 increase in Vb, compared to
a 6.83 f2cm2 increase when Cr is replaced (from 110 mM). Thus the basolateral
membrane has a higher conductance to r than to C1. After cAMP stimulation, Vb does
not change. Given the high conductance of this membrane in nonstimulated ilea, it may
be possible to fully account for the exit of r and Cl down their respective
-

electrochemical gradients without an increase in basolateral conductance. However,
without measurements of intracellular Cl" activity, which would enable calculation of the
Cl- electrochemical potential across the basolateral membrane, this issue remains
unresolved. Thus the possibility of a nonconductive basolateral Cr exit mechanism
cannot be ruled out. Such a mechanism could involve C•/HCO3 exchange or K+/Cl - cotransport. Such basolateral K+/Cl - co-transport has been postulated for epithelia where
the basolateral conductance to Cl- is too low to account for Cl - exit (Weinstein 1992,
Reuss et al. 1980, Corcia and Armstrong 1983). Ileal Cr dependent, cAMP stimulated
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Isc is reduced 80% by bilateral IC replacement (Irvine et al. 1988), although in the
-

rectum a similar effect is due to activation of the apical Cr pump by luminal IC+
(Hanrahan and Phillips 1984b).
In conclusion, there is evidence for a basolateral Cr conductance in locust ileum
but not for cAMP stimulation of this conductance.
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CHAPTER 5 GENERAL DISCUSSION.

This thesis has identified both similarities and differences between the ion
transport processes of the rectum and ileum and their control by cAMP. These are
summarized below:
Both epithelia display;
i)

a cAMP stimulated increase in apical conductance to K.

ii)

a small apical Na+ conductance. Amiloride has no effect on apical resistance.

iii)^basolateral IC and Cl" conductances.
Differences between the two epithelia are;
i)

There is no evidence for cAMP stimulation of basolateral Cl" conductance in the

ileum and basolateral Cl" conductance is smaller than that for K.
ii)

Apical IC+ conductance in cAMP stimulated ilea is not inhibited by high luminal

[K I.
iii)^There is a small increase in the conductance of the apical membrane to Na + in
the ileum after cAMP stimulation.
Fig 5.1 is an updated version of Fig 1.6 (chapter 1), incorporating the
conclusions of this thesis and information from the study by Peach (1991). In brief,
scgITP acts through the cAMP second messenger system to stimulate an apical
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Fig 5.1: Updated model of ileal ion transport mechanisms and their control
by scgITP and the second messenger cAMP. Filled circles represent active
transport and the open circle is a carrier. Cylinders represent ion channels.
R is the receptor.
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electrogenic Cl - pump and cause an increase in apical IC+ conductance (i.e. open ion
channels). Na+ reabsorption is also stimulated, with cAMP causing an increase in apical
Naf conductance. Cyclic AMP also stimulates NR 4+ secretion but has no effect on 11+
secretion which is inhibited by scgITP presumably through another second messenger
system.
As a model to study insect epithelial transport, the ileum represents perhaps a
better candidate than the rectum for the following reasons: The ileum displays a cAMP
stimulated increase in apical electrogenic C1 transport and IC+ conductance which is very
similar to the rectum but the ileum consists of only one cell layer of one cell type. Heal
transport is stimulated by scgITP, which has been purified and partially sequenced,
whereas CTSH has only been partially purified and is unstable during HPLC. Finally,
in the ileum, there is no recycling of ions in the intercellular spaces, and the lateral
membranes of ileal cells are simple. There are, however, two major drawbacks of the
ileal epithelium. Firstly, 6,Vb is very low and does not enable accurate measurement of
a. This could be improved upon somewhat by digital recording of data, eliminating the
small errors derived from differences in chart recorder pen width and measurement from
traces. Secondly, the cuticle is firmly attached to the apical membrane, preventing access
to the mucosal surface of the epithelium for microelectrode impalement or patch clamp
studies.
The main limitation of this thesis is that it does not encompass measurements of
intracellular ion activity under the various experimental conditions, leaving ambiguities
as to the direction and magnitude of the driving forces for passive movements of ions
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across the epithelial membranes. The pure peptide scgITP and CC homogeanates must
also be assessed for their effects upon ion transport and these compared to cAMP
stimulation. Audsley (1990) showed that scgITP and CC result in an inhibition of ileal
W secretion which does not involve the cAMP second messenger system.
.
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