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Abstract

A study has been made on the effects of insect hormones on fluid
secretion by the Malpighian tubules of Locusta, and on the Na+, K+—
ATPase activity in microsomal preparations of the tubules. A diuretic
hormone present in extracts of the.neurosecretory celis and corpora
cardiaca accelerated :ates of fluld secretion by in vitro pfeparations
of the tubules but had no effect on ATPase activity. Ecaysone
affected neither secretory rates nor enzyme activity ‘whereas Juvenile

Hormone had an inhibitory effect on both. Attempts‘have been made to

" explain how J.H. may inhibit Na ) K -ATPasge activity. It is possible

that J.H.‘afﬁects the membrane conformation and.thus prevents the
normal reaction sequence of the ATPase. o

Uiﬁrastructﬁral studles have shown that the fine structure of
the Malpighian tubules varies with develop@ent;  Invaginations of the
basal and apical cell membranes were found to devélop with increasing
age throﬁghbuﬁ the 5th stadium. At the same time'ﬁhe numbers of
miﬁochondria in the tﬁbule cells appeared to increésé and the mitochondria
came to lie in the cytoplasm of the basal infolds; ~Just prior to the
larval;adult moult the invaginations of both membranes decreaséd and
mitochondria were rérély found amongst the basal infolds. Associated.
with these ultrastructural changes, functional chanées are‘alsd reported.
Na+, K+-ATPase activiﬁy was low at the beginﬁing andvend‘of the 5th stadium,
times when there was least invagination of:the plasma‘membrane. At the .
same times animal relative water content was hiéh, suggesting lower |
rates of secretion.

Both ouabain and ethacrynic acid were found to inhibit fluid‘,
sécretion by, and Na ' K ~-ATPase, in microsomal p;eparations of the
Malpighian tubules; Ouabain was the more effective inhibitor of enzyme

2-5)0

activity (,pIS = 5.8 as compared with ethacrynic acid pISO



The results are discussed in terms of the relationship
between insect hormones and cell structure, fluid secretion and

+ + .
Na , K -ATPase activity.
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CHAPTER 1
INTRODUCTION

'U;ine' formation by the Malpighian tubules of insects has
been theAsubjeét of numerous studies in the past (Ramsay 1953, 1954,
1955, .1956; Berridge 1968; Pilcher 1970; . Anstee and Bell 1975;
. Gee 1975a,.;976a; Maddrell 1969 and see reviews 1971, 1977). This work
on a variety of insecﬁ species has shown that in most cases K+ ions are
ﬁéééééary‘f§f fluid‘éecretion by the tubules andAit hés been suggested
vthat.the éecretion of K+ may be the 'prime mover' in generating 'urine'
flow (Ram$a§ 1956; Berridge 19675. This.conclusion is the result of
severa; 6bser;ations: the fluid secreted'by thejMalpighian tubules of
| 'a variety;of:iﬁsécts'haé a higher K+ concentratipn thén thevsurrounding‘,
haemolymph; measurements of transwall potential éhow that K+ movements
info the lumen are thermodynamically uphill i.ef Kf eﬁtry is acfive;
the rate of fluid secretion is dependent on the ' concentration of the
bathiﬁg fluiq. However it must also be noted that the Malpighian
tubules of Rhodnius and Glossina are exceptions'in that Rhodnius»
tubules will secrete Na'@ or K (Maddrell 1969) whilst in Glossina,
Na© is the:'prime mover' (Gee 1975a, 1976a).
| | Alfhough active cation transport has been established in insect
Malphigian tubules (Ramsay 19‘53, 1955; Berridge 1967, 1968; Pilcher
1970;.,Maddrellll977; Bell 1977; Anstee et al. 1979), the nature of
the ion 'pumps' remains uhcertain. Studies on the.Malpighian tubules
of Calliphora have shown that whilst the X" concentration in the bathing
 medium was of prime importance in detérmininq the rate of fluid secretion,
the secrétion of fluid was enhanced when Na+ was present as well as K+
(Begridge and\Oschman 1969);éﬁﬁég?éﬁ§;§q

3

2 \t of this, Berridge and Oschman.
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have proposed a model for cation and fluid transport.across Calliphora
Malpighian tubules. They propose that in the primary cells of the
Malpighian tubules there is an apical pump transpérting K+ electro~
gehically into the lumen, whilst on the basal surface there is a coupled
Na+/K+ exchange pump.i It is generally accepted that an electrogenic K+
pump is situated on the apical cell membrane (Befridgé 1967; Berridge
and Oschman 1969; Maddrell 1977) but objections have been raiéed to
the presence of a Naf/K+ pump on the basal surface. Objections to such
a pump have arisen chiefly because‘several workers have failed to show
that fluid secretion by insect Malpighian tubules is inhibited by the
- cardiac glycoside ouabain, which is a specific inﬁibitor dkaa+, K+-
activated ATPase (Berridge 1968; Maddrell 1969; Pilcher 1970;
Gee 1976b; Rafaeli-Bernstein and Mordue‘l978). f‘This enzyme has been
almost univérsally implicated in Na+/K+ exchange pumps elsewhere
(Skou 1965; Albers 1967; Whittam and Wheeler 1970; Bonting 1970).

| Maddrell (1L971) has fufther argued against the involvement
of a Na+/l<+ exchange pump in fluid secretion acfoss Malpighian tubules
on the basis that there would be no nef traﬁsfer’of solute produced.
This however assumes that the'Na+ : K+ excﬁange isen-a l i l basis.,’
This is not necessarily the case and indeed in red blood qells
Na+, K+~activated ATPase 1s responséible forlthe‘eXChange of

3Na+*ih one direction for‘ZKt'in the other (Post and Sen 1967).

More recently Maddrell (1977) has suggested a model which might
apply to all Malpighian tubules whether they pump K+ of Na+. It is
prbposed,that K+, Na+ and Cl~ enter the cells passively at a rate
depending on thé permeability of the membrane tq the ions and on the

electrochemical gradients across the membrane. ‘ The apical membrane



possesses an electrogenic pump which it is suggested has a higher
affinity for Na+ than K+. Thus if the basal cell ﬁembrane is more
permeable to K+ than Na+ (e.g. Carausius (Pilcher 1970} and Rhodnius
(Maddrell 1971)), K+ ions will enter the cell faster and be transported
into the.lumen whereas if Na+ ions enter faster they would be transported
since the pump has a higher affinity for Na+. Tﬂis'it is argued could
then explain the ability of Glossina Malpighian tubules to secrete a
Né+;rich fluid. However it is difficult to see how this model is
consistent'with some of the observed factg. It is known that the rate
of fluid secretion at lova+ concentratioﬁs is enﬁahﬁed by the presence
of Na+ (Berridge 1968; Maddrell 1971), a:fact WhichAhas been taken as
support for the presence of a Na+/K+ exchénge pump Qn the basal surface.
Further, thg K+ concentration in the cytoplasm is high compared with |
that of the bathing medium so that it is difficult to see how adequate
K+.entry into the_céll could be achieved passively.

Whilst a great deal is now known of cation movement acrogs the
:Malpighian tubules, the mechanism by whiéh waterLflows aéross the |
tubules remains uncertain. It is generally accepted that water
movement_is'passive in response to an osmotic gradient set up by active
fon transport (Maddrell 1971, 1977). The fluid secreted by nearly all
'inséct Malpighian tubules is marginally hyperosmotic.to the bathing flﬁid
over a wide range of osmotic concentrations of thelbathing solution
(Maddrell 1971) and the rate of fluid flow is inversely proportional
to the osmotic pressure of the bathing meaium. Maddrell (1971)
therefore suggests that solute transport is not affected by changes in
osmotic pressure but water movements ¢hange S0 that.the fluid produced
is slightly hyperosmotic. Exactly how solﬁte mdvéments give rise to

water movements is not yet clear.



A number of theories have been proposed to explain water flow
across epithelia. In this regard an important step was made when
Curran‘and Solomoﬁ (1957) suggested that intestinal water absorption
in the rat ileum was a passive process‘achieved byvactive transport
of salt. Curran and McIntosh (1962) proposed the double-membrane
theory of osmotic coupling to explain this proceSs.. Essentially this
model comprises two membranes in series with a cqmpartment in between

(Figure 1.1). The membranes (a and b) have differiﬁg permeabilities

o — — — — —d

—
N

Figuré 1.1  The 'double-membiane' model'of Curran and

McIntosh (1962)

to solute and solvent molecules. Solutes are actively transported from

I across ap impermeable membrane, a, into an intercéllular space, 2.
The osmolarity of this space increases and water flows from 1 to 2

in response to the osmotic gradient. = Fluid flow.écross the epithelium
is achieved when 1ncreases in the hydrostatic pressure‘within 2 cause
fluid to‘flow through the relatively pérméable.sécond membrane into

compartment. 3.



More recently progress has been made in Iinking the structure
of transporting cells to their function. ‘Diamond and Bossert (1967,
1968) have proposed a model based on the 'architecture' of fluid
transporting cell membranes. At the ultrastructural levél the cell
membranes of fluid secretory epithelia are seen to be invaginated to
form a system of_extracellular channels and spaceéﬂ(basal infoldings,
apical miciovilli), which Diamond and Bossert (1968). suggest may
constitute the fluid transport route.. They suggéSt that active solute
trénsport into the extracellular channels makes.thé channel contents
hypertonic and permits wate;—solute coupliﬁg. This theory dependé
upon channels which are structurally or functionélly clésed at’one end
but can be applied to fluid flow in and out of, both 'forwards' and
'‘backwards' facing channels. Forward facing chaﬂﬂels (Figuré 1.2a)
lie in the direction of fluid flow and are found'ih:basal infoldings
(salivary,glahd) and microvilli (gallbladdef, Malpighian tubule) .
Backward facing channels (Figure 1.2b) face in thé'épppsite direction
to that of fluid transport and are found in the basai infoldings of
avian Salt‘gland and the basal infoldings of Malpighian tubules.
Figure 1.2 shows the Diamond and Bossert (1968) model for a sténding—
gradient.flow system. - In 'forward' facing channels (Figure l.2a),
solute is actively tiansported into the closed'eﬁd{of the channel
making the channel fluid.hypertonic and causing wafér to move into the
channel from the adjacent cytoplasm. As solute moves dowﬁ the‘channei
due to diffusion along its concentration gradient, more and more hater
will enter the channel, reducing the osmolarity unﬁil the fluid emerging
at the Qpen>eﬁd would be virtually isotonic. In effect, a stand;ng
osmotic gradient would be maintained within thefcﬁannel by active solute

transport, the osmolarity decreasing continuously from the closed towards



a) 'forward' facing channel

water fiow,'
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solute pumps

b) © ‘'backward' facing channel
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Figure 1.2 The Standing Gradient Osmotic flow system after

Diamond and Bossert (1968)



the open‘end, and a fluid of fixed osmolarity would constantly flow
from the open end.

In 'backwards' facing channels (Figure l.2b) i.e. with the
open end facing the side of the epithelium from which fluid is being
taken up, solute is actively transported out of the channel making the
channel fluid hypotohic. As solute diffuses down its concentration
gradient towards the closed end of the channel, more and more water
leaves the channel owing to the osmotic gradient;- - In the steady state
a standing osmotic gradient will be maintained iﬁ tﬁé channel by active
solute transport, with the oSmola;ity decreasing‘pioéressively from the
open end ﬁo the closed end and a fluid of fixed osmolarity will
constantly enter thevchannel mouth and be secretediacross its‘wallé.

This model‘originally derived from studieé on rabbit gallbladder
has since been applied to insect Malpighiah tubuie flﬁid secretion |
_(Berridge_and'Oschman 1969).

An alternative theory which has been é;oposed to explain the
mechanism of ion and water ﬁransport across‘epithelia is based on elecfro- ‘
osmosis (Hi;l 1975b, 1977). In electro-osmosis, the transmembrane
poﬁential can move water because thefe is specific fricfional interaction
between water and one of the ions as it moves out of the ceil down an
electrochemical gradient drawing water wifh it. Maddrell (1977) has
discussed how this theory could be applied to Malpighian tubules.

The action of an electrogenic catioﬁ pump woﬁld produce an electrical
potential difference across the apical membrane. This gradient wohld
draw C1 from the cell through the membrane. . In'crossing the ﬁembrane,
the le would frictionally interact with water mdiecules and cause them -
also to move out of the cell. This mechanism relies on the maintenance

of a potential gradient across this cell membrane so that the apical wall



must be arranged so that it is not bathed by £fluids other thaﬁ its own
secretion. Maddrell (1977) suggests that membréne infoldings such as
in the microvilli woula Sérve this purpose‘and wogld'also increase the
number of pump sites ﬁy increasing the surface area.

Finally, since the 'urine' produced by several insects is
'hypertoniC‘to the bathing medium (Ramsay 1953; Berridge 1968;
Maddrell 1969) a simple mechanism of osmosis haé been suggested to
explain water and solute coupling in Malpighian tubules (Taylor 197la).
Active transport of solute across the basal surfacevwouldbmaintain the
cytoplasm hypertonic to the haemolymph and active ‘solute transport
apically would maintain the lumen hypertonic to ﬁﬁe éells. Water wouid
tﬁen flow éaséively as a résult of these small Qémotic fressure
differences. | |

The exact mechanism by which water is transported across
the Malpighian tubules may remain uncertain butlit has been well
established that the secretion of fluid is under hdrmonal controi,
In the insects investigated to date the hoimoneé which control excretion
by the Malpighianvtubules and rectum are produced.by neurosecretory Cells("
aithough ﬁhe source of the hormone depénds on the species. The diuretic‘
hormones of Anisotarsus cupripennis (Nufiez 1956), Sghistocerca (Highnam
et al. 1965, Mordue 1969), Dysdercus (Berridge 1966fvand Carausius
(Pilcheﬁ 1970) are synthesised by neurosedretory cells in the brain
and released into the haemolymph via the corpora ca;diaca. In Rhodpius
(Maddrell 19263) and Corethra (Gersch 1967) neufOSecietory cells in the
mesothoracic ganglion synthesize a diuretic hofmone. Diurétiq hormone
is also present in the thoracic ganglion of Glossing and is released

from neurosecretory axon endings in the abdomen (Gee 1975b).



Anti-diuretic factors have also been demonstrated in several
insect species.in Schistocerca (Mordue 196%9), the élandular lobe of the
corpora cardiaca produces an anti-diuretic hormone wﬁich controls the
rectal glands. Anti-diuretic activity hés also been attributed to
the corpora cardiaca of Apis (Altmann 1956) and Grylius, Peripianeta
and Clitumﬁus (de Besse and Cazal 1968).

It is thought that both diuretic and anfi—diufetic factors
are released in response to stimuli associated wiﬁh feeding and with
the osmotic pressuré of the haemolymph. In Rhodnius (Maddrell 1963)
and Gloséina (Gee 1975b) diuretic hormoneiis releésed in response to
the ingestion of a blbod meal. In Schistocerca feeding results in
" an increased rate of fluid secretion by tﬁe Maléiéhién tubﬁlesv
(Moxdue 1969) énd in bysdercus (Berridge 1966) and“éarausius'(Pilcher_
1970) there is evidence that the titre of diuretic hormone in thg
haemolymph riseé in responsé‘to feeding.

Ih the majority of insects studied it appears that water
balance»results-from a balance between 'urine' prodﬁction by the
Malpighian tubules and reabsorption by ﬁhe rectum‘(Maddrell 1966;
Berridge 1966; Wall 1967; Mordue 1969; Pilchex 1970; Gee 1975a).
Tﬁe gffect of the diuretic hormone is to increasé,gxcretion through
tﬁe Malpighian tubules (as found in Rhodnius (Maddrell 1966), Dysdércus:
(Berridge 1966), Carausius (Pilcher 1970) and Glossina (Gee 1975b)),
and perhaps as in Locusta {(Mordue 1969) reduce reabsorption by the
rectum. Less information is available about the mode of action of
insect anti~diuretic hormone. Wall (1967) postuiated that in Periplaneta
the hormone exerted an anti~diuretic effect on both Malpighian tubules
and rectum by reducing the passive permeability of the cells to water.

It would therefore restrict water movements genérated by ion transport



10

across the Malpighian tubules and would reduce the amount of water
leaking back across the rectal glands after it had been reabsorbed
from the faeces (wall 19671. In locusts the anti—diﬁretic hormone
present in thé corpora cardiaca increases rectal'reabsorption {Mordue
1970, 1972; Goldsworthy and.Mordue 1972).

Several authors have proposed siﬁilar mechanisms for the
control of Maipighian tubule fluid secretion (Maddrell 1964; Berridge
1966; Pilcher 1970; Mordue 1972;: Gee 1975b). 'Essentially, diuretic
hormone is reléased in response to feeding, 1eading!to increased rates
of fluid seéretion. Once feeding stops, diuretic hormone releas€®
ceases and the haemolymph titre is reduced by degradation resulting in
a reduced rate of excretion. ‘In Schistocerca this theory has been
extended to cerr the rectum also (Mordue et al. 1970). ' During feeding,
diuretic hormone fiom the storage lobes of the corpéra cardiaca both
increases secretion by the Malpighian tubuies ahd rédgces rectal
water reabsorptioh. When water conservation is réqﬁired, rectal
reabsoxption is increased by an anti—diurefi¢ hdrmpné secreted by the
glandular lobes. |

The modé of action of both the diuretic and anti-diuretic
hormones on their target tissues is still under'inVestigation although .
there is evidence that diuretic hormone may actiby”increasing intra-
cellular levels of cyclic AMP (Maddrell et al. 1971; Gee 1976).

Cyclic AMP has been shown to stimulate f£luid secfeﬁibn by the Malpighian
tubules of Schisfocerca (Méddrell and Klunsuwan 1973), Carausius and
Rhodnius (Maddrell et al, 1971) and Locusta (Bell 1977). In addition
Astdn (1975) hés measured increased intracellulér éyclic AMP levels
during stimulatiqn of Rhodnius tubules by diuret;c hormone.

The diuretic and anti-diuretic hbrmones are thought to be

peptides or polypeptides (Mills 1967; Mordue and Goldsworthy 1969;
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Aston and White 1974; Gee 1975) but it has also been suggested that
steroids may have a role in fluid secretion (Gee et al. 1977). Gee
et al. (1977) propose that ecdysone affecﬁs the rate of fluid secretion
by the Malpighian tubules of Glossina possibly by altering the
permeability of the basal cell membrane of the tubule cellé. In a
different éontext Kroeger and Lezzi (1966) have p?eviously suégested
an effect of ecdysone on the selective permeabilityJOf cell and
nuclear membranes.

The control of fluid seéretion in insects may then involve
ecdysone and perhaps Juvenile Hormone (J.H.), hormohes primarily
associated with reguiating growth and devélopmeﬁt;=A J;H. secreted by
the Cinora.allata has, like ecdysone, been implicated'in affectihg
the permeability of cell membranes (Wigglesworth.i957; Lezzi.and

"Gilbert 1972; Baﬁmann 1966, 1969).. vIn addition, factors from the
corpora allata of Locusts have been found to affect animal waterv‘
content (Strong 1968; ‘Been. akkers and Van Den Broek 1974).

| The present study has been carried out to iﬁvestigate further
the role of the Na+, K+-activated ATPase in ioniahd fluid transport
across the Malpighian tﬁbules of Locusta. Iﬁ addition, the role

of insect hormones in controlling ATPase activity_and Malpighi;n

tubule function has been examined.
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CHAPTER 2

GENERAL: MATERIALS AND METHODS
MAINTENANCE OF INSECTS

The insectary was maintained at a temperaﬁure of 28 + 0.5°C
and a relativé humidity of 60 * 5% with a constant photoperiod of
12 houfsvlight and 12 hours dark. Circulation of‘air was effected by
three electric fans aﬁd a continuous air exchange‘was maintained by one
large ventilator. Populations of Locustalmigratoria migratorioides
R and F, phase gregaria, were reared in perspex fronted cages . consisting
of dexion‘angled'metal framework with aluminium top And sides
(43cm x 58cm x 58cm).. There was a 'false floor'}toieach cage m$de of
pérforated aluminium. This contained four hole#'iﬁto which plastic
cups filled with sand were placed and into which fémale locusts’deposited‘
their egg pods. Thev'falsé floor' was separated frbm the trué flooxr by
a space'lOcm high and the faeces from the locusté passed through the
holes in ﬁhe'?false floor' into the space beneath. . Each cage was
illuminated bf a 40 watt bulb which resulted in temperatures within the
cage varying from 30~40°C aécording to the proxiﬁity to the bulb. Thg
locusﬁé were supplied daily with fresh grass, watef and Bemax.

Throughout their devélopment, animals were reared at sufficiently

high density to ensure their remaining 'gregarious' (Joly and Joly 1953).
EXPERIMENTAL ANIMALS

Some éxperiments required that the locusts be aged accurately.
To achieve this, cages containing late 4th instar locusts were éhecked
twice daily at 10.00 a.m. (8 + 8 hours old) and 6.00 p.m. (4 * 4 hours old)

and any newly moulted 5th instar locusts were removed to experimental cagés;
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These cages were cylindrical, made from aluminium and acetate sheet
(144cm2 x 40cm) and provided with wooden perches.

A Experiméntal animals were supplied daily with fresh grass and
water. No special illumination was provided, resulting in a slightly
lower temperéture than in the stock cages, but ensuring that all animals

were at constant temperature.
CHEMICALS

All chemicals used were the purest available and were generally
supplied by Sigma Co., Kingston—upon—Thameé, Surrey, U.K. or B.D.H.,
Poole, Dorset, U.K. Juvenile Hormone, synthetic, B grade, was supplied

by Calbiochem. Ltd., Bishops Stortford, Herts., U.K. -
GLASSWARE

Pyrex glassware was used throughout. Prior to use it was
cleaned by soaking overnight in 2% 'Quédralene' léboratory detergent,
followed by several rinses in hot tap ﬁater and then distilled water.

The glassware wés then dried in ovens except»for‘glass/teflon homogehisers

which were allowed to drain at room temperature.
STATISTICAL TECHNIQUES

Statistical comparisons of data were performed uéing the
conventional technique described by Snedecor and Cochran (1967). Where
necessary, the statistical tables of FiSéhe; and Yates (1963) were used.

Values and probabilities less than 0.05 were taken as significant.
INSECT RINGER SOLUTION

Unless otherwise stated in the text the composition of the .

Ringer solution used in experiments was: ‘NaCl 100mM, KCl 8.6mM, Cacl2 2mM,
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2O 8.5mM, NaH2

H.E.P.E.S. 25mM, pH 7.2.

MgC12,6H PO, 4mM, NaHCO, 4mM, glucose 34mM, NaOH 1llmM,

4 3

EXPERIMENTAL PROCEDURES:

l. To determine the rate of fluid secretion by the Malpighian tubﬁles

of Locusta

In vitro measurements of the rate of fluid secretion were
carried out using essentially the same technique ae that described by
| Maddrell and Klunsuwan'(l973).

. Animals were killediby twisting the>headASuch that the 'neck'
euticle was separated from the thorax. The abdomen was then cut
transversely just forward ef the posterior tip and the alimentary canal
drawn out through the thorax. The entire alimentaiy canal was immereed
in Ringer solution contained in a emall trough in a perspex dish. The
head remained gutside the dish to prevent contaminetion by regurgitated
fluid. -The whole preparation was then covered with'liquia paraffin.
Individual Malpighian tubuies.were drawn eut of the Ringer solution and
looped around stainless steel pegs'surrounding the.trough.(Figure 2.1).
These fubules were then partially severed at one point along their length
using a fine tungsten needle. The rate of fluid secretion was determined
by measuring the increase in diameter of the droplet secreted from the cut.
As many as twelve tubules could be set up in thie way using a single animal.
ihe initial droplet of fluid secreted over the firse lo.minutes was removed
before making the experimental readings. The secretion rate for each
~tubule was determinedbby meesuring the diameter of the secreted droplet
every 5 minutes for 35 minutes. The 'normal' Ringer solgtion was then
replaced with either fresh 'normal' Ringer solution or an experimental
Ringer solutien before redetermining the rate of secretion over a eecond

35 minute period.
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The volume of fluid secreted was calculated, assuming the
droplet to be a sphere, and expressed in nls/min. The effect of the
particular treatmeﬂt Qas determined by comparing the rates of secretion
over the two 35 minute periods. In this way each tubﬁie acts as its
own control. This 1s necessary as the rate of secretion varies
considerably from tubﬁle to tubule.

All experiments, unless otherwise'statéd in the text, were

carried out at 30 * 0.1°c.

2. Microsomal prqgaration of a Na+, K+—activated ATPase (E.C.3.6.1.3.

Skou 1965) from the Malpighian tubules of Locusta

Reagents

Homogenisation medium (pH 7.2) : Histidine/HCl  40mM
Mannitol 250mM
EDTA 5mM

Sodium deoxycholate 0,1%

Sodium lodide extraction medium (pH 7.2) : MgClz' _ 5mM
NaI - 4 M
EDTA - 10mM.

washing medium (pH 7.2) : NaCl . 5mM
EDTA | SmM -

Ionic reaction medium for total ATPase

(pH 7.2) - : MgClzl 8mM
NaCl | 200mM
KCL . 40mM

Histidine ~ 50mM

(gives final concentration of MgC12 4mM, NaCl 100mM, KCl 20mM)
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Ionic reaction medium for Mg2+-dependent ATPase

(pH 7.2) : MgC12 8mM
Histidine 50mM
(gives final concentration of MgCl2 4mM)

Cirrasol mixture v : Mix equal volumes of
1% Cirrasol ALN-F in
_ deionised water with 1%

- "ammonium molybdate in

- 1.8M H2804

Tris ATP 12mM (final concentration 3mM)

The tris ATP used iﬁ ﬁhé experiments Qés prepared from the
disodium salt. The required amount of ATP was:diSsolved‘in a small
volume of deionised water and this was then poufed'through 'charged'
Dowex resin, in a Buchner funnel, four times. Thé Dowex resin was
rinsed several times with deionised water which Qaé pooled with the
ATP solution to make up almost tﬁe required volume. The ATP was then
in the H' form and it was converted to the Tris salﬁ-by the addition of
a few drops of 2ZM Tris buffer:to give a pH of 7f2. ' The solution was

made up to final volume with deionised water and stored at -20°C. .

Preparation of microsomes

Equal numbers of male and female locusts were used in all
experiments, the tot&l number used varying with the size of the experimeht.

Locusts were killed by decapitation and the Malpighian tubules
quickly dissected out and placed in 1Omls of homogenisation medium in a
glass Potter-Elvehjen homogenising tube. Homogénisation wa# carried

out with a Teflon pestle (clearance 0.1 - 0.15mm) giving 10 passes of
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the plunger at 2,000 r.p.m. The homogenate was_ektracted with an equal
volume of NaI for 30 minutes at o’c (Nakao et al. 1965}, The extract
was diluted to 50mls with deionised water and centrifuged at 50,0009

for 30 minutes at OQC. The pellet was discarded and the supernatant
centrifuged at 100,000g for 60 minutes. The reéuiting pellet was
suspended in washing medium and centrifuged at loo;ObOg for 45 minutes,
This washing procedure was then repeated twice, centrifuging at 100,000g
for 3Q minutes each time. The final peilet was sﬁ§pended in deionised

water by homogenisation.

ATPase assay

Unless otherwisé stated in the ﬁext, éil experiments were run

for 30 minutes at 30°C; ’

" Pairs of tubes contaihing 1.0ml of appropriate reaction media
and 0.5ml ATP were set up and equilibrated at 36°C for five minutes.
The reaction was started by the addition of O.Sml.of the ﬁicrosomal
preparation and stopped by the addition of 4.le‘fieshly prepared
Cirrasol solution (Atkinson et al. 1973). The tubes were then left
for 10 minutes at room temperature for the yellow colour té develop;
The optical density of the final solutions was measured at 390nm in a
~Pye Unicam Sp 1800 dual beam spectrophotometer.' Inorganic phosphate
was measured by reference to a calibration grapﬁ_prepared by aéséy of
standard phosphate solutions. A reagent blanktmeésuring non-enzymatic
hydrolysis of ATP was prepared by addition of Cirrasol solution before

the enzyme was introduced.
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- +  _+ »
Calculation of Na , K -activated ATPase activity

Enzyme activity was measured by determining the amount of
: + o+ .
inorganic phosphate released. Na , K ~activated ATPase activity was
obtained as the difference in inorganic phosphate liberated in reaction

' +
2+ and that in media containing M92

+ 4+
media containing Na , X and Mg
alone, The Mgz+—dependent ATPase activity was dbtained as the difference
v ' , .
in inorganic phosphate liberated in reaction media containing Mg2 and

the control tubes (reagent blank).

Analysis of inorganic phosphate

Standard phbsphate solutions were prepared from a stock

solution containing 20g phosphorus (as KH PO4/ml). .Serial dilution of

2
this stoékjSolution gave.samples of 20, 15, 10, 5, 2),1, Og Pi/ml.v To
2mls of‘each sample 4ﬁls of cirrasol solution were addéd; Tbe:tubes.
were allowed to stand at room température for ldvminuteé before
measuring the optical density at 3%nm. A calibration graph was then

prepared by plotting the concentration of inorganic phosphate in nmoles

agalnst absorbancy. A typical example of this can be seen in Figure 2.2.

3. Estimation of protein

The method used was that of Lowry et al;.(l951) using Bovine

Serum Albumen (B.S.A.) Fraction V as standard.

Reagents:

(i) 2% Nazco3

(ii) 0.5% CuSO4

(iii) 1% KNa Tartrate
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Folins Solution A:

Prepared by mixing egqual volumes of (ii) and (iii) and to

each volume of this adding 50 volumes of (i).
Folins Solution B:

Prepared by diluting 4 volumes of Folin Ciocalteaus phenol

reagent with 6 volumes of distilled water.
Method

3mls of Folins Solution A were added to O.Zmls of protein
solution and this was allowed to stand for.30 minﬁﬁes at room temperature.
0.3ml of Folins Solution B was then added and the resﬁlting solution
allowed fo stand for a further 60 minutes at room'teﬁperature. The
optical‘density was then measured at 500nm.

Protein standards of 400, 300, 200, 150, 100, so,_Og/ml were
prepared. A.calibiaﬁion graph of protein concentration vs, absorbancy
could then;be constructed from which unknbwns could be determinedf‘ A
new calibration graph was constructed each time an éésay was carried out.

A typical calibration graph can be seen in Figure 2.3,



Figure 2.3
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CHAPTER 3

ULTRASTRUCTURAL STUDIES ON THE MALPIGHIAN TUBULES OF

LOCUSTA MIGRATORIA

Numerous studies have been carried out to determine the fine
structure of the Malpighian tubules of a wide variety of insect species.
These include Melanoplus differentialis (Beams et al. 1955), Dissosteira
carolina (Tsubo and Brandt 1962), Calliphora erythiocephala (Berridge and
Oschman 1969), Carausius morosus (Taylor l97la‘and b) , Periplaneta americana
(Wall et al. 1975), Jamaicana flava (Peacock ahd Anstee 1977), and Locusta
migratoria (Bell and Anstee'l977). Several researchers have reported the
presence of two distinct cell types (Berridge'and Oschman 1969; Taylor
1971a ahd b; Wall et al. 1975; Peacock 1975; Charnley 1975; Bell 1977) .
These authors report that the majority of the tubule is'composed of
'primary’ (Berridge and Oschman‘l969) or 'Type-I',kTaler 1971a) celis
which are structurally different from the so-called 'stellate' (Berridge ‘
and Oschman 1269), 'Type II' (Taylor 1971lb) or 'secondary' (Peacock 1975)
cells which are less frequently encountered. The primary cells are
.characterised by the.following features: They exhibit extensive
invaginations of the basal cell surface forming a system of extraceLlular
channels and spaces whilst the luminal surface forms a microvillar border.
Closely associated with both the apical microvilli and the bésal cell
membrane are'large ﬁumbers of mitochondria. Thésé features are
characteristic of many other transporting epithelial cells e.g. mammalian
kidney (Rhodin 1958), mammalian gall bladder (Kaye et al. 1966) and insecﬁ
salivary gland (Oschman and Berridge 1970) . Asvmentioﬁed eailier (see
Chapter 1), several models, proposed to explain_flﬁid movement across
epithelia, have attempted to relate these fine structural features to

function (biamond and Bossert 1967, 1968; Berridge and Oschman 1969;
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Taylor 197la). Perhaps the model which has attracted most attention

in recent years is the Standing Gradient Hypothesis'of Diamond and Bossert
(1967, 1968) which has been used to explain fluid movement across the
Malpighian tubules of Calliphora by Berridge and bschman (1969).

The secondary cells are smaller than thé primary cells and have
reduced basal infoldings and a less dense apical microvillar border.
Furthermore, the cytoplasm of the secondary cells is very rich in endoplasmic
reticulum, secretory vesicles, Golgi bodies and lysdsOmes (Berridge and
Oschman 1969; Taylor 1971b; Peacock 1975). Whilst»the precise function
of these cells remains uncertain it has been'suggeéted that they may secrete
mucopolysaccharides (Martoja 1956, 1959, 1961; 'Betkéioff 1960} . In contraSt[
Berridge and Oschman (1969) suggest that they mayfbe involved in the
absorption 6f ions and water from the lumen.

Previous stuﬁies on the ultrastructure of insect Malpighian_
tubules have been carried out on mature adult inéects (Berridge and Oschman
1969; Taylor 197la and b; Bell and Anstee 1977; Peacéck and Anstee 1977).
With the exception of a study by Ryerse (1977) relatively little is known
of how Malpighian tubule structure varies with deyeiopment. Ryerse (1977)
found that the Malpighian tubules of Calpodes ethlius were extensively
‘remodelled at the larval-pupal metamorphosis. In éarticular, mitdchondria
were retracted from the apical microvilii and the latter and the infolds
of the basal cell membrane were reduced. Associatéd with these fine
structural changeé Ryerse (1978) found marked changés in Malpighian tubule
fiuid secretion. Fluid transport ceased when the mitochoﬁdria were
retracted and resumed during the pupal étage wheﬁiﬁhe mitochondria were
reinserted into the microvilli. Similarly, changéé in cell ultrastructure
have been'corfelated with functional variation ig ofﬁef secretory epithelia.
Diehl et_él. (1977) feport that the salivary gland cells of the tick

Amblyomma hebraeum undergo radical ultrastructural changes during the
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feeding pericd. They noted that there was increased development of the
plasma membrane invaginations and an associated increase in mitochondrial
numbers. At the same time the rate of fluid secretion by the salivary
glands increased (kaufman et al. 1976). |

The purpose of the present study was te e#amine the ultrastructure
of the Malpighian tubules of mature adult Locusta. In addieion this stﬁdy
has been extended to determine what fine structural ehanges occur throughout
the 5th stadiﬁm and into early adult life to provide a basis for subsequent
physiological and biochemical studies. The observations made will be
presented in two sections: I. The ultrastructure of the Malpighian
tubules from mature adult insects. II. Changes:in the fine structure

of the Malpighian tubules throughout the 5th stadium into early adult life.

Materials and Methods

"~ Sexually mature locusts of both sexes were used for ultrastructu?al
studies. The animals were killed by decepitatioe and the Malpighian
tubules, together with an adjoining 'collar' of gut, were quickly dissected
out in ice-cold Ringer solution. The tubules were‘fixed in 5% glutaraldehyde
buffered with 0.1M sodium dacodylate (pH 7.3) overnight. The tissue was
then washed for 2hrs in 0.1M buffer containing 0.2M. sucrose prior to post-
fixation with 1% osmium tetroxide in 0.1M sodium cacodylate buffer (pH 7.3)
for 2hrs. The material was then dehydrated threugh a graded series of
alcohols; 10 minutes ;n each of 50%; 70% and 95% alcohol, followed by two
30 minute periods in absolute alcohol. After two;lo minute rinses in
propylene oxide the heterial was left in-e 50:56 mixture of lEpon epoxy
resin and propylene oxide overnight, Following infiltration in Epon for
8hrs, the material was embedded in fresh Epon and polymerisation was effected

o
at 60 C for 48hrs.
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Silver/silver—gold sections were cut on a Reichert NK ultratome,
expanded with diethyl ether vapour and mounted on uncoated copper grids.
Sections were stained with uranyl acetate followed by lead citrate
(Reynolds 1963) prior to their examination in an AEIfBOl electron
microscope.

In the study on fine structural changes associated with
development, the tubules from 5th instar and early adﬁlt locusts were
subﬁected to a somewhét different method of fixation and embedding.

Aged animals were killed as described above and thé'tubules fixed in
2Karnovsky's fixativevfor l-1%hrs at 4OC. | The ﬁissue was post-fixed with
1% osmium tetroxide in O0.1M sodium cacodylate buffer for lhr before
dehydration through a .graded Seriés of alcéholé: 15 mins in each of

70%, 95% and absolute alcohol with 3 changes at'$ min intervals in each;
1:1 absolute alcohol:l acetone, 3 changes in 30 mins; acetohe, 3 changes
in 30 mins. The material was then placed in a 1:1 mixture of propylene
oxiae: Araldite-at 45°c for 30 mins prior to embedding in 3Araldite.

Polymerisation'was effected at 45°C for 12hrs followed by 48hrs at 600C.

1. Epon 812 epoxy regin: equal parts of A
| Epon.812;>(62 vols)
D.D.S.A. (100 vols)

and . o B

Epon 812 (100 vols)

M;N.A. (89 voLs)
2. Karnovsky's fixative: paraformaldehyde | 29
| distilled water- 40mls
_lNAN;OH : 2-6 drops
+
25%_glutaraidehyde lOmi

0.2M sodium cacodylate 10ml pH 7.3
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3. Araldite: Araldite ~ 10ml
D.D.S.A. v 10ml
dibutyl phthalate 2ml

DMP 30 Iml

Observations and Discussion

Section I. The Malpighian tubules of mature adult Locusta migratoria

Mature adult Locusta migratoria possess approximately 200
Malpighian tubules. These are blind-ending tubﬁles)Aapproximately 15-20mm.
long and 50-80um in diameter, which open into the alimentary canal by way
of 12 ampullae at the junction of the mid-gut an& ‘the hind-gut.  The
Malpighian tubules lie free in the haemocoel extendihg forward to the mid-
gut caeca and backward to the rectum. They are well supplied with tracheae
which give off numerous tracheoles which are in immediate contact with |
individual tubules. |

_The Malpighiap tubules have a uniform morphological appearance
along fheir length. They afe composed of two types of cell, primary and
secondary (Plates 2,11); the primafy cells making up the majority of the
tubule (Pla;e 1). The outer surface (i.e. the basal surface) of each
tubule is completely ensheathed by a thick (0.4um) ‘basement membrane
(Plate 3). A transverse section throﬁgh a priméry celllis shown in Plate 2.
Each primary cell can be divided morphologically into 3 distinct regions:

basal, intermediate and apical.

Basal region

Thé basal cell membrane is extensively infolded forming a complex

system of long narrow extracellular channels running perpendicular to the
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basement membrane and extending for variable distanceé iﬁfs the cell

(Plate 3). ' These extracellular channels measure 4-8um in length and‘are
ca. 0.03um across. The cytoplasmic compartmentsvbetween the extracellular
channels are ca. 0.075umwide. Where the basal cell membrane meets the
basement membrane, the cytoplasmic processes exhibit electron dénse tips
(Plate 3) which are similar to the hemi—desmosqmehjﬁnctions described by
Berridge and Oschman (19695 in the'Malpighian tubqles of Calliphora, by
Tayloxr (197la) in Carausius moiosus and by Bell and Anstee (1977) in

Locusta migratoria. The cytoplasmic compartments petween the basal infolds
contain numerous mitochondria and sﬁall vesicles méasﬁring 0.05-0.25um in

diameter (Plate 3).

 Intermediate region

This region contains the nucleus and nuﬁefous other cellular
inclusions. Thé nucleus is a large rdughlf sphericél‘body surrounded by
a well-defined nuclear membrane (Plate 4). The cytoplasm contains many
vacuoles of different sizes (0.4-1.0um in diameter)f ‘Scme of these appear
empty whilst others contain granules of varying eieétron density (Plate 5).
Indeed, many inclusions contain concentric layers'df”electron dense material
(Plate 6). Several‘multi—vesiéular bodieé (Berridge and Oéchman 1969;
Taylor 197la) were also observed. The cytoplasm in this region also
contains numerous free ribosomes, fragments of roﬁgh éndoélasmic reticulum,

occasional Golgl bodies and mitochondria (Plate 7).

Apical region

The apical surface of the primary cells is composed of numerous
closely-packed microvilli which project into the lumen of the tubule
(Plate 8). The microvilli are 3-5um long, club-shaped and approximately .

0.15-0.4um in diameter at their widest point. A number of the microvilli
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contaiﬁ processes of the apical mitochondria. Ih general, those microvilli
containing mitochondria appeared to have larger diaméters than those from
which mitochondria were absent. Small vesicles were infrequently observed
at the bases of the microvilli and in their 'swollen' tips (Plate 9).

The plasma membranes of adjacént cells are joined together
laterally by séptate desmosome junétions (Plate lbf; This sort of junction
was first described by Locke (1965) and designated comb or septate desmosome
by Danilova et al; (1969) . Towards the iuminal bordex, the desmosomes
widen out to form the so-called Macula édhaerens,jundtions (Plate 10) in

~which a layer éf electron dense maﬁerial is attacheé.to the cytoplasmic
side of the aﬁjacent membranes. | .

Throughout éhe present study numerous,.small,.coated vesicles
were observed in the cytoplasm of the priméry cellsvof Locusta (Plate 2).
Similar vesicles have‘been described in the tubuies of Gryllus (Berkaloff
1960), Drosophila (Wessing 1965; Eichelberg and Wessing 19755, Carauéius
(Taylor 1971la) and Jamaicana (Peacock and Anstee 1977). Experiﬁents on
Drosophila demonstrated that the vesicles arise ffom the basal cellular
infoldings and pass through the cell cytoplasm to the'lumen where theyv
empty their contentsvoEichelberg and Wessiﬁg 1975). In this way these .
structures could peihaps be involved in the éntry of urina;y cqnstituents
into the cellé_and théir exit into the lumén (Eiqheiberg and‘Wessing_l975).
It has been suggested that water and solutes could.traverse the cell inside
such vesicles by the mechahism known as cytopempéis'fWiggleswotth and
Salpeter 1962; Wessing 1964, 1965). Thévpresence‘of similar vesicleé
throughout the cytdplasm of Locusta primary cells suggests that some
substances may be transported aéross the tubules,in.this manner. ‘However,
it has been pointed out by Taylor (197la) that it is unlikely-thét this
process qontributes significantly to normai 'uriné; production as the»

. Vesicles would have t§ form and disappear very rapidly to account for the

volume of 'urine' produced.
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There are a &ariety of other cytoplasmic inclusions found in the
inﬁermediate region of Locusta primary cells. These range from multi-
vesicular bodies, residual bodies and vacuoles tovva?ious stages of
lamellated concretions. Most structural investigétions of Malpighian
tubules have noted ﬁﬁe existence of gfanulaf structurés variously termed
'dense bodies', mineralised spheres and concfetions (Berkaloff 1958;
Wigglesworth and Salpetér 1962; Wessing and Eichelbérg 1969; Sohal et al.
1976) . The chemical nature and the physiological significance of these
concretions is still pborly understood. Mést of the current knowlédgé of
their chemical composition comes from histochemicél studies.  Uric acid,
calcium urate and pdssibly phosphate have been reéqrted in concretions
from Gryllus (Berkaloff 1958). Similar concretiéﬁé_in Rhodnius however
were considered to consist of minerals suchvas Cazf,.Mg2+ and Fe3+‘carbonates
rather than urate (Wigglesworth and Salpeter 1962). Gouranton (1968)
has identified similar minerals in the concretions-of homopterans and Wall
et al. (1975) suggest that these sphereé have a r§le in calcium phosphate
storage in Periplaneta. Mucopolysaccharides, sodium and potassium have_
been localised iﬁ the concretions of Drosophila larvae (Wessing and
Eichelbergyg 1975) and it has been suggested that thé_éoncretioﬁs may be
involved in the transepithelial movement of substances. Using X-ray
microanalysis Schal ef al. (l976)>have identified phosphate; chloride,
sulphur, potassium, calcium and iron in the concrétions from Musca tubules.
The specific role of these mineralised spheres in the excretory process
remains cohtroversial. It has been suggested tha# ﬁhey may concentrate
- substances removed from the haemolymph and extrude them into the tubule“
lﬁmen (Berkaloff 1960; Wessing and Eichelberg 19755. However, there is
no evidence to suggest the extrusion of intracytoplasmic concretions into
the tubule lumen. Sohal et al. (1976) suggest that sequestration of metal

ions within the concretions may provide a means for the effective excretion

of these elements.
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The close association of large numbers of mitochondria with
the basal and apical,éell surfaces, referred to‘above, suggests th#t'
energy requiring procésses take pLace on or near.the basal and apical
cell membranes in Locusta. Similarly, mitochondfia have been found
associated with the basal and/or apical suifaceg'in the Malpighian tubqles
of other insects (Berridge and Oschman 1969; .Taylér 1971a; Wigglesworth
and Salpeter 1962; Peacock and Anstee 1977; Ryerse 1977). Studies on
a variety of insect species have establiéhéd that in the majority activé
tranéport of K+ across the tubule into the lumen is necessary to generate
‘urine' flow (Ramsay 1956; Berridge 1968; Pildhgr.197o; Anstee et al.
1979). Such active transport is an energy req#iriﬁg process and the
coﬁcentration of mitochondria near to the apical and basal surfaces éf
L&custa tubules suggests that energy demanding processes,aré likely to be
taking place at both surfaces. This is cpnéistent with previous suggestions
(Berridge and Oschman 1969) that there are two separéte components of'K+
transport in insect Malpighian tubules; a Na+/K+.exchange pump at the bésal o
surface and an electrogenic xt pump at the apical surface.

The basal and apical invaginations of ﬁﬁe cell membrane are
features characterisﬁic of cells from other transporting epithelia (Pease
1956; Rhodin 1958; Fawcett 1962; Xaye et al. 1966; Berridge and Oschman
1976). " It has been variously suggested that fhe membrane elaborétions may ‘
'(a) provide a large surface area for.locationqu active transport sités
(Fawcett 1962), (b) increase the membrane permeébility to Water (Pease -
" 1956; . Taylor 197la), {(c) enable the miﬁochondria to be brought close
to the membrane surface (Taylor 197la), and (d) - provide geometric conditions
for the formation 6f osmotic gradients (Diamond and Bbssert 1967, 1968). In
recent'years much attention has been paid to the 'architecture' of the basal

and apical unfoldings and their significance in the mechanism of fluid
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transport. Berridge and Oschman (1969) haVe discussed the application:
of the Standing Gradient Hypothesis of Diamond énd Bossért (1967) to the
Malpighian tubules of Calliphora (see Chapter l).b Basically it is
suggested that the membrane infoldings enable the formation of standing
solute gradients within fhe extracellular channels and that thesé gradients
provide the osmotic force necessary fo; fluid flow: However, several
objections have been raised against the application of the Standing Gradient
Hypothesis to insect Malpighian tubules. Maddrell'§l97l, 1977) has
pointed out that the depth of the basal infoldinés of insect Malpighian
tubules (5—10um) is very much shorter fhaﬁ the model systems‘of up to
ldOum long analysed by Diamond and Bossert'(l967);A ‘Taylor (197la) has
calculatedvthat.thevstanding osmotic gradieﬁts infthé channels of Carausius
Malpighian tuﬁules would therefore be very small: Hill (1975a, 1977) |
also argues against the Standing Gradient theory since the osmotic
permeabiiitiés of the cell membranes required to:ensure-isotonic flow
would be so high as to be virtuaily impossible. furthermore, Gupta et al.
(1977) have determined the ionic concentrations in the basal cytoplasm of
Calliphora Malpighian tubules using electron prcbg xjray microanalysis.
They found that a significant gradient of K+ existstin this region'although
the direction of this gradient is the reverse of tﬁat postulated by
Berridge and Oschman (1969) when aéplying the Standing Gradient Hyéothesis.
Similarly, they found that the concentrations of Na+, K+ and Cl~ measured
along the channels between microvilli in Rhodnius'are directionally opposite.
to that needed to support the Standing Gradient theory.

The primary cells of the Malpighian.tﬁﬁdlés of Locusta are very
similar in ultrastructure to those of Calliphora,'as described by Berridge
and Oschman (1969).  The dimensions of the basal infolds and fhe apical

microvilli agree well with those same regions in Calliphora. On this basis
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the Berridge and Oschman model for Calliphéra could also be applied to
explain fluid fransport aéross Locusta tubules., However, in view of the
objections mentioned above, it seems unlikely that this is in fact the
mechanism in operation. Several other theories for fluid transport across
epithelia have been described in Chapter 1, and of these the theory of
Taylor (1971a) seems most plausible for Malpighian tubules. | Taylor (1971a)
suggests a very simple mechanisnm, which is ésséntially as envisaged by
Ramsay (1953), to explain wafer and solute coupliné;'_ Active transport
bof solute (mainly K+ and accompanying anions) across the basal surface
would mainfain the cytoplasm hypertonic to the haemqumph. At the same
time, active solute transport across the apical sﬁrfaée‘would maintain
the lumen hypertonic to. the cells. Water‘wouldAt#en.flow as‘a result of
these sméll-oSmotic pressure differences, theif magnitude being determined
by the rate éf solute transport and the osmotic permeability of the |
membrane. This being so, the invaginations of thé basal and apical cell
membranes would be developments to increase thé surface area for thg
presentation of active transport sites as well as increaéing the overall
permeability of the cells to water.

As mentioned above, the Malpighian tubuléé of Lécusta are
_ completely ensheathed in a thick basement membrane. ‘ It is thought that
in some Malpighian tubules the bésement membrane denies large molecules
access to the tubule cells. Locké and Collins (1967, 1968) showgd‘that
the basement membrané did not allow blood proteins and injected peroxidase
éccess to the Malpighién tubules of Calpodes; i Bgrridge and Oschman (1969)
also suggest that thé basement membrane operéfés'aé'g filter, preventing
high molecular weight proteins from accumulating in the basal chénnels.
Evidence from electron micrographs,showed that thé basal infolds did not

accumulate protein, and there was no evidence of micropinocytosis from
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the channels into the cells (Berridge and Oschman 1969). However, this
feature is not common to all insects and the basemént'membranes of other

Malpighian tubules seem to be more permeable. Uptake of proteins including

horseradish peroxidasé (m.w. 40,000) from the hagmolymph has been
demonstrated for the Malpighian tubules of Gryllus (Berkaloff 1960),
Drosophila (Wessing 1965) and the dragonfly Libellula (Kessel 1970). It
may be significant that in these tubules micropin0cyt§sis does take place
at the basal surface. In Carausius too there is evidence of extensive
miCropinqcytosis, and Taylor (197la) suggests that the main function of
the basement membrane in this insect is to protect the tubules agéinst
distortion by intraluminal pressures created by muscular activity and trans-
tubular transport.

There was no evidence of pinocytic activity at the basal surface
of Locusta tubules invthe present study but further studies are clearly
required to determine whether the baseméﬁt membrane.is permeable to large‘

molecules in this insect.

Secondary Cells

These cells were found. infrequently in electron microgréphs of
the Malpighian tubules. They are immediately distinguishable from the -
primary cells which are larger and'hore electron QénSe (Plate 2).  ‘The
structure of a typical secondary cell is shown‘ih.Pléte 11. The appearanCé
is very characteristic of secretory cells; Golgi bodies associated with
vacuoles are abundant in the cytoplasm as is‘well?developed endoplasmic
reticulum éonsisting of paraliel arrafs gf fouéh;§u¥faced membranes
(Plate 12). The basal cell membrane is invaginated tq form a series of
narrow channels {ca. l—l.Sﬁm in lehgth) and cytop;aSmic processes, However,.
these are much less extensive than in the primarf cells énd the infolds do

not extend as far into the cell (Plate 11). The basal cytoplasmic
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processes contain mitochondria but these mitochondria are somewhat smaller
than those found in primary cells. |

The apical cell membrane gives rise to microvilli but these‘are
sparse and shorter (qa. l—2pm) than those of the primary pells (Plate 11).
Mitochondria are rarely associated with this regionjand do not extend into
the microvilli. In several sections numerous vacuoles were found at or
near the apical border:(Plate 11, 13). The contenfs of éOme of these
vacuoles appeared to be being discharged into the tﬁbule iumen by the process
of exocytosis (Plate 13). This process of fusioﬁ between the plasma
membranevand the membféne surrounding an intracellﬁlér vésicle or vacuole
has been noted in many'cell types. | |

These secondéry cellsvin the Maléighian.tuﬁulES of Locusta are
similar in structure to those reported in tubules f?oﬁ'other speciésf
Berridge and Oschman (1969) have described 'stellate cells' in the
- Malpighian tubules of Calliphora which also have extensive enﬁoplasmic
reticulum, well-developed Golgi complexes, numerous §acuoles and reduced
infoldings of the basal and apical cell surfaces. K_Similarly, Taylor (1971b),
Wall et él. (1975) and Peacock (1975) have described suéh cells in the |
tubules of Carausius morosus, Periplaneta americana and' Jamaicana flava
respectively. Secoﬁdary cells have been described éreviously in the
Malpigﬁiaﬁ tubules of Locusta by Martoja (1959,.1961), Peacock (1975) and
Charnley (1975).

Two main functions have been proposed for thesevsecondary cells,
the secretion of mucopolyéaccharides (Martoja 1956, 1961; Berkaloff l960),
and the.absorption of ions and water from thé:ﬁﬁbule lumen (Berridge and
Oschman 1969) . Martoja (1956, 1961) and Berkaldff'(lgeo) have demonstrated
hiStochemically celis in the Malpighian tubules of various Orthoptera that

contained acid mucopolysaccharides. Berridge and Oschman (1969) have
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_suggested that fhe stellate cells of Calliphora are involved in the
‘reabsorption of Na+ from the tubule lumen and that reabsorption is
~ responsible fé? the low Na+ content of the tubule éluid. They point out
that ﬁhe high Na+ concentration of the fluid secréted by the distal
segments of Rhodnius tubules (Ramsay 1952) might arise because this region
appears to lack stellate cells (Wigglesworth and Salpeter 1962), whilst
in the proximal_region the 'urine' becomes hypertonic as Na+ is returned
td the blood. .'Taylor (1971b) has also noted that the low Na+/K+ ratio
found in the disﬁal region of Carausius tubules by Ramsay (1955) and the
high ratio of these ions in the proximal region of the tubules correlates
with an increase in the frequency of Type II cells from the proximal to
the distaliregion of the tubule.

The obsefvations of the présent study offer neither criticism
or support of these'proposals. The secondary cells of Locusta possess
features chafacteristic of both transporting and secretory epithelia.
Whilst histochemical tests were not carried out in the present study
the abundanég of rough endoplasmic reticulum, Golgi bodies and vacuoles
is‘suggestive-of a secretory role, fhe product of which méy be mucus.
Taylor (1971b) also suggests a secretory role for the Type II cells of
Carausius morosus and considers the mucus produced'to be a lubricant
assisting the_péssage‘bf faeces along the gut. Whether or not the
secondary cells of Locusta aie involved in Na' reabsorption remains to be
established. It is doubtful that they could play a part in active re-
_ absorptionbof ﬁa+ since very few mitochondria are found in the secondary
cells and those that are presént do not associate with the apical cell surface,
However, this would not preclude a passive entry of Na+ into the secondary
cells. In addition, Berridge and Oschman (1969) have also suggested that
Na+ reabsorp£ion may be by way of septate desmosomes directly from the
primary cells; The septate desmosomes are thought to offer little resistance
to such transcellular movements whilst being impermeable to transepithelial

movements (Loewenstein 1966) .
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Plate 1

Low power transmission electronmicrograph showing a
tranverse section through a Malpighian tubule. The tubule is
completely surrounded by a basement membrane (BM) which énvelops
the muscles (m) which run along the length of the tubule. The
majority of the tubule is made up of primary cells which are
characterised by invaginations of the basal cell membrane (B)
and numerous microvilli (mv) which project into the lumen (L).

Scale = 1Oum

_ Plate 2

~ Transverse section electronmicrograph showing a
primary cell. The infoldings of the basal cell membrane (Bl)
extend for up to one-third of the length of the cell. ' The
apical cell membrane forms a microvillar border (mv). Note
the presence of numerous mitochondria (M) and concretions (C).

Scale = lum









Plate 3

Higher power transmission electronmicrograph showing

a T.S. of a primary cell. The basement membrane (BM) can be

seen to be a layered structure. The infoldings of the basal

‘cell membrane (Bl) give rise to extracellular channels (EC).

Where the basal cell membrane meets the basement membrane
there is an increase in electron density on the cytoplasmic
side forming hemidesmosome junctions (H). The primary
cells are joined together laterally by septate desmosome .
junctions (SD). In the apical region the desmosome widens
out to form a zonula adhaerens junction (Za). Numerous

‘mitochondria (M) are present in the cytoplasmic compartments

formed by the infoldings of the basal plasma membrane. - At
the apical surface too there is a large number of mitochondria
some of which are found in the microvilli(Mv). Note also

the presence of numerous coated vesicles (V), occasional Golgi
bodies (G), and vacuoles (Va), multi-vesicular bodies (MB) and
residual bodies (RB). ' :

Scale = lum
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~ Plate 4

Low power T.S. through a primary cell showing the
three main regions : Basal (B) characterised by infoldings
of the basal plasma membrane; intermediate (I) containing
the nucleus (N), vacuoles and concretions; Apical (A) _
which possesses numerous microvilli (MV) which project into
the lumen (L) of the tubule.

Scale = 4um

Plate 5

The cytoplasm of the intermediate region contains
many vacuoles (va) of different sizes as well as multi-
vesicular bodies (MB), residual bodies (RB) and dense
bodies (D). :

Scale = 1ym

Plate 6

Note the presénce of concretions. (C) which appear to
- be made up of concentric layers of electron dense material.

Scale = 0.5um



Plate 7

Note the presence in the intermediate region of the
cell of numerous mitochondria (M), rough endoplasmic reticulum
(RER), free ribosomes (R), vesicles (V) and multi-vesicular
bodies (MB). '

Scale = lum

Plate 8

Transverse section electronmicrograph of the
intermediate region showing a Golgi body (G)

Scale = lpm
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Plate 9

High power transmission electronmicrograph showing
a transverse section through the apical region of a primary
‘cell, The apical surface is composed of tightly packed
microvilli (MV) which project into the lumen (L) of the
tubule. The microvilli are club~shaped and a number
contailn processes of the apical mitochondria (M).
Small vesicles (V) are occasionally found in the tips
of the microvilli.

Scale = 0.5um

Plate 10

High power transverse section showing a septate
desmosome junction (SD). In the apical region the
desmosome widens out to form the macula adhaerens junction
(ZA) in which a layer of electron dense material is attached
to the cytoplasmic side of the adjacent membranes,

Scale = 0.25um






Plate 11

Transmission electronmicrograph showing a transverse
section through a secondary cell. Note the reduced infoldings
. of the basal cell membrane (Bl) and the sparse microvilli (MV).
The intermediate region contains numerous vacuoles (Va),
vesicles (V) associated with Golgl bodies (G) and there is a
well-developed system of endoplasmic reticulum (RER).-

Numerous vacuoles (Va) are also found at the apical cell
‘surface. -

Scale = lum

Plate 12

Note the well-developed system of endosplasmic
reticulum consisting of parallel arrays of rough surfaced
membranes (RER) and the numerous Golgi complexes (G). -

Scale = lum
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Plate 13

_ Transverse section through a secondary cell showing
 the numerous vacuoles (Va) at the apical surface. The .
contents of these vacuoles. appear to be discharged into

the tubule lumen by the process of exocytosis.

Scale = lum
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Section II Changes in the fine structure,of the Malpighian tubules

throughout the 5th instat and in early adult Locusta

The~general ultrastructural appearanCefot the Malpighian tubules
from 5th instar Locusta was essentially the‘same'as thatfdescribed in
Section I. The tubules consisted of .the two types oficell already referred
to. The ultrastructure of the secondary cells apbeared not to change with
development hutlseveral features of the primary cellslvaried with the age
. of the insect. It is contenient to describe these age—dependent changes

under the following headings.

BasaIFMembrane

Invaginations of the basal cell membrane were observed throughout
the 5th instar‘(Plates 14 - 17y,  However, the levels to which the infolds
extend into the cytoplasm varied with age (Plates 14 17 y. Using transverse
section electronmicroqraphs the mean extracellular channel length was
determined by;measuring'the distance from the:basement membrane into the

cytoplasm of - each of 20 adjacent channels for each micrograph Examination

AN
-

of Table 3 1 shows that thé trend was for the extracellular channels to
increase in_length with 1ncreased age throughout the stadium until just
before the larval—adult.moult when the channels became somewhat shorter.
There was a significant increase in channel length between 1 day old 5th
instar locusts (lt45 0. lum) and 7 day old insects (4 26 * 0.1lum) and a
significant decrease in the length of the extracellular channels between
9 day old insects (4. 8 O Sum) and newly moulted adults (2.2 + 0.2um).
Despite this variation in the length of the extracellular channels
their uidth remained fairly constant at apéroximately 0.03ym. However, the

width of the cytoplasmic compartments between the channels did vary with age.

The results in Table 3.2 show that the cytoplasmic;compartments become
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narrower with increasing age, varying from O.llli 0.00%9um in 1 day old
5th instar locusts to 0,06 X 0,001 on Day 7 (Plates-19r19 ). Just before
the larval-adult moult the width of the cytoplasmic compartments increased
to the size observed dn day 1, |

The conclusion one must draw from these measurements 1is that the
dggree of membrane invagination varies throughout the 5th instar. Furthermor@}
the fact that exfracellular channel width remained more or less constant
whilst there was a decrease in the width of the cytoplasmic compartments
between channels suggests that the number of channels increased over the

first 7 days of the 5th stadium,

Table 3.1 Variation in the length of the extraqellulﬁr channels throughout

the 5th stadium

Age oon meanrextracellular channel length ‘ P

(days) um £ S.E.

2hrs 60 1.93 + 0.1

1 day 60 1.45 + 0.1 - 2hrs :1  <0.0l

3 60 1.5 *+ 0,1 1:3 not sig
5 60 2.15 + 0.4 3:5  not sig
7 60 4.26 % 0.1 o 5:7  <0.001

9 ' 60 4.8 £ 0.5 o 7:9  not sig
11 | 60 2,0 % 0.2 . 9:11  <0.001

1 day 60 2.2 + 0.2 9:1 0.001
adult : 11:1 not sig

P values are based on the application of a Students 't' test.
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Table 3.2 Vvariation in width of the cytoplasmic compartments throughout
the 5th stadium
Age n mean width of cytoplasmic compartments P
{days)
um + S.E,

2hrs 60 0.083 + 0.062

1 60 0.11 + 0.009 2hrs:1 not sig
3 60 0.09 + 0.001 1:3 <0.001

5 60 0.06 + 0.004 3:5 <0.001

7 60 0.06 + 0.001 5:7. not sig
9 60 0.07 ¢+ 0.004 7:9 <0.05
11 60 0.1 + 0.009 - §:11f<0.01

1 day ' 60 0.08 + 0.01 11:1 not sig |
~adult '

Apical Microvilli

P values are based on the application of a Students 't' test

As in the case of the infoldings of the basal cell surface,

changes were noted at the apical surface.

Using transverse section

" electronmicrographs mean microvillar length was determined by measuring

20 microvilli for each micograph.

Difficulty was encountered in measuring

microvillar length as the microvilli frequently curve in and out of the plane

of the section., Consequeﬂtly only those micrdviili which could be traced

from the apical cell surfacd to their tips were measured. The results are

shown in Table 3.3. It can be seen (Plates 20-23 ) that the microvillar

length increased significantly over the first 7 days of the instar

(2.8 + O.1ym - 3.3

moult (Day 11, 1.75 % O,lSum).

0.12uym) and then decreased before the larval-adult
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Table 3.3 Variation in microvillar length throughout the
5th stadium
Age n mean length of microvilli p
(days) '
m* S.E.
2hrs 60 2.37 + 0,063
1 60 2.8 % 0.1 2hrs:1  <0.01
3 60 2.37 + 0.14 1:3 <b.02
5 60 2.44 + 0,1 3:5 not sig
7 60 3.3 % 0.12 5:7 <0.001
9 60 1.57 + 0.04 7:9  <0.001
- 11 60 1.75 + 0.15 9:11 not sig
1 day 60 3.36 + 0.19 11:1  <o0.001
adult

P values are based on the applicaﬁion of a Students 't' test

The mean diameter of the microvilli (measured lym from the apical

surface) was also determined.

Examination of Table 3.4 shows that mean

microvillar diameter decreased from 0.14 * 0.002um in 1 day old 5th instar

locusts to 0.07 # 0.004um in 7 day old insects (Plates 24,25y, Just before

the larval-adult moult the microvillar diameter began to increase (0.lum,

Day 11).
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Table 3.4 Variation in microvillar diameter throughout the

5th stadium

Age n mean diameter apical microvilli p
(days) .
Mm + SL.E,

2hrs 60 0.08 *+ 0.005

1 60 0.14 + 0.002 2hrs:1 <0.001

3 60 0.12 *+ 0.007 , 1:3 ©  <0.02

5 60 0.1 % 0.001 - 3:5 <0.02

7 60 : 0.07 *+ 0.004 5:7 <0.001

9 | 60 0.07 t 0.001 » o719 not sig
11 60 0.1 + 0.001 S 9:11  <0.001

1 day 60 A 0.13 + 0.007 o 11:1 not sig
adult ' ' ‘ :

P values are based on the application of a Students 't' test

Mitochondria

The number of mitochondria in the Malpighian tubule primary
cells appears to vary throughout the 5th stadium.., Examination of Plates 26
and 27 suggests that there is an enormous increase in mitochondrial
number between Day 1 and Day 9 of the 5thvstadium. And, comparing Plates
27 and 28 there is an apparent decrease in mitochondrial number
between Day 9 and the first day of adult iife.

The distribution of the mitochondria throughout the cytoplasm
also appears to vary according to age. Throughout the stadium thelmajority
of mitbch@ndria are found in 2 main zones.assoéiated with ﬁhe basal and
apical cell surfaces. In newly moulted 5th inétar.locusts the basal zone

of mitochondria is very narrow and is located a short distance above the
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basement membrane (Plate 29). An apical zone of_simi}ar width is
situated immediately below the bases of the microviili (Plate 30).

As the age of the insect increases, the wiath of the basal zone of
mitochondria increases until on Day 9 the hitochondria are found in the
cytoplasm immediately above the basement membrane kPlate 31). Thus,
with increasing age, the mitochondria come to lié in the cytoplasmic
compartments between the extracellular channels qumed by infoldings of

the basal plasma membrane (Plates 32 - 34). ' Just before the larval-
adult moult (Day 11) and in newly moulted adult.inéects, mitochondria were
rarely found in the cytoplasm alongside the extracellular chanﬁels.

At the apical surface the mitochondrial zone varied'only slightly
in width and the percentage of microvilli cOntainiﬁg mitochondria remained
roughly constant at ca. 15-20% throughout the 5£h étadium.

Similar ultrastructural changes to thoseldescribed above (i.e.
variation in degree of basal and apical cell membrane infolding, and position
of mitochondria) have been described pfeviqusly in the Malpighian ﬁubu;es of
Calpodes ethlius (Ryerse 1977).  Ryerse (1977) obéérved that the aéical
microvilli of Calpodes tubule cells normally contain numerous mitochondria.
However, at the larval-pupal metamorphosis the mitdchondria were.Withdrawn
into the apical cell cytoplasm and dégraded whilst the microvilli remained
intact. At the same time the intracéllular and extracellular channels were
reduced as the basal infplds and the microvilli shortened. Coincident with
these ultrastructural‘changes Ryerse (1978) found a cessation of fluid
secretion by the Malpighian tubules. Renéwal of fluid transport at the
mid-pupal stage was associated with the reinsertion of mitochondria into
the apical microvilli and the reformation of the Sésal and apical channels.

Changes in cell ultrastructure have also been found to correspond

with changes in fluid secretory rates in other transporting epithelia
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(Kaufman et al. 1976). Studies on the salivary éland cells of the tick
Amblyomma hebraeum have shown that radical ultrastruqtural changés occur

in these cells during the feeding period (Diehl ef al. 1977). Diehl et al.
(1977) found an enormous development in plasma membrane invagination along
with an increage in the numbers of mitochondria., _'in these arthropods the
elimination of excess fluid taken in with a bloddtmeai is achieved by the
salivary glands. Associated with the ultrastructural changes describéd
above, Kaufman et al. (1976) observed vastly inéreésed rates of fluid

secretion during the feeding period.

Vacuoles and Concretions

The cytoplasm of the tubule cells contéins numerous vesicles,

vacuoles and concretions. These range from small vesicles and clear

vacuoles (Plate 35), through lamellated concretions (Plate 36}, to

'dense bodies' (Plate 36) as well as 'residual bodies' (Plate 37);

multivesicular bodies (Plate 37) and double-membrane bound vacuoles (Plate 38).:
Coated vesicles were found in the cytoplasmic compartments

between the basal infoldings, in the intermediate‘fégion and at the apical

surface (Plates 35, 39). These vesicles were found to be particularly
numerous in newly moulted 5th instar locusts (Plate = 40). ~ Comparing
Plates. 40 and 41 it can be seen that there is a dramatic reduction'

in the number of these vesicles ovér the first 24hrs of the stadium. The
possible significance:of theSe coated vesicles has already been discussed

in Section I. Wiggleéworth and Salﬁpeter (1962) and Wessing (1965) suggest
that water and solutes may cross the éeli inside such vesicles by tﬁe
mechanism of cytopempis. If this is so, it may be that such a mechanism
has a greater significance.during the first 24 hours after moulting,

. perhaps to quickly rid the body of waste products.
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Multi-vesicular bodies, usually associated with Golgi complexes,
were found in the cytoplasm of the intermediate region throughout the
5th stadium. Similarly 'residual bodies' were algo found at all the
stages observed. |

A variety of vécuolar structures cqntaining'variable amounts of
dense material were also found in the cytoplasm of tﬁé intermediate region,
These ranged from clear vacuoles to lamellated concretions. The concretions
found in the Malpighian tubules of Locusta are éimilér to-those described
in the Malpighian tubules of Rhodnius (Wigglesworth and Salveter 1962)
and Gryllus (Berkaloff 1958). The nature of these concretions has been.
discuésed in.Séction I. Although similar'concrétions have been described
previously,.their origin remains obscure. Observation of several micrographs

at different ages thfoughout the 5th instar of Locusta has provided evi dence

for a speculative sequence of formation of concentric concretions. In
newly moulted 5th instar locusts several vacuoles were observed. Some of
these appeared empty, others had a slight granular inclusion. These vacuolesg

appeared to increase in number with age and to coﬁtain more and more dense
material. Towards the end of the instar most of the inclusions appeared

to be made up of concentric layérs of material. Thié variation in the
density of the vacuoles suggests a progressive incréase in the concentration
of material (Fig. 3.1). .

Sohal et al. (1976) also suggést possible concretion formation
from the accuﬁulation.of dense material inside mehbrane—bound vacuoles.
Musca domestica tubules were found to contain threevdifferent;types of
. concretion (Sohal et al. 1976). Apart fromzébcﬁmh;éﬁion of material
inside vacuoles, Sohal et al. (1976) suggest that concretions may originate
from mﬁlti-&esicular bodies and from lysosomes. Some of the inclusions in
Locusta Malpighian tubules resemble the 'residual bodies' described by Sohal

et al. (1976). Schal et al. (1976) suggest thatlthese"residual bodies'
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Figure 3.1 - Speculative sequence of formation of the concretions
found in Locusta Malpighian

tubules
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may derive from the multi-vesicular bodies as well as cytolysomes. There
was no evidence for this in the present study although it must be stated
that it is very difficult to determine any sequence of transformation from

static electronmicrographs.

Conclusion

The ultrastructure of the Malpighian tubuies of ILocusta closely
resembles that of several other species studied previously (Beams et al.
1955; ngbo and Brandt 1962; Berridge and Oschman 1969; Taylor 197la,b;
Wall et al. 1975; Peacock and Anstee 1977). Tﬁef have a similar |
morphological appearance along their length as do the Malpighian tubules of
Melanoplus differentialis (Beams et al. 1955), Dissosteira carolina (Tsubo
and Brandt 1962) and Jamaicana flava (Peacock and Anstee 1977). The
Malpighian tubules of Locusta are composed of two distinct types of cell
referred to above as primary and secondary. The piimary cells are
predominant and it is these cells which are thought by most researchers
to be responsible for 'urine secretion' (Berridge and Oschman 1969; Taylor
1971a; Peacock and Anstee 1977).V The primary cells f;om Locusta tﬁbules
exhibit several features characteristic of cells from transporting epithelia.
The basal cell membrane is extensively infolded whilst the apical membréne
is produced into closely packed microvilli. Lafge.ngmbers of mifochondria
are found associated with the basal infolds and the épical microvilli,

suggesting a high energy requirement at both cell surfaces. These features

- of Locusta primary cells are found to vary with development throughout the

' 5th stadium and into early adult life. The degree of basal and apical

membrane invagination, as well as the number of mitochondria, are found to
increase with age until jusf before the larval-adult moult. During this

period the mitochondria increasingly come to lie in the cytoplasm between
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the basal channels. At the larval-adult moult the basal infolds and

apical microvilli shorten and mitochondria are rarély found closely
aséociated with the basal infolds. In previous studies (Ryerse 1977,

1978; Kaufman et al. 1976; Diehl et al. 1977) changes such as those
described above have been correlated with changes in fluid secretory activity.
In'Locustavtoo it may be expected that functional changes will accompany
structural changes since mitochondria provide the energy for active ion
transport rééulting in fluid secretion. Also, the'degree of membrane
invagination would be expected to affect rates of fluid secretion._
Physiological and biocbemical changes associated witﬁ development in

5th instar Locusta will be described in Chapter 5.



Plates 14~17

Transmission electronmicrographs showing transverse
sections through the basal region of the primary cells at
different stages throughout the 5th instar. Whilst °
infoldings of the basal cell membrane are found throughout,
the extent to which the extracellular channels (EC) project
into the cytoplasm varies with age. The extracellular
channels increase in length over the first 9 days of the
instar but then begin to decrease (Day 11) before the
larval~adult moult.

Scale = lum
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Plates 18, 19

, Transverse sections through the basal region
of the primary cells to compare the width of the cytoplasmic
compartments at different ages in the 5th instar. Comparing
Day 1 with Day 7 it can be seen that the width of the .
cytoplasmic compartments between the extracellular channels
(EC) decreases with increasing age. It is also apparent
that the degree of membrane invagination has greatly .
increased over the first 7 days of the instar.

Scale = lum
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Plates 20-23

Transmission electronmicrographs showing transverse
sections through the apical region of primary cells at ‘
different stages throughout the 5th instar. It can be
seen that the microvilli (MV) increase in length over the

first 7 days of the instar but then decrease again (Day 11)

just prior to the larval=-adult moult.

Scale'= lum
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Plates 24,25

Higher powef transverse sections through the apical
region showing that the width of the microvilli decreases
with increasing age over the first 7 days of the 5th instar.

Scale = lum
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Plates 26-28

Low power transmission electronmicrographs showing
transverse sections through the primary cells at different
stages of development. There would appear to be an enormous
increase in the number of mitochondria between Day 1 and
Day 7 of the 5th instar and a subsequent decrease on the -
first day of adult life.

Scale = 2um






Plate 29

Transverse section through the basal region of
a primary cell from a 1 day old 5th instar locust. This
shows the basal zone of mitochondria which is very narrow
and is located a short distance below the basement membrane.

Scale = luym

Plate 30

Transverse section through the apical region of
a primary cell from a 1 day old 5th instar locust. '
This shows the apical zone of mitochondria which is
situated just above the bases of the microvilli with
some mitochondria extending down into the microvilli.

Scale = lum

Plate 31

Transverse section through a primary cell from
a 9 day old 5th instar locust. Note that the width of
the basal zone of mitochondria has increased with

mitochondria being found alongside the extracellular channels

formed by the infoldings of the basal cell membrane.
These mitochondria extend along the length of the
cytoplasmic compartments and are found immediately below
the basement membrane. There is no change in the apical
zone of mitochondria.

Scale a lum
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Plates 32-34

High power transverse sections through the basal region
of the primary cells at different stages of development. In
newly moulted 5th instar locusts (Plate 32), the mitochondria
are confined to a region below the basal infolds. with
increasing age the mitochondria begin to be found in the -
cytoplasmic compartments alongside the extracellular
channels (Day 5, Plate 33). Eventually, as on Day 9
(Plate 34), the mitochondria are located along the length
of the extracellular channels (EC). o '

Scale = 0.5um
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Plates 35-39

Transmission electronmicrographs of transverse
sections through the primary cells to illustrate the
various structures observed,

Plate 35

Note the vacuoles (Va) and the numerous coated -
vesicles (V) which are found in the intermediate region
and at the apical surface.

Scale = lum

Plate 36

Numerous concretions (C) of varying electron
densities are found in the intermediate region. Some
are composed of concentric layers of material. Others
have formed dense bodies (D).

Scale = 3um

Plate 37

Electronmicrograph showing the detailed structure
of the multi-vesicular bodies (MB) and residual bodies (RB).

Scale = lum

Plate 38

Electronmicrograph showing a double-membrane bound
vacuole (Vo).

Scale = lum
Plate 39

Note the presence of numerous coated vesicles in the
1ntermediate region and in the cytoplasmic compartments

between the basal infoldings.

Scale = lum









Plates 40,41

Transmission electronmicrographs showing transverse
sections through primary cells from 2 hrs old (Plate 40) and
1 day old (Plate 41), 5th instar locusts. It can be seen
that there is a dramatic reduction in the number of small
coated vesicles (V) over the first 24 hrs of the instar

Scale = 3um
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CHAPTER 4

THE EFFECT OF OUABAIN AND ETHACRYNIC ACID ON- MALPIGHTIAN

TUBULE FUNCTION IN LOCUSTA
Introduction

As mentioned earlier (see Chapter 1), Berridge (1968) and
Berridge and Oschman.(l969) have proposed a model to explain fluid
secretion by the Malpighian tubules of Calliphora inbwhich the basal
surface of the tubule cells possesses a coupled Na+/;§+ exchange pump,
extruding Na+ from the cell into the haemolymph in exchange for K+,
whilst on the apical surface there is an electrogéﬁié pump transporting
-K+ into the tubule lumen. Furtherﬁore it was pointéd out that if this
model is correct and a Na+/K+ exchange pump is invoived, it is to be
expected that Malpighian tubule fluid secretion wouid be inhibited
by the cardiac glycoside ouabain, a speéific inhibitor of Na+, K+-
activated ATPase. However the results reported'in:the literature
concerning the effect of ouabain on fluid secretion are in conflict.
'Urine' formation by Malpighian tubules has been ;eported to be ouabain-
insensitive in several insect species (Maddrell 1969; Pilcher 1970;
Gee 1976; Rafaeli-Bernstein and Mordue 1978). Alﬁhough other studies
report Malpighian tubule function to be inhibited by ouabain (Anstee and
Bell 1975; Anstee et al. 1979; Atzbacher et al. 1974; Gooding 1975).

It is difficult to understand why such differing results have
been obtained using ouabain. It may be that the mechanism of fluid
secretion is different in some insect species, but .it must also be
considered that differing results may reflect differences in the
experimental conditioné employed. Examination of the literature shows

that the‘experimental conditions vary considerably in two respects,
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viz., the temperature at which the experiments aré carried out and
the composition of the Ringer solution used to bathg the tubules,

Ouabain inhibition of the Na+, K+-activated ATPase has been
reported to be extremely temperature sensitive, both from mammalian
(Charnéck et al. 1975) and insect (Peacock et al. 1976) sources.

The inhibitory effect of ouabain on insect Na+,K+—édtivated ATP;se
has been shown to decrease substantially as the température decreases
below 30°C (Peacock et al. 1976).

The effect of ouabain on fluid secretion by in vitro
preparations of Malpighian tubules seems to havevbéén studied by many
workers at temperatures at or below 250C (Maddrell-;969; Gee 1976;
Rafaeli-Bernstein and Mordue 1978) and in some caseé the temper#ture
is not precisely stated (see review by Anstee and Bleer 1978){

These workers have all failed to show any effect of ouabain on fluid -
secretion, whereas Anstee and Bell (1975) and Anstee et al. (1979),
working at 30°C, found ouabain to have an inhibitor? effect. It would
seem important then to establish whether the temperature at which the
experiments are carried out affects ouabain inhibition of fluid
secretion,

The composition of the Ringer solution used to bathe the
tubules may alsé be important. Jungreis (1977) éuggests that the high
K+ concentration in the bathing medium used by seﬁéxal workers, studying
fluid secretion in a variety of epithelia, may ﬁof be suitable for
demonstrating ouabain inhibition. High-K+ coﬁcentrations have been
found to antagonize ouabain inhibition of the Na+,K+—activated ATPase
from a variety of tiséues (Kinsolving et al. 1963; Judah and Ahmed 1964;
Matsui and Schwartz 1968; Akera 1971) and this may indeed help to explain

some of the reported lack of sensitivity of some insect tissues to ouabain.
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However, the comment by Jungreis (1977) seems to be based on his
statement fhat insect tissues known to be sensitive to ouabain havé
Na+,K+—activated ATPases which are maximally stimulated by SmMK+
(Jungreis and Vaughan 1977). Whereas it has been shown that the
Na+,K+—activated ATPase from a variety of insect tiséues is maximally
stimulated by 2OmMK+ and is still inhibited by ouabain (Grasso 1967;
Peacock et al. 1976; Tolman and Steele 1976; Piccione and Baust 1977;
Anstee and Bell 1978). |

In view of the apparent confusion over tﬁebeffect of K+,
it would seem important to determine the effect of fhe K+ concentration
of the bathing medium:in relation to ouébain inhibition.

In most insects K+ is generally regarded éé being the impoftant
transported cation. HoWever in Glossina, Na+ has been found to be
actively transported in order to generate 'urine'.flpw (Gee 1976a,Db)
Further work by Gee (l976b) has shown the Malpighian tubules of Glossina
to be insensitive to ouabain although fluid secretion was completely
inhibited by lO~3Mvethacrynic acid. Ethacrynic acid has been shown
to be a potent diuretic in mammals although its exact mode of action
has not yet been determined. Several workers haQe demonstrated an
effect of ethacrynic acid on Na© transport (Whitﬁembury and.Fishman 1969).
Gee (1976) suggests that transport of Na+-in the Malpighian tubules. of
Glossina ﬁay be by an electrégenic sodium pump. vaﬁe fact that the
tubules were found to be insensitive to ouabain.w5uld suggest that a .
Na+/K+ exchange pump>was not involved. However the suggestions by
Gee (1976) are based on the assumption that ethacrynic acid is a specific
inhibitor of Na+ transport and that Na+/Kf exchanQe pumps are unaffected
by ethacrynic acid. There is in fact much evidence to show that this

+ o+ ‘
is not so and ethacrynic acid does inhibit the Na ,K -activated ATPase
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from a variety of tissues (Duggan and Noll 1965; Chérnock et al.
1970; Proverbio et al. 1970; Davis 1970; Daniel ét al. 1970;
Peacock et al. 1976).

One of the suggestions that has been put forward to explain
the lack of inhibition by ouabain reported by some workers is that the
sites of Na+,K+—ac£ivated ATPase may not be readilivaccessible to
topically applied ouabain (Irvine and Phillips 1971). Irvine and
Phillips (1971) found that water uptake and Na+ absorption, by isolated -
prép&?étiéns of the rectum of Schistocerca; was inhibited by 10—2M
but not by 10—3M ouabain. Because of the relatively high concentration
of ouabain necessary to effect inhibition, Irvine and Phillips (1971)
suggested that either the inhibition was not a spedific effect on an
ion pump but was due to a general metabolic inhibitibn or permeability
change, or, that the high concentration of ocuabain ;equired for inhibition
may have been necessa?y to overcome a long diffusion path to the active
site,.

Rafaeli-Bernstein and Mordue (1978) have shown that ouabain
is excreted by théiMalpighian'tubules of Locusta migratoria and
Zonercerué varieg;tus. This would suggest that iﬁ these two insects,
at least, the site§ of Na+,K+—activated ATPase should Qe accessible
to ouabain.

Histochemical methods have beén empldyed-in the past in attempts
to localise the Na+,K+-activated ATPase‘in a variety of tissues (Ashworth
et al. 1963; Farquhar and Palade 1966; Kaye et al. 1966; Berridge and
Gupta 1968). Using a lead precipitation.techniqué, Berridge and Gupta

(1968) demonstrated a Mg2+—dependent ATPase in the rectal papillae of
Calliphora. The histochemical study showed that the Mg2+—dependent

ATPASE was specifically located on the intracellular surface of the lateral

plasma membranes which from ultrastructural studies appeared the likely
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sites of ion sécreti&n (Berridge and Gupta 1967). However, using
biochemical studies in conjunction with the histocheﬁical technique,
Berridge and Gupta (1968) could show only a slight stimulation of
ATPase activity after addition of Na+ and K+ and no inhibition with
‘ouabain. . Similarly, Farquhar and Palade (1966), using a histochemical
- technique to study ATPase in amphibian epidermis,.also located a M92+-
dependent ATPase but could observe no change in‘lacalisation when Na+

_ and.K+ and ouabain wére added.

There are several problems of interpxe#afion associated withf
histochemical techniques as is poinfed out by‘Beiridge and Gupta (1968);
It is possible that lead ions used‘in the technique may cause non-
enzymatic hydrolysis of AfP and conéequently the depositién 6f lead:
salgs would bgar no relation to the localisation:of ATPase. In view
~of this, and the fact:that it is impossible to locélisé a ouabain-
sensitive, Na+,K+-activated ATPaSe as distinct froﬁ éther ATPases by
histochemical‘techniqﬁes, a more promisind method might be the auto-
radiographic localisation of specifically ﬁound 3H-ouabain. This
technique has been used in the localisation of Na+,K+-activated ATPase
in froé choroid plexﬁs‘(Quinton et al. 1973) and iﬁ'the chloride cells
of teieost gills (Karhaky_et al. 1976).. |

In view of the conflict_iﬁ the literature, concerning the
effect of ouabain on fluid secretion in insects; the present study has
been carried out to re-examine the role of Na+, K+—éctivated ATPase in

\

Malpighian tubule function in Locusta.

MATERIALS AND METHODS

Sexually mature locusts, Locusta migratoria L., of both sexes,

were used in all experiments.
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1. To determine the effect of ouabain and ethacrynic acid on fluid

secretion

The‘Malpighian tubule preparation was set up as described in
Chaptér 2. The'diameter of fhe secreted dropletvwas measured atv5 minute
‘intervals.fof 35‘minute§ with the insect in 'normal' Ringer solution.
This was then-féplaced with either fresh 'normal' Ringer solution

5

(the control) or Ringer solution containing ouabain (10 "M - 10‘3M) or

7M - 10f3M). The tubdle.preparation was then allowed

ethacrynic acid (10~
to soak for 30 minutes before ‘redetermining the rate of secretion over

a second 35 minute pefiod.

2. Excretion of ouabain

A Malpighian tubule preparation was set up as described in
Chapter 2 and the 'normal' Ringei solution surrounding the preparation
replaced with 'ﬁormal' kinger solution céntaining 3H-—_ouabain (250uCi
3‘H-ouaba..in (specific activity 19uCi/mmol) éontained.in 250u1 ethanol was
diluted to 2.5@15 with deionised ﬁater -~ lopl of this dilutgd ouabain
solution waé then added to each lml of ‘normal’ Ringér solution). The
fluid secreted By the Malpighian tubules in the presence of 3H-ouabain
was co;lectéd, ﬁsing a lul microcap, at ZOiminute‘iqtervals and transferred
" to glass vials containing lOmls of 260 scihﬁillationnﬁocktail;(Nﬁclear
Enterprises); The samples were counted iﬁ a Beta/Gamma scintillation

counter (ne 8312, Nuclear Enterprises).

3. Autoradiography '

250yCi 3H—oﬁabain (specific activity 19uCi/mmol) contained in
250ul ethanoiﬂwas diluted to 1Omls with 'normal’ Rinéer solution.

The Malpighian tubules attached to a 'collar' of gut were quickly
dissected from four locusts. The mass of tubules from each insect was

divided in half, half being soaked in 1lOmls Ringer solution containing
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3H-ouaba;n and half in lomls 'normai' gingér solution £o act as a control.
Both sets were soaked for 60 minutes at 30°C. |
After 60 minutes the tubules were removed, washed in Ringer

solution containing 'cold' ouabain (10—3M) or in 'normal' Ringer solution
and rapidly frozén_in'a 50 : 50 mixture of liquid nitrogen and 2-methyl-'
butane (isopentane). Fresh frozen Sections weré cut at 12um on a cryostat.
The sections were transferred to slides,.fixed-inAfOrmol‘saline (loﬁls
formalin, 7mls 10%‘NaCl,b83ﬁls distilled water), ai;?dried and coated
with Ilford K5 emulsion in é darkroom fitted with an . Ilford S safelight.
The emulsion was prepéred-by mixing 24ml§ of molteh.Ilford‘KS emulsion with
23.5mls,distilled water and 0.5mls glycerol at'43°é; The slides, held
vertically; were dipped individually into the emulsioh, then tran#ferred
to a cooled plate and air-dried (approximately 60 minutes). They were
then stored in light-proof,boxes at 4°%c for 6-8 Weeks. |

| The slides were dévéloped in Kbdak>D19 develdper for 3.5 minutéé
at 21, waghéd quickly in distilled water and fixed for 4 minutes in 1-5
Kodak Amfix. After washingjin running tap water for 15 minutes the slides

were left to dry, then stained with toluidine blué and mounted in D.P.X.
RESULTS

1. ‘The effect of‘ouabain‘on'fluid seérétibn

- The rate of fluid secretion by in vitro preparations of the.
Malpighian tubules waé determined in the-presence of ouabain at
concentrations from 0—10—3M._ The results are shbWh in Table 4.1.

Table 4.1 The effect of ouabain on fluid secretion by the Malpighian
‘tubules of Locusta

Mean rate of secretion

Treatment n % original rate + S.E. p
Control . 10 | 102.6 + 7.3 not sig.
Ouabain 10 M 17 44.0 £ 9.3 <0.001

Ouabain 10™%m 18 | 62.2 + 8.4 - <0.001

Ouabain 10"5M : 15° | , 71.3 % 12,1 - - not sig.
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(Values for P were obtainedvby comparing rates 1 and 2 in a
palred 't' test. The 100% ;ate of secretion was 2.4 * 0.3nl/min.)

It can be seen that ouabain substantially_inhibits fluid
secretion at a concentration of 10_3M (56% inhibitibﬁ'when Rate 2 is
compared with Rate l). The inhibitory effect of ouabain is decreased

as the concentration of ouabain is decreased.

2. The effect of temperature on the inhibition of fluid secretion

by ouabain

Rates of fluid secretion by the Malpigﬁian fubules were
determined,.as described previously, in the presénée'and absence of
1073 ouabatn at 30°%, 20°C and 15°C.

‘¢he‘resul£§ (Table 4.2) show that at temperatures below 30°C
ouabain inhiﬁition of fluid secretion is decréased. At'Bro there is.
56% inhibition which is reduced to 28% at 20°%c. At 15°¢C ouabain was

found to have no inhibitory effect.

3. The effect of K+ concenﬁration on the inhibition of fluid secretion

by ouabain

. The rate of fluid secretién;by in Vitrd preparations of ﬁhe
Malpighian tubules was measured in Ringer solutioﬁ with K+ concentfaﬁions
of 10mM, 20mM and 40OmM. The Na+ concentfation of these solgtions was
reducéd éccording;y to maintain thevcation:qonéentration.(by‘altering
conceﬁtiations of KCl'and NaCl) . The effect of ouabain was determined
at a concentration of 10-3M.

The rate of £luid secretion was determined over a first 35 minﬁte
period in Ringer solution.conﬁaining oﬁe of the'abqve K+ concentrations.

This was replaced with either fresh Ringer solution or Ringer solution



Table 4.2

The effect of temperature on the inhibition of fluid seéretion_by ouabain

CONTROL 10~ owaaIN
Temgerature n mean rate of fluid secretion p n mean rate of fluid secretion P
Cc . i % original rate % S.E. % original rate * S,.E.
30 25 102.1 + 11.7 | not sig.|| 28 44.3 + 8.0 < 0.001
20 28 118.7 + 16.0 not sig.|| 30 72.0 + 6.6 < 0.0l
15 29 107.7 = 10.2 not sig. 27 .95.9 + 11.2 not sig.

P values were obtained by comparing rate 1 and rate 2 values in a paired ‘t' test.. The 100% rates

were 4.2

+ 0.5nl/min at 30°C, 2.2 + 0.2nl/min at 20°C and 2.2 * 0.3nl/min at 15°C.

TL

)
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containing ouabain, both of the same K+ concentration és Rate 1.
The preparafion waé.then allowed to soak for 30 minutes before
detérmining the Second‘rate of fluid secretion over a further
35 minute period. |

The results are éhown in Table 4.3. It can be seen that
changing the k" concentration of the batﬁing mediuﬁ'(up to 4omMk’)
has no effect on the inhibition of fluid secretioﬁ by ouabain; the
level of inﬁibition'remains more or less constan£ at 57%.

It wéé-observed during these experiménts that as the'K+
concentfatidn of the bathing medium was increased, the réte of tubular
secretion increased. The mean rate of secretion aﬁ 10mM was 3.4nl/min}
this increased to 4;4n1/min at 20mM and 7.3nl/min at 40mM. The rates
inéreased cgrrespondingly when_ouabain was present, maintainiﬂé the .

level of inhibition at around 57%.

4. To determine the effect of ouabain on fluid secretion by the

Malpighian tubules using an alternative Ringer solution

Insect Ringer solution with the following composition was used:

NaCl 168mM, KCl 6.4mM, MgC12.6H20 3.4mM, c’éc:.2

0.46mM, glucose 16.6mM (Mordue 1969).

.6H_0 2.1lmM, NaH,_PO,.2H,O

2 2747 72

6mM, NaHCO,
Rates of fluid secretion were detgrmihed over a 35 minutelperiod

in the above Ringer splution; this was then‘réplgced with either fresh

Ringer solution (as above) or with the above Ringer solution containiﬂg

10-3M ouabain. Thé-tubgle preparation was then allowed to soak for

30 minutes befére redétermining thevrate of secfefion over a second

35 minute period. The results are shown in Téble 4.4,

It can be seen that the rate of fluid secretion determined

after the addition of ouabain was found to be only 51.5 + 8.4% of the



Table 4.3

4 + e . . L
The effect of K concentration on inhibition of fluid secretion by ouabain:

: 'CONTROL ‘ " ouaBAIN (10 °M)
+ : - -
[«*] | |
n mean rate of secretion P - n mean rate of secretion P
% original rate + S.E. : % original rate * S.E.
lomM | 15 © 98.5 % 6.2 not sig.| = 22 43.1 + 7.8 < 0.001
20mM | 10 102.7 + 7.0 | not sig. 25 © 45.1 + 5.2 < 0.001
domM | 17 | 83.3 % 5.5 not sig.|l 21| 39.7 £ 7.0 < 0.001

P wvalues we;efbbtained by comparing rate 1 and rate 2 values in a paired 't' test. Application

of students 't' test indicated that the mean results obtained with the different treatments were
v : + . -

non—-significant. Therefore the effect of 10mM K on ouabain sensitivity was not different from

+ + : +
that of 20mM X or 40mM K and the result with 20mM K was not different from that obtained with 40mM K+.

£L
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prévious rate and the two rates were significantly.diffexent from one
another.» This would seem to-suggést that ouabain was having an
inhibitory effect. However, examination of the control data re?eals
that here too there is substantial inhibition :  rate 2 being only
46.0 + 8.8% of rate 1. |

| It would seem from these results that this Ringer solution is
unsuitable foi maintaining fluid secretion in Loﬁusta. In view of
» this tﬁe secreﬁed droplets were coliected after £he two 35 minute periods

+ + . .
and analysed for Na and K concentrations (see Chapter 6. for method). .

, + : »
It was found that a reduced amount of K was being secreted during the

Table 4.4 : The effect of ouabain on fluid secretion using an

" alternative Ringer solution

mean rate of fluid secretion p
Treatment n % original rate # S.E..
control 21 ' 46.0 t 8.8 < 0.001
1074 ouabain 18  51.5 £ 8.4 | < 0.001

P values wefé obtained by comparing rate 1 and rafe‘Z inAa paired 't
test. The 160% rate of secretion was 2.7 * 0.3nl/min. Students 't'
test applied t§ the contrbl data and that obt;ined withle—3M ouabain
indicates that the two ;esults are not significantly d;fferent from

one another.

second 35 minute period. The K/Na ratio was reduced_from a mean value
of 2.5 %£0.2 (first 35 minutes) to 1.24 %0.2 (second 35 minutes).
The change in K/Na ratio was due mainly to a decrease in the amount

of K+ secreted although there was a slight increase in Na+. This
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decrease in the concentration of K secreted may be related to the

inhibition of secretion observed in the centrols,

5. The effect of ouabain on fluid secretion by the Malpighian

tubules of Schistocerca gregaria

Rates of fluid secretion by in vitro preparations of the
Malpighian‘tebules were determined, as for Locusea,'in'normal' Ringef
solution anddin ‘normal' Ringer solution-eontaining 10—3M ouabadn.
The results are showh in Table 4.5. !

It can be seen that after the addition of 10-3M ouabain

the rate of fluid secretion was only 52,2 # 9.2% of the previousjrate,

Table 4.5 : The effect of ouabain on fluid secretion by the Malpighian

tubules of Schistocerca gregaria

mean rate of fluid ‘secretion
Treatment n % original rate % S.E. ' P
Control 24 | 72.6 * 8.7 | < 0.002
10™M cuabain | 25 52.2 % 9.2 | < 0.002

P valﬁes were obtained by comparing rate 1 and rate 2 in a paired

't' test. The 100% rate of fluid secretion'wae'4,6 + 0.8nl/min.

giving approximately-48%-inhibition. HoWever, in:the conﬁrol the

second rate of fluid secretion determined was also lowered being reduced.
to 72.6. 8.7% of the rate 1, an inhibition of approximately 28%. The
amount of inhibition that could be said to be due'to ouabain, therefoie,
was some 20% (compar;ng‘the effect of ouabain with the control), and in
fact a students 't' test performed on the control and‘experimental date

indicated that the two sets of data wexe not significantly different.
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6. The effect of ouabain on Na+, K+-activated ATPase activity

(i) 'varying ouabain concentration

Na+, K+—activated ATPase activity from mic:psomal preparations
of the Malpighian tubules was assayed as described previously (see
| Chapter 2) in reaction medié containing concentrations bf ouabain froﬁ
0'4 10-3M. The results of a typical experiment (T;ble 4.6) show that
the inhibition of Na+, K -activated ATPase increased as the ouabain

-concéntration iﬁcreased (see Appendix 4.1 for further resulté).

' - : + : .
Table 4.6 : The effect of ouabain on Na ,-K+-activated ATPase activity .

ouabain ' enzyme acti?ity "
qoncentration (M) (n moles Pi/mg protein/min)
o - 276.2.
07 - 222.6
107 142.2
107 o 34.3
1074 B 1.6
1073 o 8.5

' Figure 4.1 shows a graph of % activity plotted against the
negative logarithm of the ouabain concentration, It can be seen from

this that the pI_._ (i.,e. the -Log. of the ouabain éoncentration that

¥750
gives 50% inhibition) is 5.8,
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+ . .
Figure 4.1 The effect of ouabain on Na , K+—activated ATPase activity
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(11) The effect of temperature on the inhibition of Na+,

4+
K -activated ATPase by ouabain

Na+, K+-activated ATPase activity was assayed at temperatures
of 30°C, 20°C and 15°C. The effect of ouabain1was'determined‘using
10—6M,ouabain'in the reaction media.

The results in Table 4.7 show that thevinhibition of enzyme
activity by ouabain decreased as the temperature ié'decreased.» At 3o°c_
there is approximately Sds.inhibition, at 20°C 328 and at 15°C only

15% inhibition.

Table 4.7 : The effect of temperature on the inhibition of Na',

K+-activated ATPase by ouabain

enzYme activity
n moles Pi/mg protein/min
Temp. v : - ’ - % Activity
O 3 g . ~ remaining
) CONTROL 10 "M OUARBAIN '

30 1. 285.7 1. 130,2 . 1. 45.5

2. 292.1 2. 159,1 - 2. 54.4

| 20 1. 138.6 1. 86.5 1. 62.4

2. 155.0 2, 112.3 2, 72.4

10 1. 51.7 1. 43.3 : 1. 83.7

2. 67.4 | 2. 57.9 2. 85.9

l. and 2. refer to the data obtained in 2 separate experiments.
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7. The effect of ethacrynic acid on fluid secretion

The rates of fluid secretion by in vitro préparations of the
Malpighian tubules of Locusta were deﬁermined in:'normal' ﬁinger solution
and in'Ringer solution containing O - 10_3M eﬁhacrynic acid.

The results are shown in Table 4.8, Itvcah be seen that
ethacrynic acid substéntially inhibits fluid secretioﬁ over ﬁhe range

7 3

10 'M - 10 M.

Using ouabain and ethacrynic acid.togethervresults in a greater
inhibition of fluid secretion than either of them éroduce alone. .10—4M
ouabain gives a mean inhibition of 37.8%, 107 ethacrynic acid gives

36.5% while together they produce 62.1%. .

Table 4.8 : iThe effect of ethacrynic acid on fluid secretion

Treatment . | n mean rate of fiuid secretion .
: B % original rate # S.E. '

chtrol‘ 25 lo2.1 *+ 11,7 not sig.
107 'M etha a. | 17 72,6+ 8.0 | 0.0l
10”0 18 | 77.3 7.-5 | o1 |
107y - 19 | 77.3 £ 9.1 0.02
10™%m 20 63.5+ 6.3 0.001
107 9 8.4t 43 | 0.001 -
+ 8.4 ' 0.001

lO—4M ouabain 20 |- - T 62.2

10_4 ocuabain ‘
9 37.9

i+

-4 7.6 0.00L
+10 etha a. ’

P Values-were cbtained by comparing rate 1 and rate 2 in a paired

"t' test. - The 100% rate was 3.7  O.5nl/min.



8. The effect of ethacrynic acid on Na+, K+-activated ATPase activity

+ . .
Na , K+—activated ATPase activity in microsomal preparations
of the Malpighian tubules was determined in react;oh media containing

0 - 4mM ethacrynic acid. The results are shown in Table 4.9,

Table 4.9 : The effect of ethacrynic acid on Naf; K+—abtivated

ATPase activity

Treatment % ATPase activity
' rémaining
control ' 100%

ethacrynic aéid‘lo-GM' © 1, 95.5%
-5 :
1o | 1. 95.5%
2, 96.0%
q : | _
10 'M 1. 93,8%
20 ‘ 95-6%
_3 .
1o ™™ l. 83.1%
2. 86.5%
2 x 1077m 1. 63.2%
2. 61.3%
3 x 107°M 1. 43.1%
2. 44.5%
4 x 107y 1. 34.2%
2., 26.3%

1. and 2. refer to the results of 2 separate experiments.

It was found that ethacrynic acid at concentrétions of 10—6M - lO-4M
had no effect on the ATPase activity.' However lO-3M ethacrynic acid.
effected‘l?%'inhibition of the Na+, K+-activated ATPase‘activity and
the inhibiﬁion was found to increase as the éonéentration of ethacrynic

acid was increased above 10—3M. It is obvious that ethacrynic acid

- 80
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Figure 4.2 The effect of ethacrynic acid on Na , K -activated ATPase

activity

100 -
Q0
80~
o .
he] 704"
[
a
g |
o 601
+ -
sl
[N
a
gv 50+
Q
[1}]
)M
B 401
R
o
307
207
104 -

- log, ethacrynic ‘acid concentration (M)



82

. ‘ . +
is less potent than ouabain as an inhibitor of Na , K+—activated ATPase
i -3 . ' R . '
activity, 10 "M ouabain effects almost total inhibition of Na+, K+—act1vated

ATPase activity (see 6. above). The pI o for ethacrynic acid was found to

5
be 2.5mM (Figure 4.2) which is similar to the result obtained by Peacock

et al. (1976) for Homorodoryphus nitidulus vicinus.

9., Excretion of 3H-ouabain by the Malpighian tubules

Aé was mentioned in the.introduction, one suggestion which has been
put forward t§ explain lack ofvouabain sensitivity in some sPécies is‘that
the sites of_Na+, K+—activated ATPase migh; not be accessible to topically
applied ouabain (vaine and Phillips 1971). The present, preliminary study
was carried.out td determine whether ouabain was able ﬁo cross the walls of
the Malpigﬁian tubules of Locusta, a fact which would give some indicatibhl
" as to thé likeliﬁood that ouabain was accéssible to the sites of ATPaée.

The results showed that 3H was present in the secreted droplets.
However, it is not possible to say whether this was in fadt due to the
presence of'3H—ouabain or one of its labelled metaboiites. Figure 4.3 shows
graphs éf c.p.m./ul ﬁrine plotted against time. It can be seeh thaﬁ'after‘:
the first 26f253minutes; which may be regarded as‘an equilibratiOn pefiod,
the amoﬁnt 6f 3ﬁ excreted increased linearly With.time.

Pteliminary experiﬁents performed as above_but with 3H--Inulin
showeq that thié too wasvfound in the secreted fluid. This was also found»by

Farquharsoﬁ (1974) for the Malpighian tubules of the pill millipede

Glomeris marginata.

’ : - R R . , L
10.. The localisation of Na , K —activated ATPase using an autoradiographic

technique

The pfesent study has coﬁfirmed the presence of a ouabain-sensitive,
Na+, K -activated ATPase in microsomal preparatibﬁs of the Malpighién tubules
of Locuéta; and that fluid secretion is inhibited by ouabain. This would
tend to support the suggestion (Berridge and Oschman (1969) that there is a

+ : ' . . : Lo
Na , X -activated ATPase present in the tubules and associated with fluid



c.p.m./ul urine.
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Figure 4.3 The excretion of 3H-ouabain by the Malpighian tubules
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plates 4.1 - 4.3

Autoradiographs of frozen sections through the
Malpighian tubules showing accumulation of silver grains
(black dots) corresponding to bound ouabain. The ‘silver
grains appear to be associated with both the basal (B)
and the apical (&) surfaces of the tubules but it is
impossible using frozen sections to localise the bound
ouabain any further.

Plate 4.4

Autoradiograph of section through a control
Malpighian tubule i.e. one which was soaked in 'cold'
ouabain. There seems to be a 'speckly' appearance
to the tubules but this is due to granules of the stain
used on top of the emulsion.
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secretion. ° In view of the difficulties associated with the

localisation of ATPase by histoéhemical techniques,

referred to in the introduction to this Chapter, the.present study has
employed the specific binding of 3H—ouabain‘in ass§¢iation with auto-
radiography, ih an attempt to localise Na+, K+—activated ATPase in the
Malpighian tubules of Locusta.

The autoradiographs (Plates 4.1 - 4f4) show gccumulations of
silver grains, corresponding to bound ouabain, as$oci§ted with both thg
basa} and apical surfécés of.the tubules. ‘ Uéing ffozen sect;ons and
light microscopyvit is,impoésiblé t§iibcalise fhe.bbund ouabain.tévany
particular organelle ot cellular meﬁbrane. . This cQg¥d be achieved in

future studies by combining autoradiography with elécfrqn microscopy.
Discussion

The qardiac'glycosidé ouabain is known té'bé a spedificlinhibitor
of the Na', K+—activated ATPase, an enzyme thch has been implicated in
ion and water transport across epithelia (Dunham and Glynn 1961;
Bonting et al. 1962; Kinsolving et al. 1963; Schwartz et al.1963;
Whittam and Wheeler 1970; Skou 1972). Consequently ouabain has,béenl
shown to inhibit active Na+ éhd K+ transport in a §ariety’of tissués
(GlYnn 1964; Skou 1965; Podevin and Boumendil—Pédeyin ;972).- As was
Qutliped in the introduction, a model has been proposed (Berridge and
Oschman 1969) to explain fluid secretion in insecté,-which involves a.
Na+/K+ excﬁange bump and depends on acti?e transpor£ of K+ to éenérate
‘urine' flow. However, reports that ouabain does not effect fluid'

- secretion by the Malpighian tubules have led a number of workers to
question seriously this model.

Berridge (1968); Madd;ell (1969); Pilcher (1970); Gee (1976)
and Rafaeli-Befnstein and Mordue (1978) have all failed to demonstrate

an inhibitory effeqt of ouabain, at a concentration of 10—3M, on fluid
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secretion by Malpighién tubules from calliphora, thdnius, Carausius,
Glossiha, Locusta and Zonocerus respectively. ﬁo&ever, Anstee‘and

Bell (1975) and Anstee et al. (1978) have shown that 'urine' production
by the Malpighian tubules of Locusta is inhibitéd by.ouabain over the
concentration range‘lO_GM - 10~3M._ 'Evidence of duabain inhibition of
Malpighian tubule furiction is also supplied by Atébacher et al.(1974)

who found thaﬁ the rate of excfetion_of the dyes azocarmine and
indigocarminé was.diminished by ouabain (3 x 10_4M) iﬁ Drosophila hydei.
Also, Gooding (1975) showed that diuresis in Glossina was inhibited‘by
ouabain (20ug/ml) ingésted in a saline solution. - Similarly, Farquharson
(1974) found that fluid secretion by the Malﬁighién.tubules éf the pill
millipede, Glomeris marginata, was.ihhibited byrouébéin at a concentraﬁion
of 5 x 10_6M. In ixodid ticks the salivary glagas play a role in fluia'
secretionAsimilar to the Malpighian tubules of inéects‘and they require
specific ratios of Na+ and K+ for maximal saliﬁaryvsecretion (Kéufman

and Philliﬁs 1973). © Kaufman and Phillips- (1973) have shown‘that‘in
adult female Dermacentor andersoni fluid secretion was completely
inhibited by 1o'_'-6M ouabain.

Whilst Rafaeli-Bernstein and Mordue (1978) failéd to demonstfate
ouabain—inhibitién of fluid secretion by Locusté.tubﬁles, Mordue and |
Rafaeli-Bernstein (1978) have shown that Na+'trans§ort by the Malpighian .
tubules of Locusta was increased after addition of lQ_7M ouabaih. Other
secretory epithelia in insects have also been shown to be sensitive to
ouabain. Irvine and Phillips (1971) showed thétnlo-ZM ouabain reduced
the rectal transepithelial potential to zero andbGéh‘and Phillips (l§78)
report that ouabain (lof3M) substantially reduces QéterAreabsorption by
in vitro rectal sacs of Schistocerca. Also,‘Kafatds (1968) found that'

labial gland'secretion in Antherea pernyi was decreased by 50% at
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5 x lO-4 ouabain and by 66% at 8 x 10-4M. Berridge and Schlue (1978)
report that ouabain affectsvmembrane potential and internal potassium
levels in unstimulatea (i.e. in absence of 5~HT) salivary glands of
Calliphora. Clearly then many secretory epithelia from insects are
sensitive to ouabain. 'Although.it must be mentioned that some authors tha§
have obtained effects with ouabain (Kafatos 1968; Irvine'and Phillips

1971) have concluded that thebouabain inhibition‘is not specific to a

Na+/Kf exchange pump because of the highfconCentféfion-uséd (8 x 10_4M,
and 10~2M respectivély). However;:iﬁ_mammals thefe ié a{éonsiderable
differeﬁce in ouabain_sensitivity»reported,'according:to the species‘

studied. The pI50 of ouabain on microsomal enzymé.from.rat-kidney is

6 x lof3M as compared to 1.6 x lO_6M in canine kidney'enzyme assayed
under iaentical conditions (Nechay 1974). The facﬁ'that high
concentraiions §f ouabain may be necessary to cause.inﬁibition does not -
‘then mean thét the effect is not specific.. /
BApart from the composition of the Ringe; solution used, this
‘pfesent work was carried out under the same cond@tions as described by
Anstee and Bell (1975) and similar results were obtained. .Fluid
secretidn by the Malpighian tubules of Locusta was inhibited by 6uabain
over the concentration range lO-SM - 10_3M. Thg degree of inhibition
was somewhat lowerxr than that reported by,Anstée and Bell (1975); 56%
~compared with 93%, but was gtill substantialvaﬁd agrees well with the
value of 65% reported by Anétee et al. (1979).

In the'preéent study the rates of fluid secretion were fqund
to vary considerabiy froﬁ tubule to ﬁubule énd it WAS'therefofe impqrtaht
that each tubule acted as its 6wn control; rate 1 being cqmpared w;th

rate 2 for each individual tubule. ‘In~sdme‘of the work repo:ted in

the literature it is not clear how the effect of ouabain was assessed.
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Comparing the mean rate of secretion by several £ubules before treatment.
with the meanvrate of secfetion after treatment may;not give the same
result as the present approach due to the high variation in secretion
rate between one tubule and another. rCertainly if,fhis method is not.
used very lerge numbers of tubules for each treatment would need to be
examined.

Present results confirm the presence of a'Na+, K+—activated
ATPase in mierosomal preparations of the Malpighiaﬁ‘tubules of Locusta.
This Na+, K+—ac£ivated ATPase is classically inhibited by ouabain

giving a pI. of 5.8. This pI

50 -value is similar to that reported

50
by Bell. (1977) for Locusta tubule preparations, and by other workers
on a variety of tissues (see Nakao 1975).

Iﬁ the-preseﬁt study f£luid secretion»by ﬁheeMaipighian tubules
of Schistocerca gregaria was inhibited by 20% compared with the control,
at a concentretion of 10_3M ouabain, although this difference was not
statistically significant. This result ie totally aifferent'from
that obtained with.Locusta but is, nevertheless;_in»agreement with the
findings of Maddrell (1977) who reports no effect of ouabain on fluid
secretion with Schistocerca tubules. However, the reducfion in eecretien
rate shown by the controls for rate 2 suggests thee the experimental |
conditions may net be suitable and this may be masking any inhibitory
effect of ouabain. | |

Altheugh it is possible that some insect species are insensitive
to ouabain it must also be considered that discreéencies in resulteimef.
reflect differences in experimental conditions._ _6ne of the more Obvious
methodological differences is the temperature atiwhich fluid secretion by

the Malpighian tubules has been studied. RafaeliﬁBernstein and Mordue

(1978) who reported no effect of ouabain on fluid secretion in Locusta
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carried out their exéeriments ét 24-25°c., = Other workers perform‘the
experiments at room temperature, 19—22°C (Gee 1976b). The inhibition of
the Na+, K+—activated ATPase by ouabain has been shown to be extremely
temperature sensitive (Charnock et al. 1975; Peécdék et al.l976).
Present results confirm this for Locusta Na+, Kf-activated ATPase: at
3OOC, 10—6M ouabain caused 50% inhibition of the Na+, K+—activated ATPase
activity in microsomél preparations of ﬁhé Malpiéhianvtubules, at 20°C
there was only 32.3%_inhibition and at lSdC only 19,1% inhibition.

The present results on fluid secretion by thevtﬁbulesbshow that
here too the temperature is important. " At 30°C, 10—3M ouabain caused
56% inhibition:of £fluid secrefion, at 20°¢C this was reduced to 28% and
at 15°C ouabain was found to have no inhibitory effect on fluid secretion.

It ﬁay be possible‘then that temperature is one factor thch may
account for differences in results reported in tﬁe literature; as.cleatly
the effectiveness of ouabain as an inhibitor ofbfluid secrefioﬁ is :educed-
at temperatures below‘BOOC. This may be expected if a Na+, K+—activated
ATPasé is ihvolvéd in the mechanism of fluid secrétion (as results so far
would tend to coﬁfirm) as ouabain inhibitionvof.the Na®, Kf-actiVQted |
ATPase has been shown to be extremely temperatﬁre sensitive.

| Another factor which may explaiﬂ the'laék'of inhibifion reported

by some wdrkérs is the compdsition of the Ringer sQlution bathing the
tubules. Some workers use 'stimulants'»in tﬁe Riﬁger solution bathing
the insect préparations in oider to increase the,gates of fluid secretion.
Work on Rhodﬁius (Maddrell 1969) and Glossina (Gee 197€b) shows that
diuretié hormone and cyclic AMP were used ‘to stiﬁ@late high rates of fiuid _.
.secretion. In this situation it may be possible that any effect of duabain
may be masked. This is supported to some extent by the recent studies pf
Berridgé and Schlue (1978).  They repbft that duabain affects ﬁembrane
potential and iﬁternal K" levels in ﬁnstiﬁulated glands but has ho effeci»

on glands stimulated by 5-HT.
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- Apart fiom the use of 'stimulants' the lonic composition of thé
Ringer solution may be important. Present resultsiéhow that using the
Ringer solution of Mordue (1969) ouabain inhibitién couid not be
demonstrated in Locusta. This was due to the fact that both thé control
and experimental tubules showed around 50% inhibition of fluid secretion.
Analysis of the-secreted_droplets showed that a decreased amount of K+
was being secreted over the second set of determinations and this may be
related to the decrease in fluld secretion observed in the controls.
It woula seem then that the ionic composition of this Ringer solution is
unsuitable for maintaining fluid secretion by the Malpighian tubules of
Locusta in the ébsenqe of any inhibitor,

Rafaeli-Bernstein and Mordue (1978) were unable to dembnstrate
ouabain inhibition of fluid secretion in Locusta uéing_a Ringer.solutioﬁ
containiné_ZOmM K+ and they suggestvthat the.low concentration of Kfv
(8.6mM) ﬁsed by Anstee and Bell (l975),vwho report ouabain inhibition,
may account for the difference in the two results. Jungreis‘(1977)
also comments that the K+ concentration of the Ringer soiutions used‘by

several workers may be unsuitable for demonstrating ouabain inhibition.

.High K+ concentrations have been shown to affect ouabain inhibition of

the‘Na+,vK+—ATPase in a varietyvof tissués (Kinsblvigg et al..1963;
Judahvand Ahmed 1964; Matsui and Schwartz 1968;: Akera 1971; BAkera

et al. 1974). However, the extent to which K+'antagonisés ouabain
inhibition depends on the incubation and assay conditions (Akeré 1971) .
In most studies the ouabain enzyme mixture was pfgincubated in»thé
presence of Na+, K+ and Mg2+ and the reaction Stérted by addition of

ATP and the amount of inorganic phosphate (Pi) assayed aftér 5-30 minutes
incubation. Akera (1971) has shown that‘by preincubating the enzyme

2+

+
with ouabain, Na+, Mg~ and ATP and beginning the reaction with K,
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the amount of ouabain.necessary to‘effectISOélinhibition of ATPase
activity was 23.7% of that needed by the more conventional method.

Rkera (1971) suggests that the previously'reported effect of K+ was

on the velocity of»thevouabainQenzyme complex formatiOn rather than on
that of the ouabain inhibited ATPase reaction. 'Studies on ouabain
binding to a Na+, K+~activated ATPase preparation have shown that the
amount of ouabain bound in the presence of ATP, Mg2+, Na+ and K+ equals
that bound in the presence of ATP, Mg2+ and Na+ if the experiment is
carried out over a prolonged period of time (Allen and Schwartz '1970) .
If this is related to. the effect of ouabain on fluid secretion it would
» suggest that the length of time the tubule preparation is in the ouabain-_
'Ringer solution will have an effect on ‘the inhibition observed.g Fathpour
(personal communication) has in fact shown that allowing the tubule
- preparation to equilibrate in the Ouabain-Ringer solution for times less
than.30 minutes, at 3o°c, results.in'a reduction iniouabainvinhibition..
Temperature has also been shown to have an effectson ouabain binding
(Akera and Brody 1971) and, therefore, at.temperaturesvbelow 30°¢c

it may be necessary to have an equilibration period'longer than 36

minutes before any inhibition can be observed.

Present results showed that varying the.K+ concentration of -the
bathing mediun from 10-40mM had no effect on the imhibition of fluid
‘secretion by ouabain, at a temperature of 30°C and with an equilibration
period of 30 minutes. In each case there was about 50% inhibition.

It seems,'therefore, that the effect of K+ as an antagonist of ouabain
inhibition is being over-estimated by some workers.,

It is possible, however, that the k" concentrations used by some
workers may have prevented ouabain inhibition. Berridge (1968) found

no effect, of ouabain on fluid secretion in Calliphbra using Ringer
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solutions containing 140mM K+, omM Na+; OK+, l40mM Na+; and 56mM K+,
84mM Na+. It is hot too surprising that ouabaiﬂ iﬁhibition could not
be demonstrated in the first two solutioné as tﬁe Na+/1<+ exchange pump
could not be operating, and the concentration of 56&M’K+ in the third
solution may have been high enough to prevent ouabéih inhibition.

- Present resulté show that the K+ concentration of the Ringer
solution bathing the Malpighian tubules cannot account for the difference
in results reporﬁed for ouabain inhibition in Locusta by Rafaeli-

" Bernstein and‘Mordue (1978) and those obtained in‘this present study and
by Anstee and Bell (1975). It is, therefore, puzzling why two such
different effects should be seen using the same spécies. it wés noticed
that in the work reported by Rafaeli-Bernstein and. Mordue (1978) there
ﬁas no iﬁdication of how long the tubule preparation was bathed in
Ringér solution containing ouabain and the importanCe of ﬁhis has already
been referred to. It was also not clear just hbﬁ many tubules had been
studied or how the effect of ouabain had been assessed.

The rates bf fluid secretion repOrted by Rafaeli-Bernstein and
Mordue (1978) fof Locusta Malpighian tubules are mﬁch higher'than those
obtained in this preéent study and tﬁose reportéd gy Maddrell and
Klunsuwan (1973). In a Ringer solution with zgro potassium, Rafaeli—'
Bernstein and Mordue (1978) reported a secretion rgte of ¢. 3.,5nl/min,
a rate similar to the mean rate of fluid secretion obtained in this
preéent study (3.ln1/ﬁin) using 8.6mM K+.- Fathpour (personal comﬁunication)
has shown that Locusta Malpighian tubules only secrete very slowly in
K+—f£ée Ringer'solution.(O.7nl/min). In Ringer solution containing’
20mM K+m Rafaeli-Bernstein and Mordue (1978) repo?t a -secretion rate of
c. lS.Onl/min, a rate that is almost four times*higher than that obta;ned
in this present study with 20mM K" (4.4nl/min) and almost eight times higher
than that xepdrtéd by Maddrell and KlunSuWan (19?3) for Schistocerca |

(1-2nl1/min).
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Ethacrynic acid ( 2,3-dichloro-4-(2-methylene butyryl 1)-
phenoxyacetic acid ) has been found to produce diufesis, similar to that
observed with cardiac glycosides, in mammals. Héw ethacrynic acid
exértsvthis effect is not completely understood. It has been suggestéd
that it affects Na+ transport by a mechanism which is insensitive to
ouabain (Whittembury and Fishman 1969; Hoffman and Kiegenow 1966;

Lubowitz and Whittam 1969; Dunn 1973). |

Ethacrynic acid‘(lo—3M) has been shown to:cpmpletely inhibit
fluid secretion in Glossina (Gee 1976), an insect wﬁich is rather atypical
in that Na+ is the transported cation rather than k+. Gee (1976) also
found that fluid éecretion in Glossina was unaffegféd by ouabain (10—3M).

He proposed that Na+ transpdit in Gioésina may bebby elect:ogenic godium
pumps and not by a ouabain sensitive ﬁa+/K+ exchange pump;,' Howevér, thi§: 
presupposes thatvethacrynic aéid is a specific inhibitbf of Na+ transport
and this has been shown not tq be the case. Ethacrynic acid has been
shown to inhibit Na+, K+—éctivated ATPase‘in a variety of tissues

(Duggan and Noll 1965; Davié 1970; Charnock et al. 1976; Proverbio et al}
1970; Peacock et al.1976). Present results confirm this for Locusta

Na+, K+-activated ATPase; the Na+, K+-activated ATPase activity in
microsomal preparétions of the Malpighian tubules of Locusta exhibiting

a pl of 2.5mM for ethacrynic acid. Thus Na+, K+-activated ATPase is

50
inhibited by ethacrynic acid although relatively high concentrations are

required as compared with ouabain (pI_.. c. 10_6mM). The pI

50

50 for ethacrynié

acid wés similar to thét obtained by Peacock et al. (1976) for
Homorocoryphus (pI50 3mM) . |

As well as having anbeffect on the Na+,‘K+éactivated ATPase
it has alsoc been suggested (Kiahf et él. 1971) ﬁhatbethaérynic acid has

a direct effeét on metabolism. Klahr et al. (1971) found that lmM
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ethacrynic acid decfeased lactate formation from glucése-G—phosphate
by 50% in cell free systems of rat and rabbit renai cortex and medulla,
isolated epithelium of turtie bladder and hemolyéates of human red
blood cells. Inhibition of active transport would lead to a secondary
decrease in metabolism (Whittam and Wheeler 1970) buﬁ since this was a
cell-free system it indicated a direct inhibition of metabolism,
Similar results were‘obtainéd by Gordon and Hartog (1969) for cell—free
pfeparations of Ehrlicﬁ aséités tum§u£ cells. Moreover, Landon and -
Fitzpatrick (1970, 1972) shéwed»that respiration‘ana glyCOlysis’ih kidney
~ slices were inhibited by éthacrynic acid, Similarly, Daniel et al.
(1971)  found that ethacrynic acid affected oxidative phosphorylation
and glycolysis in rat uterus. .

it.would appear, therefore, that ethaciynic acid is having
both a direct and indirect effect on ion ﬁranspoit. ‘The‘difect éffect
being on.Na+, K+-activated ATPase:activity and the‘indirect effect being
the inhibition of_glycolysis which would cause a secondary decreaéeiin
cation transport bf reduciﬁg the supply of energy available to thé puﬁp.v

In the presént study ethacrynic acid was §hown to be an
extremely effective inhibitor of fluid secretion by the Malpighian
tubules; 10_3M ethacrynic acid producing 71.6% inhibition of fluid
secretion. When ethacrynic acid (10—4M) and ouabain (10—4M) were
appliéd to the Malpighian tubule preparation together, the inhibition
produced.was greater than when either was applied alone. There are
two possibilities; either the two compounds inhibited different sysﬁems'
or they both acted to increase inhibition of the éame system. From‘the
results on Na+, K+—activated ATPase inhibition it would seem unlikely
that ethagr?nic acid causes inhibition of fluid secretion by aﬁ effect
on the Na+,VK+—activated ATPase. Concentrations of ethacrynic acid ’

in excess of lmM were necessary to cause any subStantial inhibition
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of the Na+, K+—activated ATPage activity whereas 1mM ethécrynic acid
had a very pfonounced effect Qn fluid secrétion. It is suggested,
therefore, that ethacrynic acid affects fluid secretion by a means
other than by affecting the ﬁa+/K+ exchange pump. Since the effect
of ethacrynic acid has been shown to be complex, it is wrong to conclude
as Gee (1976) does that electrogenic Na+ pumps account for all the ion
transport ih Glossina, Clearly ethacrynié acid could be affecting
ioﬁ transport in more than one way. In contrast té Gee (1976),
Gooding (1975) reported that diuresis in Glossina was inhibited by -
ouabain ingested in a saline solution. whilst it is possible'that the
ouabain Was acting at a site other than the Malpighian tubules, as
suggested by Gee (1976), it may be that a Na+/K+ exéhange pump is
involved'in £luid secreﬁion in Glossina.
This gquestion cannot be fesqlved by the usé.of.a drug‘like
ethacrynic acid which has such wide ranging effects.
| As was mentioned in the intrbduction, inécéessibility'of the:
sites of Na+, K+-activated ATPase has been sugge§ted as én explanation
of the apparent insensitivity of some inseét tissues to topically appiiedA
ouabain. Present.reSults donfirm those ovaafaeIi—Bernstein and Mordue
(1978)( in that 3H—ouabain, or its labelled metapélies, was found‘td.beb.
secreted by the Malpighian tubules of Locusta. Iﬂ éassing across the
tubule, ouabain would be readily available to any_sites of Na+,
K+—activated ATPase. |
It was interesting to note that 3H-inulin'was also found to be
excreted by the Malpighian tﬁbules.bf Locusta. - Inulin (m.w. c,5000)
has been used in the study of vertebrate and inVerfebrate excretory
systems as a compound which is thought to be neither secreted ﬁor re-

absorbed (Riegel 1972). 14c—inulin has also been shown to be excreted



by the Malpighian tubules of the pill millipede Glomeris mérginéta

(Farquharson 1974) and gel ‘filtration studies showed that there was

no detectable alteration of inulin whilst it passed through the tubule.

Ramsay and Riegel (1961) showed the permeability of Carausius tubules
to inulin to be extremely low (tubule fluid : medium ratio of 0.046)
whereas the permeability of Glomeris tubules was Very much higher
(tubule fluid : medium ratio of 0.68). Farquharsoﬁ (1974) suggests
that the route of inulin across the tﬁbule-is not through the cell
but through the intercellula; junctions. |

Further evidence for the accessibility of the sites of Na+,
K+—acti§ated ATPase to ouabain has been obtained from aﬁtoiadiographic
studies. This is a method which employs the specific‘binding Qf
3H—ouabéin to ‘localise Nat, K+-activated ATPase. ,-Aﬁtqradieréphs
obtained in tﬁe-préséht study'shqw silver'grains, COrrespbhding t§
bound ouabain, assoéiated-wifh‘both_the basai,aﬁd apical surfaqes:of'
the tubules. In fﬁture stﬁdies it would be interesting to combine
~ electron microscopy'with‘autb?adiégraphy iﬁ an attémpt‘t§‘idéntify
the silver grains in association with specific cellular mémﬁrénes.
Karnéky et al. (l976)lhave successfully uséd this'teéhnique to locate
Na+,‘K+-a§tivated ATPase at the subcellular level in the chloride cells
of teleost gills. |

The present resﬁlts are consistent with tﬁe model for fluid
éecretion proposed by Berridée and‘OSChman (l969) as they suggest the
existence of a Na+, K -activated ATPase at the basal cell surface.

Autoradiography'would seem to be é more promising method»fér-
localising Na+, K+—activated ATPase than the use of histochemical
techniqués. The disadvantages of the histochemical technique have

already been mentioned.
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The results presented in this Chapter show that there is a
ouabain-sensitivé, Na+, K+-activated ATPase present in microsomél‘
preparations .of the Malpighién tubules and that fluid secretion is
also inhibited by puabain. "~ These facts tend to support the involvement
of a Na+/K+ exchange pump in the @echanism'of fluid secretion in

Locusta.
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CHAPTER 5

_ : + o+
AGE DEPENDENT CHANGES IN THE Na , K -ACTIVATED ATPase ACTIVITY

OF LOCUSTA MALPIGHIAN TUBULES

INTRODUCTION

hlthough there have been many studies on the control of fluid

secretion by insect Malpighian tubules (Maddrell 1963; Highnau et al.
1965; Mills 1967; Cazal and Girardie 1968; Mordue and Goldsworthy
1969; Mordue 1969, 1970, 1972; Pilcher 1970; Goldsworthy and Mordue
1972; Aston and White 1974; Gee i975), most‘of.theSe have been carried

out on mature adults. The regulation'of Malpighian tubule activity
- during development has, in contrast, been generally neglected. However
a study on the skipper butterfly Calpodes ethllus (Ryerse 1978) has shown. »f
that the ability of Malpighian tubules to transport fluid and the rate of
fluid secretion depended on the developmental stage of the insects. The
- larval tubules were permanently switched on and did not’ require diuretic
hormone. Fiuid transport continued at larval - larval-moults but was
'switched off' 24hrs before pupal ecdysis. There was no secretory
activ1ty during the first half of the pupal stage when the tubules were
remodelled for adult function, but fluid transport resumed mid-way through
the stage in time for rapid diuresis at adult emergence. Adult Malpighian
tubules wereicapable of very rapid fluid transport after feeding or
drinking. | .

Throughout the development of Calpodesﬂthe secretory activity

of the Malpighian tubuleshwas found to be precisely ce-ordinated with
feeding activity (Ryerse 1978). “A similar co-ordination between feeding
and fluidisecretion_has been demonstrated in the salivary glands of
female ixodid ticks (Kaufman et al. 1976). Unfed female ticks only
secreted fluid at a very slow rate (Kaufman 1976)‘hut there was an

" enhanced ability to secrete fluid on feeding.
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Salivary secretion in female ixodid ticks has been shown to
depend on acti&e solute transport (Kaufmann and Phillips 1973)., Specific
ratios of Na+ and K were necessary for maximal fluid secretion and the
process was inhibited by ouabain, suggestipg the involvement of a.Na+;
K+—activated ATPase iﬁ‘the fluid secretory process. Kaufmann etval.(l976)‘
have demonstrated Na+, K+—activatéd ATPase activity in preparations of
the salivary glands, showing that enzyme activity) along with fluid
secretion, increased with the time the ticks spent féeding oﬁ the host.

The'Na+, K+-activa£ed ATPase, an enzyme which has been implicated
in the active transport of Na+ and K+ in many éecrefory tissues, has been
shown to have a role in the processes of fluid sec:étion and absorption |
by the'Malpighian tubules and rectum of insects_(Anstee anﬁ'Beli 1975;
Peacock 1976; Tolﬁan and Steele 1976; Anstee et’ai. 1979; présent stﬁdy).
Peacock (1978) has shown that the Na+, K+-§ctivated ATPase activity in -
preparations of Locusﬁa rectum showed developmental_chanées. " Enzyme
activity was found to increase with age throughout the last larval stadium .
until the énset of metamorphosis when fhe activiiy feil. In the adult,
the Na+, K+—activated ATPase activity was low just éftef the‘ﬁoult, but
increased with age.

In view of the evidence from studies On.Locusta {Peacock 1978)
and ixodid ticks (Kaufmann et al. 1976) that Na+, k+—activated_ATPase
activity varies with develépment_and that there is a corresponding variatioﬁ
in fluid secretion (Kaufmann et al. 1976; - Ryerse 1978), the present study '
has beén carried out to determine Malpighian tuﬁulé ATPase activity

throughout ‘the 5th stadium and in early adult Locusta migratoria.:
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MATERIALS AND METHODS

+ o+
1. Determination of Na , K -activated ATPase activity

Na+, K+~activated ATPase activity in homogenates.of the
Malpighian tubules of Locusta was determined as.aescribed previously
(Chapter é). Equal numbers of male aﬁd female lbﬁusts (12 in all)
were used.for each experiment. ﬁnzyme aséays.wéfe_carried out on aged
animals for each day of the fifth instar and into the adult stage.
Under the conditions of rearing the fifth instar'laséed approximately-‘

10 days. The procedure for ageing animals_is described in Chaptef 2,

2. Measurement of wet weight and dry weight

Wetbweight of individual male loéuétsiwés measured daily>
throughout the fifth instar. The animals were killed by decapitation
over a weighing boat and annyood material removed from the alimentaryl
canal before Qeighing;  ‘The locusts were thén dried a£-125°c for'24h£s

to determine final dry weight.
RESULTS

+ ' - .
1. Na , K+-activated ATPase activity at daily intexvals throughout

the fifth instar of Locusta

The results presented in Figure 5.1 show the daily changes in
Na+, K+—activated ATPase activity in homoggnates-of the Malpighian tubules.
The graph (Fig. 5.1) shows Na+, K+-activated ATPése_éctivity expressed aé
nmoles Pi released/set Malpighian tubuleg/ﬁin plottéd against tﬁe age in

days of the insects, and is typical of 4 separate series of experiments,

the data for which can be found in.Appendix 5.1.
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Figure 5.1 _Na+, K -activated ATPase activity at daily intervals

throughout the fifth instar of Locusta
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Figure _5-2 Protein concentrations in homogenates df.Malpighian tubules

at daily intervals throughout the fifth instar
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In newly moulted fifth instar locusts the activity of thg
Na+, K+—actiyated ATPase was very iow (6.5nmoles'Pi/min), but over the
next two days the level of activity increased dxamatically to 34.5nmoles/
min. During‘the next 3 days of the instar enzyhe activity decreased to
around 14.5nmoles/min before rising dramatically once more (42.Snmoles
vPi/min) and falling again before the larval-aduit'moult. Na+, K+-ac£ivated_
ATPase activity in newly moulted adult locusts was also very low
(7.5nmoles Pi/min) but once againbshowed a substaﬁtial inqreasé wiﬁh age.
In contrast, the Mg2+—dependent ATPase activity yaried only slightly |

(between 2-4nmoles Pi/min) throughout.

2. vVariation in protein levels at daily intervals throughout ﬁhe

fifth instar of Locusta

The protein content of homogenates of.the-Malpighian tubules.
was determined daily using tﬁe method of Lowry é£ ai. (1951) . Figﬁfe 5.2
shows a graph of broteiﬁ concentrati§n plotted against ihéect age. It
can be seen that the piotein content varied considérably throughout tﬁe
fifth instar, the pattern vefy closely reéembling.that obtéinéd for

+ o+
Na , K —activated ATPase activity.

3. Measurement of wet weight and dry weight at daily intervals

throughout the fifth stadium of Locusta

Figure 5.3 shows the changes in somatic wet and dry weights
which occurred during the fifth stadium. Each'point on the graph
corresponds to the mean of 10 detéxminations.v. Thfbughout the stadium
both wet and dry weights increased considerably;: ihe larval-adult ecdysis
wasvaccompanied by a considerable loss of waterFWhereas the dry weight

remained fairly constant.
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Figure 5.3 Changes in wet and dry weights at daily intervals

throughout the fifth instar of Locusta
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Figure 5.4 Daily changes in relative water content throughout the

_fifth instar
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The results presented in Figure 5.4 show the daily changes

wet wt - dry wt .
wet wt

in the perqentage water content ( x 100) of the locusts.
It can be seen that ca; 78% of body weight is due to water in the newly
moulted fifth instar locusts. The relative waﬁer content then decreased
over the next 4 days to 72.4% but was followed by é small but significant
increase on day 5. .A further decreése in water content was observed on

day 6. The relative water content then increased up to the time of the

larvai-adult moult.
DISCUSSION

In the present study the Na+, K+-activatéd~AfPase activity
in homogenates of Locusta Malpighian tubules has beén shbwp to vary
with age throughout the fifth stadium and early adult life. A similar
pattern of variation has been reported by Peacbék_fér Locus;a rectal
Na+, K -activated ATPase. Malpighian tubule Néf, K+¥actiVated ATPase
activity was very low at the beginning of the 5th stage but increased
with age during the stadium before falling again just before the larval-
adult moult. However, a dramatic decrease in Na+,‘Kf-activated ATPase
activity was observed mid-instar (days 5-6); the possible éignificance
of this will be discussed later. In preparation§ from newly méulted
adult locusts, enzyme activity was low initially, bﬁt increased with age.
In contrast, the Mg2+—dependent ATPase activity'#howed very little
variation throughout the period studied.

Kaufmann et al. (1976) working on salivary glands from féméle
ixodid ticks have also shown the development ofza ﬁ$+, K+—activated ATPase.
They found that the salivary glands from unfed.female Amblgommé hebragum
exhibited a very low ATPase activity, whilst following feeding the ATPase

activity increased steadily and a ouabain—sensit;Vé,component appeared.
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Maximum Na+, K+-activated ATPase activity was obéerved when the animals
fed: unfed wéight ratio was approximately 8. Assoéiated with this
increased Na+, K+—activated ATPase activity on feediﬁg, in vitro fluid
secretion was enhanced. Once again, fluid secretion was maximal at a
fed : unfed weight ratio of 8. This increased ability to secrete fluid
can be taken as a further indication of Na+, K+-aétivated ATPase
involvement in the mechanism of fluid secretion.

The Malpighian tubules of 5th instar LécusfaAhave also been
‘found to show increased secretory acﬁivity with development (Aitchison:'
personal communication).b The rate of ‘urine' prbdqctiqn by in vitro
Malpighian tubules of newly moulted 5th instar locusts was very low
but increased_with age until just before the 1a;vaifadult moult when
the rate of fluid secretion fell. These findinés;agree weli_with the
changes in Na+, K+-activated ATPase activity reporﬁéd in.the present.
study.

The daily measurements of wet weight a§d~diy weight”presented
earlier show that there is considerable variation in insect water content
throughout the 5th stadium. The larvél-adult ecdyéis was accompanied by
a decrease in insect water content. | Similar cﬁénées in water contenﬁ
with age have been reported for Locusta by Beenakkefé and Van Den Broek
(1974). Using the daily values for wet weight and dry weight it was
possible to determine the percentage water content.for each age. The
relative water content of 5th instar larvae varied.from 72-77.5% with
maximal values occurring at the beginning (77.4%) and tﬁe end (75.9%)
of the stadium. The minimal values occurred on day‘4 (72.5%) and day 6
(72%) with an increase on day 5 (73f75%). TheSeﬁdaily values for water
content plottéd against age gave a graph that was-aimost exactly the

+ _+
converse of the results for Na , K -activated ATPase activity.
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It is impossible to conclude from the présént results whether
the variation in relative water content resulted from variations in
haemolymph volume or tissue water. However, casual observation did
suggest that at certain times throughout the 5th stadium (notably just
before and after moulting) the haemolymph volume w@s mﬁch increased.

Baehr et al. (1979) have also investiqatedichanges in daily
water content of 4th and 5th instar Locusta. . Their findings agree
well with those observed in the present study. Tﬁe& showedbthat the
relative watér content of 5th instar locusts variea~from 72-77% with
maximal values at the beginning and the end of the instar, while the
minimal values occurred on days 6 and 7. |

Beenakkers (1973) has shown that newly ecdysed adult Lécusta
have a high haemolymph~volume and that this voluﬁé aecieéses over the
following few days. '.Further evidence for variafion(in haemoiyﬁph'-
volumes in locusts is provided by the study of Lee (1961). Lée (1961}
estimated haemolymph volumes at daily intervals throughout the development
of Schisfoceréa from the 3rd larval instar onwards.- In general the
results showed that the blood volume was high just prior to ecdysis,
fell over the next few days and then incréased aéaih before the next
ecdysis. Results for 5th instar locusts showed that the haemolymph 3
volumes were highest at the beginning and end of the instar, whilst the
minimum volumes occurred on days 3 and 5_with an increase on day 4.

These patterns of change in haemolymph volumes (Beenakkers 1973;
Lee 1961) are very similar to the variations in relative water conﬁent
observed in the present study and that of Baehr et al. (1979) and it
therefore seems reasénable}to assume thatvvariatiéds in relatiQé water
‘content in 5th instar Locusta reflect changes in haemolymph voiume.

In this context it is perhaps sigﬂificant that developmental changes in

the rates of fluid secretion by the Malpighian tubules of Locusta
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(Aitchison:‘ personal communication) are consistent with the changes in
relative watér content described above. Thus, at‘times when relative‘
water content is high (pre- and post-moult), fluid sécretory rates_are
low and when animal water contenﬁ is low, there are enhanced rates of
fluid secretion.

The results of the presént study in conjunction with those
of other workers (Lee 1961; Beenakkers 1973; Béehr et al., 1979;
Aitchison pers., comm.) show that Na+, K+-activated ATPasé activity,
relative water»content, haemolymph volume and fatés.of fluid secretion
vary throughout development in a manﬁer'which would suggest that they are'
perhaps related. High Na*, K+—activated ATPase:aqtiﬁity occurs aﬁ times
of increased rates of fluid secretion by the Maipighian tubules and low
relative wate: content. Conversely, low enzymelaéfivity is associlated
with low fluid secretory rates and high relative_watef céntent.

As already mentioned, high relativevwater conteht/haemolymph
volumes hé§e been’found to occur immediately pre- and post—ecdysis.
Lee (1961) has suggested that the increased blood volume at ecdysis is
-associated with the expansion of the cuticle and'thé insect as a whole
after ecdysis. The increased relativé wéter cohtent observed in the
presént study near the middle of the 5th stadium is rather more difficult
to explain. This mid-instar increase more or iess coincided with the
dramatic reduction in‘Malpighian tubules Na+, K+—activated ATPase activity
mentioned(previouSly.- Lee (1961) also‘regorts an increase in haemolymph<
- volume for 5th instar Schistocerca at this time. iMére recently Morgan
et al. (1975) showed that in Schistocerca apolys;s qccur;ed by day 5
(of a 7-9 day instar) in al; abdomens studied. Apdiysis is the name
given by some authors (Jenkin and Hinton 1966) to the process of separation
of the old cuticle from the underlying epidermal cells. ° As the cuticle

separates from the epidermis, moulting fluid is secreted into the space
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 between the two. Iﬁ is tempting to specﬁlate that the mid-5th instar
increase in relative water content is related to this process. However
further investigation is clearly nécessary to esﬁab;ish whether this is
the case, |

Developmental changes in Malpighian tubu;é fluid trénsportb
have also been reported for_thé skippér butterfly Calpodes ethlius,
where fluid transéort was found to depend on the phy;iolbgical state
and the develépmehtal stage of the insect (Ryerse:l978).‘ Flﬁid secretion
by the Malpighian tuﬁules increased during periods of feeding and rapid
body‘grthh but was 'switéhed off' 24hrs beforevthe larval-pupal’ecdysis
when.feeding stopped. Similarly, in Dysdercus thé cessation of feeding
prior to the larval-adult moult was associated with:fhe arrest of
Malpiqhién tubule flﬁid-sécretion (Berridge 1966).

| . Beenakkers and Van’Den Broek (1974) have studied feeding

activity in 5th instar Locusta showing that food consumption increased
throughout larval de&elopment but was low at the beginning and end of
the instar. This is in agreement with thg observation made in the.
present study, that fhe»alimentary canal of neﬁly ecdysed Sth.insta:
and adultxlocusts did not contain food. Thus it would appear tﬁat in
Locusta also relative water contenﬁ and Malpighianhtubulé fluid secretion
(Aitchison: pers. comm.) are correlated with féeding activity. ‘Fluid
secretofy rates have been found to be low at thé beginning_andbend of
thé 5th instar (Aitchisbn: pers; comm.), as has.food consumption
(Beenakkers and Van Den Broek (1974).

It has beeﬁ shown previously that feed;ng éctivity.in insects
can often act as a stimulus for hormone release‘(Wigglesworth 1934;
Clarke and Langley 1963;. thdrell ;964; Moxrdue 1972). In Rhodnius
(Maddrell 1964) and Glossina (Gee 1975) the diuféﬁic hormone is released

in reSponse to a blood meal. Maddrell (1964) has shown that in thdnius
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the distension of the abdomen céused by a‘large intake of fluid is
monitored by proprioceptors and their responses result in release of .
diuretic'hormone from thoracic neurosecretory cells. Feeding has also
been shown to bring ébout the release of diuretic hormones in locusts
{Moxdue 1966; 1969), Dysderus (Berridgé 1966) , Caraqsius (Pilcher 1970) and
Pefiplanefa'(Mills l967f. In Dysde;us (Berridge 1966) a high titre of
diuretic horﬁone céuses a high secretion of fluid'by the Malpighiah
tubuleé_and a redﬁction in rectal reabsorption. _Nén—feeding periods are
.associated with low rates of fluid éecreticn by the tubules and veiy
little diuretic hormoné circulating in the haemolymph. These results
have led several authors to propose similar mechanisms fof the control

of Malpighi?n tubule fluid secretion (Maddrell 1964; Berridge 1966;
Pilcher 1970; Mordue 1972; Gee 1975), .In responée to feediﬁg,.
diuretic hormone‘ié released leading to increaséd rates of fluid
secretion. When the stimulus is removed, diu;etic}hdrmone:reiease

ceases immediately, the titre in the haemolymph is reduced by a degrédative
mechanism and the rate of excretion declines. Destruction of diuretic
hormone by the Malpighian tubules has been demonstrated in Rhodnius
(Maddrell 1964), Dysdercus (Bérridge 1966), Cara;siué (Pilcher 1976) and
Glossina (Gee 1975). |

The Qelease of diuretic hormone in reépdnse to feeding ha§

generally been studied in adult insects, Ryerse (1978) hag shown that
diuretic hormone is not necessary for fluid secretion.by thé Malpighiap
fubules of larvai Calpodes ethlius. This raises the'queStion as to
whether diuretic hormone plays the same rolé in thé regulation of fluid
secretion in 5th instar Locuéta as it does in the adult. Stﬁdies on
adult locusts have shown that the blood volume-debénds on feeding activity

(Mordue 1969). Water .accumulates in the h@emolymph in the absence of
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diuretic hormdne as.a result §f the reduced secretéry activity of the
Malpighian tubuiés and increased reabsorption thrqugﬁ thevrectal wéll.
This could easily éxplain the changes in relative water content found
at the beginning and end of the 5th stadium but‘it,dées not explain
the ihcreased haemolymph volume mid-instar, a time when‘the insects
are feeding normally. | |

Iﬁ the preéent study the protein content of homogenates of
the Malpighian tubules was found to vary throughéutbthe 5th stadium.
The protein concentration was low at the beginniﬂg 6f the instar
(120ug/ml), then increased over the next 3 days (188ug/ml) before félling
dramatically on day 6 (33ug/ml). The protein level thenbbegan to rise
once again (220ug/ml)'but was low just before the lafval—adult moult,
This pattern is exéétlybsimilar to the pattern dbtained‘for Na*, K+-
activated ATPase activity which tends_to suggest that at least some of
the protein content whiéh is fluctﬁating so markedly is due to the
production and.denaturation of the enzyme. |

The mid-instar (c. day 6) of Locusta has been shown to be a
time of low protein conﬁent, low Na+, K+-activated.ATPase activity and
high relative wate{.content. The low protein qutent at this‘time‘may'
be due to a'cessation in protein synthesis whiéh would help to explain |
the low level of>Na+; K+—activated ATPase activity a;so. Tﬁe Changes
in enéyme activitf and animal watei-gontent have been discussed previously
but it is difficult to explain how these events should come about.

Other workéis have also shown that the mid~ins£ar of Locusta
is a time of low pfotein synthesis. Turner ahaiﬁoughton (1975) have
studied jin vitro protein synthesis by various tissues of 5th instar
Locusta. They found that protein synthesis vafied throughout the instar,

"with each tissue showing its own characteristic pattern. However, all
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tissues studied (gut, héart, fat body, haémolymph).produced protein of
low specific activity‘on day 6 and released proteins of extrémely high
specific actiyity on day 7. Turner and ;oughton (1975) postulated
that the low specific activity on day 6 might représent a cessatibn of
prbteih synthésis.

Baehr et al, (1979) have also studied haemolymph protein levels
during the 4th and Sth larval instar of Loéusta! They found that'protein
concentrations in the haemolymph varied throughout‘both larval instars.
During the 4th instar the level of protein waé low'for the first 3‘day$,
increased oh day 4, fell again between the 4th and 5th éay,‘and rose
again between the 5th and 6th day. In the 5th instar, pfotein
concentration in thg haemolYmph fell at the 4th ecdysis and during the
first 24hrs afterwards. Levels remained low untii the 3rd day and then
rose markédlf from the 4th - 7th day. Maximal values were obtained
bétween the 8th and 9th day. - During the 2.déys.p:éceding thé‘ihaginal :
moult the valués“féll”by 50%. B | |

Phillips and Loughton (1976) have_measured ﬁhe protein éontent
of the cuticle of Locusta throughout the gth'stadium. _ They foﬁnd.that
the p;otein content increased until day 6 (the onset of apolysis) and
then begén to decline.

These results qf»Turnér and Loughton (1975), Phillips and
Loughton (1976) and Baehr et al. (1979) in»addifiop‘to the present study
shOW'ﬁhaﬁ several tissues in Locusta undergo similar chénges in pfotein
content duiing development. In particular all tissues'studied showed
low protein levels during the mid—instar. Turner and Loughton (1975)
suggest that the tissues are reSpcndiﬂg to a generalised stimuluS'dﬁring
this time. It is probable‘that the changes in’éynthetiq activity are

the result of a hormonal stimulus. Kinnear et al.. (1971) showed an
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‘abrupt cessation of protein synthesis at the eﬁd éf the'feéding stage
of Callipbbra étygia.and implicated ecdysone in the control 6f this
event. Baehr et al. (1979) have studied haemolymph protein levels
in relation to the levels of J.H. and ecdysteroidé in the haemolymph.
bThere was found-to,be some correlation between haemolymph protein and
ecdysone levels.

The levels of both ecdysone and Juvenile Hormone have been
shown to vary ﬁhrbughout the 5th ihStar of Locusta (Hoffman et al. 1974;
Baehr et al. 1979; ﬁirn et al. 1979). 1In Qeneral,.thesé observations
show that the titre of ecdysong riﬁes to a maximﬁm during the second
half of the instar'andvdecreases prior to ecdysis;_  Hoffmaﬁ et al. (1974)
found that-the.ecdysone titre was low in young Sth instar larQae, rising
sharply at thé‘time of apolysis (day 6—7):and synthesis-of‘the‘new
cuticle. The hormone level then decreased raéidly and'remainedvloﬁ |
at the time ofbecdysié.v Baehr et al. (1979) have shown that the
haemolymph levels of ﬁuyenile Hbrmone (J.H.‘I) - i@munoreactive Substance
were hiéh (30.35ng/ml) during the first 5 hours Of.the 5th instdr in
Locusta and then decreased progressively (3.5ng/ml). J.H., titre
remained low throughout the rest of the instar excéptvfbr a small peak
on day 6 (llng/ml) in females.

It is impossible to relatezhormdne ;evels:to physiological
events in the present study but in viéw.of the results preéented above
this would clearly bé an interesting area for study.

As well aé the physiological chéngés throughout development in
the 5th stadium presented above, the Malpighian tubules of Locusta also
show morphological changes (Chapter 3). - The possibie significance of
these structural changes in telation to functional ghanges in,the Malpighian .>

tubules will be discussed in Chapter 7.



115

CHAPTER 6

THE EFFECT OF INSECT HORMONES ON MALPIGHIAN TUBULE

FUNCTION IN LOCUSTA
INTRODUCTION

‘The 'classical' scheﬁe for the hormonal controi of moulting
and metamorphosis in insects involves an endocrine system consisting of
the brain and aésqciated glands (corpora éardiaca, corpora allata)
together with-the prothoracié glands. 'Neurosecretdry cells in the
brain produce brain hormope (prothoracicotrophic hofmone) which enfers
the haemolymph, in many cases via the corpora cardiaca. Brain hormone
then stimulates the prothoracic glands'to'syntheSise and release ﬁhe
insect'moultiﬁg hormone. Under direct neural-eontfol from the brain
the corpora allata secrete Juvenile Hormone (see Gilbert and King 1973;
Rees 1977). |

This séhemé has been proposed as the result of numerousvstudies
on a variety of insect species (see Novak 1969, 1970;. Wyatt l972;l
Doane 1972; Gilbert and King 1973; Gilbert 1974). . The existence of
iuvenile Hormone was first predicted by Wigglesworth (1934) as a result
of surgical experiments, but no suécessful attempts were made to isolate
the hofmone.uhtil.Williéms (1956) extracted J.H. from the abdomens of .
male Hyalophora cecropia. Although highly purified, the J.H. from
Hyalophora proved very difficult to characterise uﬁtil Roller et al.(1967)
succeeded in isolating, identifying and synthesizing.the principal
Cecropia Juvenile Hormone (C-18 J.H.I; methyl‘10;il-epoxy~7-ethyl—3,ll¥
.dimethyl-Z,6~tridgcadienoate) with the followingvsﬁructural formula:

" /o\ (|3H2*CH3 ' IH3

*H.,~CH, ~C~CH-CH, ~CH,,~C~CH~CH, ~CH, ~C~
CH,~CH,,~C~CH-CH,,~CH,,~C~CH~CH,~CH,~C~CH

CH CooCH

3 3
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In 1968, Meyer et al. showod thot the Cf18 Cecropia Hormone
was accompanied by smaller amounts of a more poiaf c-17 homologue J.H. II
(methyl lo,ll~epoxy-3,7,llftrimethyl-2—transé6—troos frioecadiénoate).,
A third C-16, J.H. IIT (methyl, 1o,11-epoxy—3,7,11-t-rimethy1-2—tr'ans-6—
trans—dodecadienoate) has now been identified in Manduca sextal(Judy
et al. 1973). Sensitive teohoiques involving gas-liguid chfomatography
and mass spectrometry for the isolation and'identifioation of_J.H. from
haemolymph haoo shown that, not only does the total J.H; titro vary
during development, but also that tho relative conoentrat¢ons oé thé»
three known Juvenile Hormones chanoe'during devélopment (Lanzrein of'al.
1975), which'may suggest a poésible variation 15 fudction.

The task of isolation of moolting hormone in pure form.was
first undertaken by Becker and Piagge (1939) and was finally achieved
in i954vby Buténandt and Karison. They isolated_moulting‘hormong.;n :
- crystalline fo?m from Boﬁbyx mori pupae and'subseQuently this ho;mone_
was named ecdysone (Karlson 1956). It was not until 1965 thao tﬁef
structure was.determinedAaod the hormone was shown to be a steroid

(Huber and Hoppe 1965) with the following structural formula:

OH
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This_compound was assigned the name a-ecdysone. As well as
a-ecdysone, a second steroid was also extracted‘from Bombyx pupae
(Karlson 1956) and this became known as R-ecdysone. 8~ecdysoﬁe wés
also extracted from ﬁhg Moroccan 1ocust; Dociostaurus (Stamm 1959).
Compared to a—ecdysone, vB—ecdysone was relativel§ difficult to isolate
and crystallise. The chemical structure :emained.unknown until 1966
when itAwas isolated from varioﬁs sources independently (Hocks.and
wéichert 1966; Kaplanis‘et al. 1966; Hoffmeister and Grutzmacher 1966),
and shown to be identical to uFecdysone, apart fromAan extra hydroxyl”
group at C-20. A variety of names have beenvuséd to describe this
same hormone. Thus  the qompound has been named éo—hydroxyecdysone
from Bombyx pupae kHocks‘and-Weichert 1966) aﬁd_Manduca.Sexta pupae
(Kaplanis et al. 1966) and écdysterone also from.Bombyx‘mori (Hoffmeister
and Grutzmacher 1966)., These are identical to the B;ecdyéone named by

Karlson (1956) and have the following structural formula::

o}

Both Juvenile Hormone and ecdysone are now available in both
natural and synthetic forms and this has facilitated studies on the.

effects of these two hormones at both the organismal and sub-cellular
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levels (Karlson and Sekeris 1964, 1966; Minks 1967; Gilbert 1967;
Wyatt 1968; Novak 1970; Giibegt 1974; Slama 1975).

Although a great deal is known about thesé-hormones, the
mecbanisms by which they act on their target tissues.remain obscure.
Two main theoriés have been proposed to explain the primary mode of
action of ecdysone : (i) a selective gene dereptéssion hypothesis
(Karlson 1963) and, (ii) an ion hypdthesis of Qene activation (Kroegef.
and Lezzi.1966), Much of the evidence for béfh:of these theories.comes
from observations on the giant polytene chromosoﬁes of §arious tissues |
of Diptera (Clever and Karlson 1960; Kroeger 1963, 1966; Lezzi and |
Gilbert 1969; Ashburner 1971; Berendes 1971). At certain times many
chromosomal bands. produce 'puffs'. . This reversible structural
modification;is thouéht to be a sign 0f.genebactiv1ty and_involves some
uncoiling of the chromosohé fibres to allow syntheéis.of specific RNA
which accumulates at the band site. Most 'puffé'»appear at spec;fic
stages during develoﬁment, remain activé for a time andbthén regress.
The observation that périoas of moulting and the early stages of
metamorphosis coincided Witﬁ intense ‘puffing’ aétivity led Karlson‘(l§67)
to implicate ecdysone in the control of 'puffingi." Moreover, injection
of ecdysone intolcertain,insects induces fpuffih§Y in polytene
chromosomes within 15 minutes (Karlson 1963). Thié coupled with
evidence that 'puffs' represent sites of transcription of the genetic
information of the DNA into mRNA led Karlson (1963).to formulate a
possible biochemical mechanism for ecdysone action based on the Jacob -
and Monod model of bacterial gene regression. ACCording‘to this hypothesis
the hormone penetrates to specific chromosomal sites and there interacts
with the 'repressor molecule'. . This results iﬂ'derepression so that
mRNA synthesis begins at these sites. Following transfer to the cytoplasm

the mRNA participates in the biosyhthesis of specific proteins. This
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theory theﬁefore prdpbses thatieédysone acts directly witﬁin the nucieus.
In contraét, the ion hypbthesis of gene activation (Kroeger and Lezzi
1966) proposes that ecdysone controls gene activity‘indirectly by_acting
onbthe ceil membrane to change intérnal Né+ and K+ levels.in target ceils.
According to this theory ecdysone exerts its primary action upon membranes
changingvtheif'éelective permeability. it is proéosed that ecdyéone
stimulates the 'sodium pump' of target cells with a resultant increase
in K+ concentrations in the cell and nucleus, The increased intranuélear'
K+ tﬁen activates particular genes (Kroeger 1968) ., Support for this
theory of ecdysoneva¢tion comes from the.observation that éxposﬁre to
appropriate intranuﬁiear ionic concentrations induces the same 'puffs'
in Chironomus salivary gland‘pélytenevchromosomes as.does ecdysone
(Kroegex 1963;>l966).' There are also in vivo chaﬁges in the Na+‘and
K+ levels in salivary gland éells that correlate with fluctuétions in
hormone titre during development (Kroeger et al. 1973).

Legs'information is available concerning éhe mode of acﬁion
of Juvenile Hormone. In 1957, Wiggleéworth; digcussing the action of
growth hormone in insects, considered that "it is:possible‘to conceive
it (J.H.), also,'as being concerned in the regulation of permeability
relations within tﬁelgells - in such a way that the gene cqntrolled
enzyme system responsible for ﬁhe larval ch&racters is brought increasingly
into‘action when ﬁhe Juveniie Hormone is presenff"' _Similarly,_Lezzi and
Gilbgrt,(l972) suggest that J.H.;affects cell pgrmeabiiity._, They
propose‘that J.H., like ecdysone, acts on the céll membrane to alter
internal cation concentraﬁions, leading té an increase in internal Na+
concentrations, an effect opposite to that proposéd for ecaysone. ~In
support of thié suggestion are 6bservatioﬁs that J.H. specific 'puffs'

in polytene chromosomes are induced by ionic concentrations with high
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Na+/K~Jr ratios (Lezzi and Gilbert l972), Results from electrophysiological 
measurements on éalivéry glands of Galleria mellonella (Baumann_l968)

also support this view that J.H. affects cell permeability. It.has

also been observed that injection ofvouabéin into Tenebrio pupae results

in the formation of larval-pupal intermediates aé dbés J.H. apélication
(Chase 1970).. Since ouabain is known to inhibit the Na+/K+ pump of

cell membranes (Schatzmann 1953) it would lead to a.decrease in the

K+/Na+ ratio within the cell which is consistent’with‘the idea of a
relationship between J.H. and high intracellular Na+ céncentration.

In a rather'différent approach‘to the‘relétionship between
ecdysoné and cell éermeability Gee et al. (1977) have examined the funqtion .
of ecdysteroids by looking at fheir effect on fiuid'seCretion Sy the
Malpighian tubules of blossina morsitans. It was found that ecdysdne
and ecdyéterone stimulatéd flﬁid secretion as did éholeéterolﬂand‘
aldosterone. Gee et al. (1977) suggest that the ecdysteroids may be
increasing the rate of secretion by alﬁering the permeability of tﬁe
basal mebbrane of the tubule cells. The rate of fluid secrétidn by
the Malpighian tubules of Glossina is thought to be controlled by the
permeability of their basal membrane to Na+ (Geé 1976).

Fristrom and Kelly (1976) have aisp studied the possible role
of Na+ and‘K+,concentrations in hormone action, by determining the effect
of B-ecdysone and J.H. on tﬁe Na+, K+—activated ATPase from_homqgenates
of Drosophila imaginal discs. This membrane bound enzyme transports
Na+ and K+ in a Qectorial ménner and plays a major role inbthe fegulatién
of Na+ and K+ concentrations in cells (Glynn l964j Dahl and kuiﬁ 1974).
Fristrom and Kelly (1976) found that B~ecdysone'hadvno effect on Na+, K+-
activated ATPase activity, Qhereas'J.H. increased the activity of the

enzyme. Neither of these observations are consistent with the hypothesis
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proposed by Kroeger and Lezzi (1966).and referréd to above; For their
hypothesis to be acceptable;‘one would have expeéted B—ecdjsone to |
stimulate the Na+, K+-ac£ivated ATPase and consequently produce high.
intraceilular K+'con¢entratioﬁs, whilst J.H. would‘be expected to inhibit 
Na+, K+~activated ATPase activity and increase the intracellular'Na-F/K+
ratio. |

It has been shown‘preQiously that there is a Na+) K+—activated
ATPase present in mierosomal preparations of the-Malpighian tubules of
ILocusta (Bnstee and Bell 1975; and see Chapter 4)f | This enzyme has
béen implicated in catiqn and fluid transport across the Malpighian
tubules since both of these processes are inhibiteé by the cardiac
glycoside ouabain (Anstee and Beli 1975; Chapteriﬁ); In view of thié
the Malpighian tgbules‘of Locusta wouid seem to offer a suitabie system
on which-to'study the effects of B—ecdysoﬁe and JuQeﬁile.Hormone on
cell permeability and the Na+, K+—activated ATPase.u .The results of
this work will be.présented in two sectibns; the effect of insect ~
hormones on fluid‘secretion by'in vitro p;eparations of the Malpighian
tdbules, and the effect of insect hormones on the Naf, K+—activated_

ATPase in homogenates of the Mélpighian tubules.

SECTION 1

Hormonal effects on fluid secretion by the Malpighian tubules of Locusta:

It is now generally accepted that excretion in insects is
regulated by both diuretic and anti-diuretic hormones, which may be
peptides'or polypeptides, originating from‘neurosecrétory cells
(Highnam et al. 1965; Mills 1967; = Mordue and Goldsworthy 1969;

Mordue 1969, 1970, 1972; - Aston and White 1974).



In locusts, hormones present within the neurosecretory cell -
corpus cafdiacum comﬁlex exert both diuretic and anti—diuretié effects.
The Malpighian tubules and rectum respond to thé.diuietic'hormone, |
produced in the neurosecretory cells of the brain and stored in the
central lobes of the corpora cardiaca, by an incgeésé in fluid secretion’
by the tubules and a reduction in rectal reabsorption (Highnam et al.
1965; Cazél and Girardie 1968; Mordue and Goldsworthy 1969; Mordue
;1969, 1970, 1972). Thé anti-diuretic hﬁrmone,‘present in the dbrsal
lobes of the corpora cardiaca ihcfeases rectal réabsorption (Mofdue 1970,
1972; Goldsworthy and Mordue 1972) and Malpighiangﬁubulé function
(Cazal and Girardie 1968) . | | |

Extracts of the protoéerebrum and corpora.cardiaca have also
been shown to have a marked diuretic éffect upon'the Malpigﬁian tﬁbules
of Carausius (Pilcher 1970a,b) and Dysdercus (Berridge 1966) and diuretic
principles héve been found in Rhodnius (Maddrell»i963) and Glossina
(Gee 1975b) . |

The mode of action of the diuretic and anti-diuretic'horﬁones
on the excretory system is still under investigation. Maddrell et al.
{1971) have reported'an increase in Malpighian tubule function in‘fesanSe
to 5-hydroxytryptamine (5-HT) in Rhodnius and Carausius, althouéh this
compound has no effect on locust tubules (Mordue:l972;. Maddrell and
Klunsuwan 1973; Ansfee et al. 1979); 'Iﬁ these insects 5-HT may not be
sufficiently analogous to the diufetic hormone to ﬁimic its action.

Maddrell et al. (1971) have also reported an increase in fluid
secretion by the Malpighian tubuies»of Rhodnius and Carausius in response
to cyclic BMP. Aminophylline, a phoéphodiesterase inhibitor, was also
found to increase the secretory rate of Carausfus.tubules.‘ Application

of cyclic AMP has also been shown to stimulate fluid secretion by the
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Malpighian tubules of Locusta (Mordue 1969.; Anstee et al. 1979)
and Schistocefca'(Maddrell and Klunsuwan 1973).-

-Theée results suggest that cyclic AMP may be invol&ed in the
action of tﬁé diuretic horﬁones and S5-HT {(Maddrell et al. 1971). .Further
evidence for this has been provided by Aston (1975) who showed an increase
in intracellular cyclic AMP during stimulation.of Rhodnius tubules by
diuretic hormone. |

| Berridge and Patel‘(1968) found.that f;@id secretionvby
isolated-salivary glands from Calliphora wasystimulated by 5-HT.
Applicétioh of 5-HT was found to lead to an increase in cyclic AMP
and electrophysiclogical studies suggested that this incréased'cyclic
AMP level may stimulate a cation pump (Berridge 157@; Berridge and
Princell972a,b; Prince and Berridée 1972, 1973; Prince et al. 1972).
Berridge (1977) has proposed a model for the stimulatidn of salivafy '
éland secretion‘by S;HT acting through cyclic AMP. - This model suggests -
that cyclic AMP directly stimulates a cation pump (électrogenic) on the
apical cell membrane. This may be analqgous to the stimulation of
Malpighian tubﬁle secretion.

Although a great'deal éf research has_been carried out to
isolate the insect diuretic and anti—diurétic horﬁones and to study their
modé of action, véry little is known of the effectlof ecdysone and
Juvenile Hormonevon the excretory systenm. As was;méntioned in the
introduction to thisthapter, Gee et al. (1977) have suggested that
ecdysteroids may be involved in thé control of Malpighian tubule function,
and Wall and Ralph (1964f have reported an ‘anti-diufetic principle'
found in the corpora>allata of Periplaneta ameriéana. . The following study
has been carried ocut to determine the effects.of eédysone and Juvenile

Hormone on fluid secretion by in vitro preparations of the Malpighian
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tubules of Locusta. In addition the effects of corpora cardiaca
extract, protocerebral neurosecretory cell extract and cvclic AMP,

have been re-examined.

MATERIALS AND METHODS

1. To determine the effect of Juvenile Hormone on fluid secretion

by the Malpighian tubules

Juvenile Hormone was found to be insbiﬁble in agueous solution
and was thereforé dissolved in ethanolvprior to its add;ﬁion to the
Ringer solutioﬁ (50mg J.H. dissolved.in 1ml ethapél).

The Malpighian tubule preparations were set up as described in
Cha?ter 2. “Rates of fluid secretion were'dete¥ﬁined over an initial
35 minute period with the preparations bafhed in 'normal' Ringer solution.
The-'normal' Ringer solution was then replaced with ﬁinéer solution.
containing J.H._(lou; ethanolic J.H./ml Ringer solution), the preparatibns
allowed to equilibrate for 10 minutes and the rates of f%uid secrétion
redetermined over a second 35 minute period. Twsutypes of control
experiments were performed, one iﬁ which 'normalf Ringer solution was
used throughout and‘another in which the second réte of fluid secretion
was determined with the prepération batﬁed in 'normal' Ringer solution |

containing ethanol (loul ethanol/ml Ringer solution).

' . + +
2. To determine the effect of Juvenile Hormone‘on the_Na and K

concentrations in the 'urine'

Malpighian tubule preparations were set up as described in-
Chapter 2. After an initial period of 15 minutes the secreted droplets
were removed and discarded. This was to ensure that the droplets of

'urine' that were subsequently to . be collected and analysed were formed
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from the Rihger solution and not from the haemolymph prior to dissection.‘
The fluid secreted over the next 35 minute period was collected using
a lul microcap. The droplets‘of fluid from several tubules belonging
to the same insect preparation were pooled to give a sample of lul.
This sample wasvthen diluted in.3ml deiénised water.. Thgv'normal'
Ringer solution bathing the Malpighian tubule prépargtion was then
replacéd either with fresh 'normal’ ﬁinger solution or with Ringer solution
containing J.H. (500ug/ml). The preparation was éqﬁilibrated for lS-b
minutes and the fluid gecréted over the next 35 minute period collected
as described above.

The Na+ and.K+ concentrations of the éecreted fluid were
determined by atomic emission speCtréééopy, using:a Pye Unicam SP 90
spéctrophotometer. Emission readings were réferred to-calibrationvgraphs

constructed with known concentrations of NaOH and KOH (see Appendix 6.l).

3. Gas chrométography

Samples of J.H. to be injected into the gas chromatograph were
dissolved in carbon disulphide. | Aqueous samples containing J.H. were
extracted in diethyl ether, tﬁe ether layer being dried down under a stream
of nitrogen and the residue redissolved in carben disulphide.. 5ul samples
were analysed in a Pye Unicam Series 104 Gas chrématograph equipped with
a flame ionisation detector. The gas chromatograpb waé fitted with a 3°'
column packed with 3% polyethylepeglyéol adipate on a Gaséhrom Q inert
support. The assay tempefature was 180°C and the carrier gas (nitrogen)

" flow rate was 45mls/min. Synthetic J.H. was.aSSayéd as a standard with

which to compare experimental samples.
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4., To determine the effect of Juvenile Hormone on the ultrastructure

of the Malpighian tubules

Locusts weie killed by aecapitation aﬁd ﬁhe Malpighian tubules
quickly dissected out. The mass of tubuies from each insect was divided
approximately in half. One half was soaked for 30 minutes in 'normal'
Ringer solution and the other in either Ringer éolﬁtion containing J.H.
(SOOug/ml) or Ringér solution containing ethanol’(loul ethanol/ml Ringer
solution). The tubules were theh-prgcessed fgr eléctron microscopy as

described in Chapter 3.

5. Preparation of corpora cardiaca extract and nedrosecretory cell

extract

Adult male locusts were killed by decapitation and either the
corpora cardiaca of the neurosecretory cells of the protocerebrum
quickly dissected out and homogenised in ice cold 'normal' Ringer éolution
to give a'coﬁcentration of 1 gland pair/ml Ringer solution or n.s.c. ffomf

one protocerebrum/ml Ringer solution.

Results

1. The effect of Juvenile Hormone on fluid secretion by the Malpighian

tubules of Locusta

Rates of fluid secretion by in vitré'prepafations of the
Malpighian tubules were determined with the insect preparation bathed in
'horﬁal' Ringer solution énd in Ringer solutidhs.containing,sug/ml -
Smg/ml J.H. Thé results are shown in Figure 6.1.‘ It can be seen that
J.H. has an inhibitory_effect on the rate of fluid-secretion ovefvthe

concentration range used. Table 6.1 shows the result of comparing



Figure 6.1 The effect of various concentrations of synthetic J.H.

flﬁid‘secretion by Malpighian tubules, in vitro.
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Table 6.1 The effect of Juvenile Hormone on fluid secretion by the

Malpighian tubules

.1 mean rate secretion

by

®2

Treatment n | % original rate:S.E. | (paired 't' test)| (Students 't' test)
a. Control | 20 91.8 * 6.0 not sig.
b. ethancl 32 95.2 £ 7.1 not sig. a:b not sig.
c. 5Sug/ml 27 86.6 + 6.5 0.02 .- b:c not sig.
J.H. '
d. 12.5ug/ml| 30 74.5 + 5,1 . <0.001 b:d <0.00l
J.H. ' '
e. 50ug/ml 38 68.6 + 3.7 <0.001 b:e <0,001
J.H.
£. 500ug/ml | 36 51.3 5.0 <0.001" b:f <0.001
J.H. - c:f <0.001
d:£ <0.001
e:f <0.001
g. 5000ug/ml| 17 52.3 + 8.3 <0.001 f£:g not sig.

Values for’Pl

secretion in a paired 't' test.

Values for P

2

were obtained by comparing rate 1 and rate 2 of fluid

were obtained by comparing

the mean result for each treatment with the means of all other treatments.

The 100% rate of fluid secretion was 3.7 * 0.4nl/min.
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rate 1 and rate 2 of fluid secretion (for each J.H. concentration)
in a paired 't' test. It can be seen from these résults that ethanol

has no effect on the rate of fluid secretion by the tubules.

2. The effect of J.H. on Na and K concentrations in the 'urine'

o+ +
Na - and X concentrations were determined in samples of 'urine'
obtained from tubule preparations bathed in 'normal’ Ringer solution.
. + +
The values obtained were compared with the concentrations of Na and K

in samples of 'urine' obtained from J.H. (500ug/ml) bathed prepérations.
+

. , . + _
To allow for any small variations in sample volume the K /Na ratios were

' . + +
compared instead of the actual concentrations of Na and X . From the

+
K

- o | o ‘ +
results (Table 6.2) it can be seen that in the control the final /Na

ratio was significantly higher (p < 0.00l) than the initial K+/N'a,+ ratio.

The actual cpncentrations of’K+ and Na+_in the 'urine' samples (see

Appendix 6.1) show that this alteration of the K+/Na+ra't:io was‘due to

an increase in the amount of K being secreted and not a decrease‘in Na®

secretion. When the preparation was bathed in Ringer solution conﬁaining '
+ .

J.H. it was found that the initial and final K /Na+ ratios were not

significantly different from one another. This would seem to suggest

that J.H. is having some effect on K secretion. -

' - + +
Table 6.2 ' The effect of Juvenile Hormone on Na and K concentrations

in the 'urine!

Initial K/Na Final K/Na (b) as % P
(a) _ (b) of (a)
| o Control 4.3 % 0.7 6.2 % 1.0 |141.8%.8.9 <0.001
J.H. 500ug/ml | 6.6 + 0.7 5.4 + 0.6 | 88,0%1l.3 not sig.

Values for P were obtained by comparing the initial and final
+

4

X + . , .
X /Na ratio for each sample in a paired 't' test.
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3. Gas chromatography : To determine whether Juvenile Hormone is

being metabolised

It has been well established that Juvenile Hormone is
synthesised by the Corpora allata and secreted into the haemdlymph
in which it is‘transported to target cells (Wyatt 1972; Doane 1972;
Gilbert and King 1973). At some appropriate time it then undergoes
inactivation b& the actiqn of esterases. Slade and Wilkinson (1974)
have shown that in Prodenia eridania‘J.H. is brokén down via two

major pathways:

R~COOCH 3
o
J.H.
epoxide hydraée
R—COOH . S .HO , :
' R-COOCH3
OH
' ' epoxide hydrase , .
: ‘ esterase
-conjugated ' ' \\\\\\\\\i
conjugated
- HO
’ R-COOH
OH
R
Sulpheotransferase

R 2

Suiphate conjugate

v
excreted
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Esterase activity was foqnd in all tissues 6f P.eridania and Hyalophora
cecropia i.e. haemolymph, mid-gut, fat-body, Malpighian tubules, body
wall., High epoxide hydrase activity was detectedkin'the fat body and
the mid-qut but was also present in all other tissues apart from the
haemolymph (Sléde and wWilkinson 1974).

: In.view of the above findings in P, eridania and H. cecropia
it seemed necessary té determine whether the Juvenile Hormone bathing
the Malpighian_tubule preparations in £fluid secrétion experiﬁénts was
being degraded during the coufse of the expefimentb If so, any effects
observed could'be due:to the products of degradation and may not have ‘
been attributable to J.H. | |

Juvenile Hormone '(Methyl—lo'-.l'l-epoxy-?-ethyl—3,ll—dimethyl—
2,6-tridecadiencate) is é suitable dompound for analysis by gas?liquid
chromatography. The following samples were analysed in an éttempt to
determineZWhether the J;H. was being metabolised during the course of
the experiment.

(i) SynthetiC'J;H. (standazd)

- (44) 'nofmal' Ringer soluﬁion

(1ii) 'normal' Ringer solution containing J.H. (500ug/ml)
(iv) 'normal' Ringer solution containing J.H;'in whicH a'

Malpighian tubule preparation'had been soaked (30 @ins)

(v) 'normal' Riﬁgér solution .in which a tubule preparation

had been soaked (30 mins).

Analysis of the gas chromaﬁograms showed’that the synthetic
J.H. standard sample gave 3 majoi peaks‘with fetention times of 36, 44 and
49 minutes as well as 3 smaller peaks with retention tihes of 10, i6 énd
20 minutes (Fig. ¢.2). Anélysis of sample_(iv)_above_also showed these

same peaks (Fig. 6.2). The result of a typical comparison can be seen



Fig. 62 Gas chromatograms of JH. samples
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in Table 6.3. It can be seen from Figure 6.2 that there are no extra
peéks corresponding to pfoducts with shorter retention times than the
J.H. standard, as may have been expected if the J.H. was beiné degraded.
It would seem therefore that there is no evidencevfo_suggest that J.H.

is being appreciably broken down, whilst bathihg the Malpighian tubules.

Table 6 .3 The analysis of J.H. using gas chromatography

Peak retention time (mins) %;tétal compositibn
J.H. (i.e.(i)&(iii) J.H.+ insect (i.e. (v)
‘ above _ : above ‘
10 ' 1.4 PR
16 , 2.5 1 3.5
20 ' 2.7 5.2
36 23,0 I 27,7
44 - , 33.0 28.4
a9 38.0 ' 32,9

4, The effect of Juvenile Hofmone on the ultrastructure of the

Malpighian tubules

Malpiéhian tubules which had been soaked for 30 minutes in
'normal' Ringer -solution were compéred with tubuies which had been soaked
for 30 minutes in either Ringer solution containing J.H. (Sobug/ml) or
Ringer solution containing ethanol (1oul/ml Rihger) using electron
microscopy..

It can be seen from Plate;6.l, which is typical_of both

J.H. and ethanol treatment, that there is no difference between this







Plate ¢ .1

Transmission electronmicrograph of a transverse
. section through a Malpighian tubule primary cell, This
"shows the typical appearance of a tubule which has been

‘soaked in either Juvenile Hormone or ethanol. It can be

seen that neither of these treatments has any effect on
the fine structure of the tubule cells. The appearance

is no different from the normal ultrastructure described .

in Chapter 3. The basal infoldings (Bl) and apical.
microvilli (MV) have a normal appearance as do the
mitochondria (M).

Scale = lum
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from the normal Malpighian tubule fine structure described in Chapter 3.
The effect of J.H. on fluid secretion by the Malpighian tubules cannot
therefore be due to hormonally induced changés in cellular fine structure

as revealed by electron microscopy.

5. The effect of ecdysone, cholesterol and cyclic AMP on fluid secretion

by the Malpighian tubules of Locusta

Malpighian tubuie preparationsbwere éet up as deséribed
.preyiously (Chapter 2). The rate of fluid secretion was determined
over a first 35 minute period with the insect bathed‘in 'normal'’ Rinéer
solution. This was fhen replaced with either fresh 'normal’ Ringei
solution or'Ringér solution contaiﬁing'ecdysoﬁev(100§g/ml), cholesterbl
(approx. 5 x lO—GM), or cyclic AMP (10_3M) and the‘preparétion equilibrated
for 15 minutes before détermining.the second raté“ofAfluid secretion.

.To study the effect of cyclic AMP'+ cholesteroi or cyclic AMP
+ ecdysone, the firstbrate Qf fluid secretion waé aetermined with the
preparation bathed ihl'normal' Ringer solution confaining cyclic AMP
(lO-BM). This was then replaced with either 'normal' Ringer solution
+ cydlic AMP + cholesterol or 'normal' Ringer soluﬁioﬁ + ¢yclic AMP +
ecdysone, énd the second rate determined.

The results (Table 6 .,4) show that neithervecdysone‘nor
éholesterol have any effect oﬁ fluid secretion by fhe Malpighian tubulés.
either when applied alone or in the preéence of cyclic AMP. It can be
seen however thét cyclic AMP causes a marked stimulation in the rate of .

fluid secretion, the rate in the presence of cyclic AMP being 212% of

that in 'normal' Ringer solution.
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Table 6 .4 The effect of ecdysone, cholesterol and Cyclic'AMP on

fluid secretion, in vitro

, mean rate flﬁidfsecretion
Treatment ‘ n % original'rate * S.E. P
control 20 © 91.8* 6.0 : not sig.
ecdysone (lboug/ml) 14 - 110.4 ¢ 15.9 " not sig.
cholesterol (5x10™Cw 16 89.7 + 8.9 | not sig.
oyclic AMP (10°W) 14 : 212.7 + 38.2 <0.01
cyclic AMP + choiesferol 17 102.8 1 '6.6 : not sig.
cyclic AMP + ecdysone 17 | 103.2 i 7.9 ‘ not sig.

Values for P were obtained by comparing'Rate 1 and Rate 2 of
fluid secretion in a paired 't' test. The 100% rate of fluid secretion

was 3.7 # O.4nl/min.

6. The effects of corpora cardiaca extract and heurosecretory cell

extract on fluid secretion by the Malpighian tubules of Locusta

Malpighian tubule preparaﬁibns wefe set ﬁp as described in
Chapter 2. The rate of fluia secretion Qas determined over”an initial
35 minute periéd with the insect bathed in anrﬁal' Ringer solution.
This Ringer solution was then repléced with either fresh ‘normal' Ringer
solution (the controi) or 'mormal' Ringer solution containing crude
corpora cardiaca extract (1 gland pair/ml Ringer solution) or 'normal'
Ringer solution containing neurosecretorybcell extract (N.S.C.'from.one
protocerebrum/ml Rinéer solution). The prepafation was then equilibrated
for 10 ﬁinutes'before measuring the secgnd rate of.fluid secretion over a

further 35 minute period. The results are shown in Table 6.5.




It can be seen that both neurosecretory cell extract and
coxpora cardiaca extract have.a siénificant stimuiatory effect on fluid
secrétion b&_the Malpighian tubules. However,'botﬁvthe extracts were
found to be effective only after iﬁmediate prepafatipn. Extracts which
had been.frozéh or were more than 2hrs old had no effect on the_rate éf

fluid secretion.

Table 6-5 The effect of corpdra cardiaca extract and neurosecretory

cell extract on fluid secretion

. mean rate fluid secretion ,
- Treatment n % original rate t S.E. P
control 20 © 91.8%+ 6.0 | not sig.
c. cardiaca extract| 13 . 140.3% 7.8 - <0.001
N.S.C. extract 17 | 159.3 £ 23.2 ~ <0.05

Values for P were obtained by comparing Rate 1 and'Rate 2 of

fluid secretion in a paired 't' test. The 100% rate of fluid secretion-

was 3.5 + 0.5n1/min.

Conclusions

The_current views on the hormonai contrél of excretion in insects
have been oﬁtiined in the introduction to this sé;tién. Excretion is
thought to be regulated by diuretic and anti-diuretic hormones originating
from the neurosecretory cells of the protocerebrum. In addition to this
Gee et al. (1977) have proposed that ecdysteroids may have reguiatoiyv
functions in insects over and above that of controlling development.

There is no previous evidence to suggest that éteroid hormones are involved



138

in the contrdl of excretion in insects, but Gee et al. (1977) found that
écdysone (lomGM) and ecdysterone (lo—em) haé a stimulafory effgct on the
rate of '‘urine' production by in vitro preparations:of the Malpighian

tubules of Glossina. In addition, other biologically active steroids,

namely cortisol (10_6M), cholesteiol (leo‘GM) and,aldosteroné (10—6M)

| also had a stimulatory effect, Gee et al. (1977) suggest that the steroids

may be increasing the. rate of secretion by altering the permeability of the

basal membrane of the tubule cells, Fluid secretidn by the Malpighian

tubules of Glossina 1is thought to be generated by the active transport of

Na+ ions (Gee 1976) and in a speculative model Gee. (1976) proposes that
the diuretic hormone which controls the raté éf seéfetion by ﬁhe Malpighian
tubules (Gee 1975) stimulates rapid secretién by increasing the permeabilify
of the basgl membrane to Na+, thus allowing.Na'+ to flow into the cell down
its concentration gradient. The influx of Na+ initiatéd by thé diuretic
hormone would then trigger a Na+ pump on the apica; membrane which ﬁould
secrete Na+’ions generéting the local osmotic gradieﬁts necessary for
rapid secretion of.fluid. | |

It has already been suggested thaf ecdjsﬁefdids are able fo'alter
the permeability §f celi and nuclear membranes to sqdium and té potassium
{Kroeger and Lezzi 1966) . However, Kroegei and Lezzi (1966) suggest'ﬁhat
echsﬁeroids stimulate the 'sqdiumbpump' of taréet cells which woﬁld lead

. . + ; ’ - . .
to an increase in intracellular X concentrations, a situation which

would not be expected to lead to increased fluid seéretion by the tubules

of Glossina.’

B~ecdysone, like vertebrate steroid hormcﬁes, is synthesiZea
from cholesterol, and cholesterol has also been fouﬁd to afféct»the
permeability of cell membranes (Szabo 1974). From work on chdlesterol-

containing monoolein bilayers Szabo (1974) found that cholesterol altered



membrane pe:meability by affecting the potential difference across thg
membrane—solution interface and by affecting the‘fluidity of the.membrane
interior, thereby changing the rate of ionic tranéfer.

In the present study on Locusta neither B ecdysone (looug/ml)
nor cholesterocl (leo M) had any effect on the rate of fluid secretion
by in vitro preparations of Locusta Malpighian‘tubules.

In Locusta, K+ is the important tranqurted cation for the
genefatiqn of fluid secretion (Rémséy 1953, 1954;':Bérridge 1968)f In
a speculative ﬁodel (see Chapter 4) for fluid secretion by the Malpighian
tubulés of Célliphora;Berridge and Oschhan (1969) propose that'a Na.+/K+
exchangé pump on the basal celi membrane supplies K+ to an eléétrogenic
pump on the apical membrane. The secretion of K+ iﬁto thg ﬁubule lumen
is then thought to be responsible for geneiating ﬁfiné flow. The
involyement éf a Né+/K+ exchénge pump invthe mechéniém of fluid secretion'
by Locusta Mélpighian tubulés has been shown previously (Ahstee and Bell
1975; Anstee et al. 1979; and in present study). From the suggestion‘
of Kroeger and Lezzi (1966) that B-ecdysone stimﬁlates the Né+/K+ pump
it may be expected that application of ecdysone would lead to an increased
rate pf.fluid secretion by the tubules of Locusta. "However, no such
effect was observed and neither this present work nor that of Gee et al.
(1977) can lend support to the proposal of Kroeger and Lezzi (1966).
Gee et al. (1977) however quote Bernstein and Mordue (unpublished results)
as finding both ecdysterone and cholesterol to have,a stimulatory effect
on secretion in'Locusta.v It is‘difficult to unde:staﬁd-the difference
between‘fhese results and those obtained in the present study but they ma&
be due to differences in experimental technique which it is impossible

to compare until.the‘results are published.
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In vertebrates 1t is generally agreed that steroid hormones
vdo not act through cyclic AMP (see however Szego and Davis 1967), but
there is, in insects, some evidence to connect the'aetlon of B=-ecdysone
and cyclic.AMP. The importance of cyclic AMP in hormone action was
first recognized by Sutherland and Rall (1958) and since then cyelic AMP
has been implicated in cellular control mechanisms in a variety of
organisms ranging from bacteria to mammals (Robison et al. 1968, 1971).
A concept has been developed whereby many hormones act by way of a two
messenger system. The hormone, the first messenger, circulates in the
blood, binds to the plasma membrane of the target eellvand activates
adenyl cyclase. Cyclic AMP, the second messenger; is generated on the
inher surface of the cell membrane and‘diffusesithrough.the cell, bringing
about the appropriate physiological responses. The concentration of
cyclic AMP in moSt‘cells‘is determined by the baience which exists
between the synthetic activity of adenyl cyclase and the degradative
activity of phosphodiesterase. |

‘Leenders et al. (1970) found that eyclic AMP (10_3M), although
not inducing ecdysone specifie puffs in Drosophila salivary giands in vivo,
did enhance‘the response that was stimulated by 84eodysone. A similar
enhancement of the effect of ecdysone was demonstreted using theophylline '
(10_2M), an inhibitor'of'phosphodiesterase, and thus leeding to an
increase in cyclic AMP. It has also been shown that salivary glands
incubated with g-ecdysone had signiflcantly more cycllc AMP than control
glands incubated in the absence of ‘the hormone‘(see Gilbert and King 1973).'
Additional work has shown that injection of Beecdysone into satﬁrniia.
pupae results in a marked increase in total animai'cyclic AMP (see
. Gilbert 1974); It Wotld seem‘therefore that ih aédition to enhancing
the effect of B-ecdysone at the chromosomalhleVel} oyclic AMP formation

is stimulated by B-ecdysone.
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B-ecdysone alone has been found to have no effect on fluid
secretion by‘Locustavtubﬁles but it was possible.ﬁhét ;ddition of cyclic
AMP may eﬁhance an effect of ecdysone. However, no synergistic effect
of‘cyclié AMP and B-ecdysone waé observed. B-ecdysone had no effect oh
the rate of 'urine"production either in thé presence or absencé of
cyclic AMP (lO‘3M). Howevef it was found that cyclic aMP, aloﬁe, had
a marked stimulatory effect on the rate of fluid secretion. This is
in accordance with results pﬁblished by several ofher workers.  Cyclic
AMP ﬁas been shown ﬁo stimulate fluid secretion by Malpighian tubules of
both Carausius (lQ—4M) and Rhodnius (4xlO—5M) (Maddrell et al. 1971)

" as well as Locusta (Anstee et al. 1979) aﬁd Schiétocerca gregaria
(Maddrell and Klunsuwan 1973) . In fact it is froposed that thé inéect
diuretic. hormone may'éroducé.an inéreased'intgacéliular cyclic AMP levei
which would then elicit increased fluid secrétibn (Maddrell et al. 1971).
In support of this, Aston (1975) has shown an increase in cyclic AMP
levels during stimulation of Rhodnius Malpighian tubules by the diuretic
hormone.. |

In the preéent study on Locusta, 1053M cyc1ic AMP was found
to substaﬁtially increaSe the rate of fluid secretién by in vitro
tubﬁle preparations; In all cases studied, a relatively high concentration
of cyclic AMP has been found negesséry to activate secretion when.appliéd

8y - 1070y -

exogenouslyb(intracéllular levels are in the order of 10~
Butcher and Sutherland 1962). This is thought to be due in part to the
relative impermeability of the cell to cyclic‘AﬁP. A high concentfatibn
is therefore necessary to raise the intracellular level sufficiently to
stimulate seéretion. Also, since phosphodiesterase is continually

hydrolysing cyclic AMP, sufficient éyciic AMP must enter the cell to

combat this procéss.
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Electrophysiological studiesvon the salivary glands of Calliphoré
‘have suggested that incréasing cyclic AMP:levelé within the cells éauses
increased cation tranépbrt (Berridge and Prince 1972a,b). . Similar
studies on the Malpighian tubules of Locusta also suggest that cyclic
AMP may éct by stimulating cation transporf (Beil 1977).

B—ecdysoﬁe, like the inseét diuretic hormone, has been shown
to stimulate cyclic AMP formation (Leenders et al. 1970; Aston 1975)
and this may provide an explanation for the.stiﬁuiaﬁory effect of |
B-ecdysoné on fluid secretion»fdund by some workers;' Instead of directiy
affecting cell permeability aé proposed by Kroegéi,and Lézzi (1966) , .
B-ecdysone may iﬁcréase cation tiansport indi;ectly'by Qay of increased
cyclic AMP leVels. | . |

Present results confirm thét there are diuretic factors present
in the mgdian neurosecrétory_céllsfof the protocérébrum énd’thebcorébra
cardiaca of Locusta. Extracts from the neurosecretory cells and the
corpora cardiaca produced marked stimulation in tﬁé rate of fluid secretion -
by in vitro preparations of the Malpighian tubulés; Previously it had -
been shown that either cautgry or removal of the cerebral neurosecrétofy
cells_reéulted in the retention of water and a dé&rease in the rate of
amaranﬁh excretién by Locusté (Highnam et al.'1965; .Cazal and Girardie
1968; Mordue 1966, 1969). And, Mordue (1969) fognd that corpora
cardiaca extract significantiy increased the rate of amaranth excretion
throughvthe Malpighian tubules.- However, éazal and Girardie (1968)
report a strong anti-diuretic action of'ektracté‘of’the:corpora cardiaéa
on the Malpighian tubuleS»ofALocusta. The pfeééﬁce of an anti-diuretic
factor within the corpora cardiaca has been confirmed (Mordﬁe 1970, 1972;
Goldsworthy and Mordue i972), but is confinéd to the.glandular lobe.

Extracts from the storage lobe have a marked diuretic effect (Mordue 1972).
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In the'study of Cazai and Girardie (1968)'the corpora'cérdiaca extracpﬁfa
was pfepared from the whole gland and it is possible that any diuretic.
effect may have been ﬁasked. In the present study too,. the corxpora
cardiaca extract was prepared from the whole glénd and it ié possible
that even greater stimulation of the rate of fluid secretion may have
been obser&ed:if the storage lobes alone had been used.

Thére are no previous reports in the literature of the effect.'
bof Juvenile Hormoné on fluid secretion by in Vitrq pfeparations of
Malpighiaﬁ tubules although there is some evideﬁceAtﬁ suggest the preseﬁce
of an_"anti-diurétic principle" in the ébrpora allata kWall.and Ralph 1964,
Beenakkers-and Van Den»Broek l974); Present.regqlts'show that synthétic
J.H. inhibifs tﬁe.rate of 'uriné' éroduction in Loqusta.. The degree of
inhibition was found to increase with incfeasing J.H. concentration over
the range 5ug/ml ;_Smg/mluuntil a maximum of aroﬁnd 50% inhibition was
reached. J.H, was found to be only poorly soiuble in agueous solution
and this'may account for the maximum of SQ% inhibition.obtained;(Fristrom
and Kelly (1976) determined ﬁhe maximum concentratién of J.H. in solution
as 15ug/ml.i, |

Exogenous J.H. has been found to be hydrolysed by esterases
in the Mélpighian tubules of'Prodeniaieridania éhd Hyélophora cec;opia.
The metabolism of J.H. by tissues can also be faifly rapid. - Chihara et al.
(1972) have shown thét 75% of the J;H. applied e#ogendusly_to imaginél
discs of Drosophila had been metabolised after a~p§riod of 3 hours.
However, in the present study it was found that the J.H. was not appreciably-
broken down whilst bathing the Mélpighiaﬁ tubules (30 mins). ‘Nd
degradation products were observed after analysis by gas chromatography.
This would seem to suggest, at least at high J;H.-concentrations, that

a true effect of J.H. and not its metabolites was being observed.
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Studies on the ionic composition of ﬁhe 'urine' secreted in
the presence and absence of J;H. showed the K+ content to be significantly
lower after J.H. treatment. This would tend to suppdrt the idea that
J.H..affects cation t?ansport. Lezzi and Gilberf (1972) have proposed
that.J.H. acts to increase intracellular Na+ cénceptxations by ihhibiting
the Na+/1<+ exéhange pump of cell membranes. The ipvolvement of'sucﬁ a
pump in fluid secretion by Locusta Malpighian tubulés has already been
established from'the sensitivity of the secretoryvprQCéss to ouabain.
(see Chabter 45. A similarity in the actions 6f J.H. and ouabain has
previously been reported‘by Chése (1970). = Injection of oﬁabain into
Tenebrio pupae_resultéd in the formation of'larval-pupal intermediatés,
as did J.H. treatment, Since ouabain is known:to specificall? inhibit
the cell membrane Naf/K+ pump  (Schatzmann l953f.it would cause an increase
in internal Na+ concentrations which is consisteﬁt with the proposed action
of J.H. (Lezzi and Gilbert.l972). |

In the present study a syﬁthetic J.H. has been used and at
this stage it is perhaps unwise to conclude that the obse;ved effect of
J.H, on fluid secretion is a true_physiological'résponse rather than'a
pharmacological gffecﬁ. " Nevertheless, Wall and Ralph (i964)»have.
suggested that an 'aﬁti-diuretic principle' may be stored in thé corpora
allata of Periplanefé. - And, Beenakkers and Van Den Bréek‘(l974) foundk
that a high titre of corpus allatum hormone resulted in a high Water_
content in Locusta whereas allafectomy rédu&ed this content. These
physiological responses are certainly consistent with the in vitro
results reported in the present study. |

The résuits presented above confirm the presence of a diﬁretic
principle in the neurosecretory cells énd the corpdra cardiaca of Locusta.
The fact that cyclic'AMP also stimulates flﬁid secretion suggests the

possibility that this cyclic compound may be involved as a secondary



messenger in the endodriﬁe control of tubule secretion by diuretic
"hormone. 'Ecdysone was found ﬁo have no effect ohltubﬁle fluid secretion
whiisﬁ the latter was substantially inhibited by J.H. It is.éossible
‘that J.H. may bevexerting this inhibition by acting on the Na+/K+ pump

in a manher‘similar to ouabain (Chase 1270).

SECTION II

. .t + s .
Hormonal effects on the Na , K ~activated ATPase activity in microsomal

preparations of the Malpighian tubules

INTRODUCTION’

Most animal‘éellé maintain intracellular K+ at a relatively
high and constant conceﬁtratién (120-160mM) whereas the intracellular |
Na+ concentration is much_lower (less than lomM) . A substantial'gradiéﬁt'
of XK' and Ma® exists aéroés the cell membrane since the extracellular fluid
contains a relatively high concentration of Na+'(a§out'lSOﬁM) and a low
concentra‘tion'of'K+ (less than' 4mM). The high internal K" concentration
is maintainedAby the energy-requiring extrﬁsion of Na+ from the cell in
exchange for K+; promoted by an active transport sysﬁem. It has been
established that this active transport of Na® and Kf across cell membranes
is associated wiﬁh ﬁhe_splitting of ATP by the membranes and is inhibited
by the cardiac glycoside ouabain (Schatzmann 1953) . skou (1957) |
fractionated a crab nerve homogenate into a microsomal component which
-exhibited ATPase activity that was stimulated by ﬁhe.addition of Na+ and
K" in the presence of Mg?+. Moreover, the stimulation of the ATPase
activity by Na+ and K+ was inhibited by the.cardiac glycoside, ouabain,
already known to inhibit the transport of Na+.and.1{+ across cell membrane;

Since then cell membrane fractions from many different animal species have



been found to contain such a Na+, K+—activated ATPaSe. Nervous tissue
is a very riéh source of the enzyme (Nakao et ai. 1965) as is. vertebrate
kidney (Skou 1962). Na+, K+~activated ATPase from insect tissues has
been shown in h§mogenates of cockroach nerve cord (Grasso 1967), |
cockroach muscle'(Koqh et al. 1969), honeybeé C.N.S. (Cheng and Cutkomp
1972), Malpighian'tubules and hindgut of Homoroc&rypéﬂs (Peacéck et al.
19765, cockroach rectum (Tolman and Steele‘l976y andeocusté Malpighian
tubules (Anstee and Bell 1975, 1978). |

In order to understand the mechanism of thé Na+ and K+ active
transport systém of céll membrahes;‘many workers hé&e studied the |
reaction sequence of the Na+, K+—activated ATPaée'thch represents the
activity of.tﬁe pump.in preparations of broken @embranes. Studies of:
this nature have led to the proposal of a model fbr'the reaé:ion sequende.
of the Na+, Kf—aétivaﬁed ATPase and its incorporaﬁioﬁ into a model for .
Na+ and Kf transpért.

It has'been:postulated that the Na+;'K+-ac£ivated ATPase
hydrolyses ATP in a stepwiée fashion invol&ing Na+; dependent phosphory-
lation of thg eniyme and K+-dependent hydrolysis.of the phospho-enzyme.
Severai liﬁeS'of investigation éupport the follow;né sequence of reactions
(see Schwartz et al. 1975): o |

w2t

+
(1) E, + ATP + Na &——2E, - P(Na)) + RDP
inside '

4 2+ ' +
(2) _El - P (Na') + Mg b Ez P + Na

outside
. ,
(3) E2—~,P+K+ &5, ) +p,
outside
' 2+ +
(4) E, & =0+ 4x |
‘ _inﬂﬂe -

This model proposes that the enzyme undergoes conformational

Jead e s + +
changes between the two forms designated El and Ezu For if Na and K

K
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are moved through the membrane, it is difficult to envisage how such
. movements coﬁ;d také‘place without an'altefation or ééries of alterations
in the,struqtu;e of the system catalysing these ﬁrénsmembrane movemeﬁts
(Schwartz et al. 1975). It is postulated that the hydrolysis of ATP
by the Na+, K+—activa£ed ATPase involves the tfansfei“of phosphate to a
group Or groups in the enzyme before its ultimate.trénsfer to water.
Evidence has been‘presented to show that if membrane fragments are exposed
to-32P?ATP in the presence of Naf and Mg2+, 32PAiS incorporated into _thé
membréne_and'cah be réleased as inorganic phosphate on addition'of K+.'
(Charnock et al.1963; Fahn et al.1968; Hokin et al.1965).. The
properties of the bound phosphate were found to bé thosé of an acyl-
phosphate. .

As already mentioned, it has been.well;éstablished that the
Na+, K+—activated ATfase'is inhibited by cardiac giycosides (Skou 1957)
and much work has beeﬁ carried out to determine the exact mechanism of
this inhibition. The study of inhibitory effects on isolated enzyme
reactions has been shown to be of great iﬁportance in establishing
the nature of the free reactants, the nature of their binding site oﬁ.
the ehzyme and‘the specificity and mechanism of thé reaction. Sﬁudy
of enzyme kinetics in the presence of inhibitors yields characteristic
results according to the”type of inhibition. Lineweaver-Burk plots
véf reciprocal activity (%) against the feciproééi;of the ;ubsﬁrate '
concentration (éﬁ may show alterations in the'slope‘(competitive
inhibition),.the intercept (uncompetitive inhibition) or both (non-
éompetitive inhibition). In the case'of‘competitivé inhibition the
inhibitor can combine with the free enzyme in'éuch a way'that it competes
with the normal substrate for binding at the acfiQe site. Competitive

inhibition can be recognized experimentally because the percent inhibition
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at a fiked iphibitor concentration is décreased by increasing the
.substrate concentration. 1In uncompetitive inhibition the inhibitor
does not combine with the free enzyme or affect ité rgaction with the
noxrmal substrate, but it does combine wiih tﬁé enzyme-substrate complex
to give an inactive egzyme—substrate—inhibitor coﬁplex which cannot
undergo further reaction to yield the normél products. A non-competitive
inhibitor can combine‘with either the free enzyme oxr the enzyme~substrate
complex, interfering with the aétion qf both. Non-competitive inhibitors
bind to a site on the‘enzyme other than the active site, often‘to deform
_the enzyme, so that it does not form the ES comélex at iﬁs normal rate,
_ and, once fofméa, tﬁe'ES gompléx dées not break down at the hormai‘rate
to yield the produéts.

These diagnostic features normally apply ﬁo simple, one
suﬁstrate-reactiOAS‘whereas the Na+, K+—aétivated ATPase is a complex
reaction. ‘ However, they have been used in the present study, and by
other worke;si(Jenner and Donnellan 1976), to simplify the situat;on
in an attempf'to defermine'the nature of the effects of ouabain and

. S + .
insect hormcones on the Na , K -activated ATPase.
MATERIALS AND METHODS

1. To determine the effect of Juvenile Hormone and f-ecdysone on

+ o+ : :
Na ; K -activated ATPase activity

+  _+
Na , K -activated ATPase activity was assayed as described in
Chapter 2 using the following ionic media:
24
(1) 4mM Mg,
‘ + + +
(1i) 4mM Mg? , 100mM Na , 20mM K ,
all buffered in 50mM Histidine~HCl pH 7.2. The effect of J.H.or 8-

ecdysone on ATPase actiVity was determined by addition of loﬁl ethanolic

J.H. or aqueous ecdysdne to the above ionic media.
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. - .
. 2. To determine the effect of corpora cardiaca extract on Na-,

+ .
K ~activated ATPase activity

Na', K'-activated ATpase activity was assayed as describéd
above using media (i) and (ii) and a third medium with the following
composition: 4mM Mg2+,A50mM Na+, SmM K (after Peacock 1976) .

Corpora cardiaca were dissécted.out of freshly killed mature
male locusts énd hcmogeﬁised in medium (1) abové, ihmédiately before use.
The volume of homogenate was such‘that 1oyl added té_the reaction media

was equivalent to the addition of 1 gland pair.

RESULTS

‘ o P ,
.1, The effect of Juvenile Hormone and B-ecdysone on Na , K -activated

ATPase activity

(i) Synthetic J.H.

Na+, K+—activated ATPase activity in microsomal preparations
of the Malpigﬁian tubules wés assayed as described above. The effect df
J.H. was determined by the addition of O-250ug/m; ffinal éonéentraﬁion)
J.H. to the reaction media. The results df a typical expériment are
shown in. Figure 6;3, and Table 6.6 shows the mean data of 4 experiments.
It cén be seen that J.H. inhibits Na+, K+;activated ATPase activity;
the degree ofbinhibition increasing as the J.H. cbncentration increased.
Maximum inhibition was-ca. 50% and this was obtaihéd with 250ug/ml J.H.
Ethanol alone was found to have no. effect on thé N&+, K+-activated ATPése

activity at the concentration used.
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Figure ¢.3 The effect of synthetic Juvenile Hormone on Na ,
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" Table 6.6 The effect of Juvenile Hormone and B~ecdysone on

+ 4+
Na , K ~activated ATPase activity

mean % ATPase activity
Treatment n remaining % S.E. P
a. control 4 100%°
b. ethanol 4 94.5 + 3.8 a:b not sig.
c. J.H. 2.5ug/ml 4 90.9 + 5.1 b:c not sig.
d. J.H. 25ug/ml 4 | 78.5 % 2.9 - b:d <0.02
c:d <0.05
e. J.H. 125ug/ml 4 65.9 + 5.0 b:e  <0.01
. SR I c:e <0.02
d:e <0.05°
f. J.H. 250pg/ml | 4 48.8 & 7.2 b:f <0.002
c:f <0.01
d:f <0.0l1
e:f <0.05
g. B-ecdysone
50pg/ml 3 97.3 £ 1.73 a:g .not sig.

Values for

of each treatment in

P were obtained by comparing the mean result

a students 't' test.

(ii) B~ecdysone

The effect

P .
of B-ecdysone on the Na , K -activated ATPase in

microsomal preparations of the Malpighian tubules was determined at a

concentration of 50ug/ml. The mean result of three experiments is

shown in Table €¢.6.

has no effect on ATPase activity.

~ It can be seen that, unlike J.H. B-ecdysone



(iii) To compare the effects of synthetic J.H., J.B.I., J.H.IT

and J.H. III

As well as the s&nthetic J.H. used commonly in the experiments
described in this chapter, samples of J.H. I (m.w. 294.4), J.H. II
(m.w. 280.4)‘and J.H.viII (m.w. 266.4) were tested. Naf, K+-activated
ATPase aétivity was assayéd as described previously (Chapter 2) in assay
media containing one of the following compounds: synthetic J.H. 250ug/ml;
CJ.H. I 50ug/ml ;- J.H; IT 16.5ug/ml; J.H. ITII 16.5ug/ml. The results are

shown in Table 6;7.

Table ¢.7 The effect of synthetic J.H., J.H. I, J.H. II, and J.H. III

4+
on Na , K -activated ATPase activity

. : % ATPase activity
Treatment n remaining
synthetic J.H. 250ug/ml 4 45.8 + 7.2
J.H. I -~ 50ug/ml 4 ’ 68.8 + 4.9
J.H. II . 16.51g/ml 2 1. 75.7
: 2. 75.2
J.H. III .  16.5ug/ml 2 ‘ 1. 86.3
: - . 2. 92.0

It can be seen that in all cases the J.H. had an inhibitory

+ _+ ,
effect on Na , K -~activated ATPase activity.

+ , '
2. The effect of varying the K concentration on Juvenile Hormone

' +  _+
and ouabain inhibition of the Na , K ~activated ATPase

+ , ' L '
Na+, K -activated ATPase was assayed as described previously -
: . + + .
(Chapter 2), in reaction media containing lOOmM Na and 4mM Mg2 but
+ » ' : -
with K concentrations ranging between 1,5-20.omM, The effect of J.H. was

_determined at a concentration of 250ug/ml and that of ouabain at lO—GM.
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(1) Juvenile Hormone

The result of a typical experiment is shbwﬁ in Fidure 6.4 in
the form of a LinéWeaver*Burk plot of the reciprocal of the activity
(%ﬁ against the'reciprocallof'the K+ concentration (éﬁ. The lines wére
idfawn by regreséion analy sis and the values of appérent!Km and Vmax
caiculated from the graph. Table 6.8 shéWs the;mean data of 3 experimehts.
These results show that the presence of Juvenile Hormone in the reaction

medium decreases both apparent Km and Vmax' a result’typical.of

uncompetitive inhibition.

' , + T
Table ¢.8 Km and Vﬁax values with respect to . K= for Na , K -activated

ATPase in the presence and absence of J.H.

K (mM) v
m . : : max
Treatment n mean * S.E. : " (nmoles Pi/mg protein/min
Control . - 3 4,4 + 0,2 648.9 * 58.9
+ J.H. 500ug/ml | 3 2.76% 0.4 ‘ 357.5 + 38.3
P | 0.02 '  <0.02

(1i) Ouabain

The result of a typical experiment is shown in Figure 6.5
in the form of a Lineweaver¥Burk plot and Table .2 shows the mean result
of 3 experiments. It can be seen that ouabain causes a decrease in Vax

but has no significant effect on apparent Km,'a result typical of a non-

competitive inhibitor.



Figure (.4 - Lineweaver-Burk plot of Na , K ~activated ATPase

activity against K concentration
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4 + 4+ .
Figure 6.5 Lineweaver-Burk plot of Na , K -~activated ATPase

activity against K concentration
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, f ' » : + _+ '
Table 6.9 Km and Vmax values with respect to xt for Na , K -activated

ATPase in the presence and absence of ouabain

K * S.E. V% S.E.
m max’
Treatment n (M) nmoles ?l/mq protein/min
control . 3 | 2.69 t 0.3 751.2 + 188.5
+ ouabain 10 %M | 3 3.5 + 0.5 206.6 + 64.6
P not sig, ‘ <0.05

+ 4+ ‘
3. The effect of Juvenile Hormone on Na , K -activated ATPase

activity at varying ATP concentrations

Enzyme assays were carried out in reéction medié in which
thé ATP concentration'Qaried from 3mM - 0.125mM.  The rea;tion was
allowed to proceed for 15 mins instead of the usual 30 mins to pieVent
the availability of ATP to the enzyme becoming a rate limiting factor,
The results of a'typical experimeht are shown in Figure 6.6 in‘the form
of a Lineweaver-Burk ploé.' The lines were dréwn‘by regression analysis
and the values of appareng Kménd vmax calcul;éed from the graph.

Table 6.10 shows the mean result of 4 experihehfs. It can be seen that
the éddition of J.H. decreases both the values for apparent Km and Vma ’

X

a result typical of an uncompetitive inhibitor.

Table ©.10 Kinetic constants reiating to ATP concentration in the

' presence and absence of J.H.

: ) .Vmax ‘ :
Treatment n Km : {mM) - nmoles Pi/mg protein/min
Control a | 0.26 + 0.04 559.8 + 126.2
+ J.H. 500ug/ml | 4 0.14 * 0.02 282.0 + 44,1
P | <0.05 } 0.05
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o ' ' ot ,
Figure 6.6 Lineweaver-Burk plot of Na , K -activated ATPase activity

against ATP concentration -
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4. The effect of temperature oh Juvenile Hormone inhibition of

+  _+ :
Na , K -~activated ATPase

Temperature gradients were set up using a Forbes bar, a thick
aluminium bar (1.2 x 0.1 x 0.06M) with a series of water filled holes at
sho:t intervals along its length to accommédate the assay tubes, A |
crushed ice bath at one end and.a hot water bath at ﬁhe other provided a
gradient ofltemperature ranging from,6°c - 44°C.'- fairs of tubes, one
containing 4mM Mgz+, and 3mM ATP, and the other 4mM'Mgz+, 3mM ATP,
100mM Na+ and 20mM K+, were arranged along the bar_éiternately with.pairé
of tubes containing tﬁe same assay media plus J.H. (250ug/ml) . |

ATPase aétivity was determined as described previously
(Chapter 2) but the reaction was allowed to'proceea for differing times
depending on the temperature: 60 mins below.17dé; 45 mins from 17°% -
3OOC; 30 mins above 30°C, |

The resﬁlﬁs of a typical experiment aré.shown in Figure 6.7
in the for@ of an Afrﬁenius ﬁ ploﬁ of Log. activity agaiﬁst the reciprocal
of the temperature (OA). ‘It can be seen that the temperature-aétivity
relationship of the Naf, K+-activéted ATPase is non-linear ovér’the range‘
10°%c - 40°c. - The resultant curve has therefore been resolved into 2
straight lines which show a so~-called 'break pointf; This represents the
point around which the Na+, K+-activated ATPase uﬁde?goes a.largé change
in activation energy. The two lines were drawn by regreésinq all values
above 20°C and drawing a line and thgn regressing a11 va1ues pelow 20°C
and drawing a second line. The two lines interseét’atvthe 'break poiﬁt'.‘

In the case of the conﬁrol it can be séén thatvthe critical
. temperature was 25.3°C whereas when J.H; was preéent it had shifted.to

21.4%.



Figure 6.7
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Activation energies calculated from such a plot are 91.9 and
‘53,61 XK.J. mole-l between 10-21°C and 21-42°C respectively, in the case
of the control, and 153.1 and 47.8 K.J. mole_1 ove:-the same rangés
when J.H. was present. |

Activation energies were calculated from the Arrhenius equation:

Eg = R x 2.303 x slope K.J. mole“l

where R = gas_conétant, 8.314 K,J./mole/oA.

. N +
5. The effect. of Corpora cardiaca extract on Na*,-K-—activated

ATPase activity

The effect of crude Corpora cardiaca extract on the Na+,
K -activated ATPase activity of microsomal preparations of either the
Malpighian tubules or the rectum was determined. ' This study was approached -

in two ways:

(1) Under optimal conditions (100 Na , 20 K+, 4 Mgz+)

(2) Under sub?optimal conditions (50 Na+, 5 K+, 4’Mgz+)‘

(see Peacock 1976).

(1) oOptimal conditions

Na+, kt-activated ATPasé actiQity'was,determined as described
previously (Chapter 2). The effect of corpora cérdiééa extrgct was
detérmined by the addition of the equivélent of 1 gland pair to the assay
medium. The results.of experiments on micrbsomallpreparations of the

Malpighian tubules and rectum of Locusta can be seen in Table 6.11.



Table 6.11

. . . .
The effect of Corpora cardiaca extract on Na , K -—activated ATPase activity

24
Mg -dependent
~ATPase activity

+ + :
Na , K -activated ATPase activity

from Malpighian tubules or rectum

from C.C.extract

Calculated activity
in presence of
C.C. extract

+ C.C. - c.c} + C.C. - Cc.c.
(a) . (b) (c) (B + ¢
Malpighian
tubules B :
(mean of - 58.6 48.8 781.0 590.0 158.1 748.1
2 expts)
“Rectum - _ S o
(1 expt) - 15.9 365.0 206.3 126.9 $333.2

Values given above are ATPase activity in nmoles Pi/mg protein/min

191
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It can be seen from column (b) that Na+,'K+-activated ATPase
activity in Malpighian tubule homogenates was 590:Onm61es Pi/mg protein/mip.,
When corpora cardiaca extract was present (columh (a)) the enzyme activity
measured‘Was‘781.0nmoles Pi/mg Protein/min. The c&rpora éardiaca e#tfact
therefore appears to:be stimulating the Na+, K+;é¢tivated ATPase activity.
However, control assays using corpora-cardiaca'eXtrﬁct.but no Malpighian
| tubule homogenate also showed Na+, K+—a§tiVated ATPaée activity (column (c)).

It can be seen then that if the theoretical activity is calculated i.e.
»Na+, K -activated aTpase éctivity from Malpighian tubule homogenate plus
Na+, K+~activated ATPase acﬁivity from corpora_cardiaca éxtract (columns
(b) and (c) 748.lnﬁoles Ei/mg protein/min) ,the ;ésuiting total activity |
is found to be very similar to the actuéllassaYed~Na+, K+—activated
ATPase activity in the preéénce of corpora cardia&é'extract. it wou1d>
seem then that the corpora cardiaca e#tract does not stimulate ATPase
activity but‘mereiy adds another source of énzyﬁé‘éo_the reaction media.

Na+, K+-activated ATPase in reqfal.homogenates a;so appeared to

be stimulétedvby corpora caraiaca extract, but again, by-comparing |
theoretical and actual values for ATPase activity, it can be seen that
the increased activity was due to hydrol&éis of ATP by the corpora

cardiaca extract.

(2) Sub-optimal conditions

Na+, k+factivated ATPase was determined ét sub—optimal'.
conditions in the presence and absence of corpora cérdiaca.extract.
Under optimal conditions for ATPase activity (lOOmM.Na+, 20mM K+) it Qould
be unlikely that any stimulation of ATPase activity cquld be observed
since the enzyme would already be opeiating maximally. If the corpora
cardiaca extract did‘stimulate enzyme activity this might be more

apparent uﬁder sub~-optimal cohditions.
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. Table 6.12 The effect of Corpora cardiaca extract on Na , K —~activated ATPase activity assayed at

sub-optimal conditions

2+ '
Mg -dependent
ATPase activity

+ 4+ . : I
Na , K —~activated ATPase activity

Calculated activity
in presence or C.C.

from Malpighian tubules from C.C. extract
: or rectum extract
+ C.C. - C.Cs + C.C. ‘- C.C.
(a) (b) {c) (b +c)
Malpighian ‘
tubules 58.6 o 48.8 713.2 486.7 190.5 ©677.2
{(mean- of
2 expts)
Rectum - 15.9 436.5 306.3 111.1 417.4
{1 expt)

Values given above are ATPase

activity in nmoles Pi/mg protein/min

€91
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The results of experiments on microsomal p;eparations of ﬁhe
Malpighian tubules and rectum are‘showh in Table ¢.12. It can be seen
thét the corp;fa cardiaca extract appears to stiﬁulate Na+, K+—activated
ATPase activity in the Malpighian tubule and rectai‘homogénates (i.e.
'comparing columns (b) and (a)). However, control assavs also.shgwed
that the cérpora cardiaca extract was a source Qf'enzyme activity
(column (¢)). When the theoretical Na+, K+-activated ATPase Qas célculated
i.e. column (b) + (c), 677.2nmoles Pi/mg/min, it was found to be very
similar to the assayed enzyme activity 713.2nmoies.Pi/mg proteip/mih.

As uﬁde: optimal conditions the apparent stimulaﬁq;y effect of corpora
cardiaca extracﬁkwould sgem to be due to the addition of anqther source

of enzyme with the extract.
Conclusion

The purpose of this study was to'investigate the possibility
that insect hoimones exert their effgcts on fluid sepretion by affecting
the Na+, K+-aétivated“ATPase. An effect én this enzyme would result in
significant changes in the internal Na* ana K’ cpnéentrations of the cells
which would in turn have an efféct on. fluid sec?eﬁion. Aﬁ effect of
‘insect hormones on the Na+, K+—a¢tivated ATPaselwould also, if found,l
lend suéport to the ﬁypotheses‘put forward by Krseger and Lezzi (1966)
.and Lezzi and Gilbert (l972)ithat‘8-ecdysone and'Jﬁvenile Hormone'gxert
their regulatory effects on target tissues by chénging the internal Na+
and K concentrations andbratios. |

There are few reports of the interaction between insect horﬁbnes
and Na+, K+—acti§ated ATPase activity but Peaéoqk,(l976) has reported
that extracts from the cotpora cardiaca stimulaté the Na+, K+—act1vated
ATPaQe in homogenates of the'rectﬁm of Locugté. The corpora cardiaca

are known to contain a diuretic hormone which accelerates fluid production
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by the Malpighian tubules and reduces re-absorption from the rectum

(Highnam et al. 1965; Cazal and Girardie 1968; Mordue and Goldsworthy

1969; Mordue 1969, 1970, 1972).  Fluid secretion-by the Malpighian
tubulés &nd reabsorption of fluid by the rectumAis'knOWn to involve é
Na+/K+ pump (Anstee and Bell 1975; Anstee.et al.1l978) and to be correlated
with the activity of}ﬁhe Na+, K+—activated ATPase enzyme system (Peacock
1975; Anstee‘and Bell 1975). Peacock (1976) féund that crude corpora
cardiaca exﬁract stimulated the Mg2+—dependent ATfase by about 549% and
that stimulation of the Na+, K+-activated ATPase depended upon the |

. + ' o : i +
concentrations of Na and K+, Under optimal conditions i.e. 100mM Na ,

: + ' N :
20mM K, there was an increase in enzyme activity of about 14% whereas

under sub-optimal conditions i.e. 50mM Na+,'5mM k+ the Na+, K+-activated
ATPase»activity increased by 205%. In the preséntjstudy similar
experiments’weré pérformed using homogenates of the Malpighian :ubules
and rectum of Locusta, but the results obtained'by Peacock (1976) could
not be confirmed. ,Tﬁe corpora cardiaca extract dia not stimulate the
Mgz+—dependent or Na+, K+—activated ATPasé activity under either optimal
or sub-optimal assay conditions. In all cases it:at first gppeared that‘
the corpora cardiaca extract.had a stimulatory effect but control assays
proved thét the 'stiﬁulation' was due to ATP.hydrolysis by the corpora
cardiaca extract itself.

The effect'of'B~ecdysone on the membranerﬁound Na+, K+Laétivated :
ATPase has been studied pieviously by Fristrom.and Kelly (1976)., Fristrom
and Kelly (1976) have reported that B—ecdjsbnev(lug/ml) had no effect on
the Na+, K+—a§tivated ATPase in homogenates of qusbphila‘imaginal discs.
This result has been confirmed in the present study. " B-ecdysone (100ug/ﬁi)
was fOuhd to have no effect on the Na+; K+—activated ATPase in homogenates

of the Malpighian tubules of Locusta. Such results are inconsistent with
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the hypothesis of Kroéger and Lezzi (1966) that ecdysone acts on tafget
cells by affecﬁing the 'sodium pumpi.

Fristrom and Kelly (1976) have also studied the effect of J.H. on
the Na+, K+-activatedvATPase, feporting that J.H; III (looug/ml) caused an -
» increase in ATPase activity iﬁ homogenates of imaginal discs. Similarly,
Abu-Hakima and Davey (1979) have found a stimulatory effect of J.H. on the
Na+, K+—activated ATPase in homogepates of Rhodniﬁs‘follicle cells., However,
in the present study J.H. was found to.inhibit'the.Na+, K+—activated ATPase.
activity in microsomal preparations of the Malpighiaﬁ tubules of Locusta.
This inhibitbry effect was found to increase wiﬁh increaéing J.H. cdncentraﬁiOn
over the range 2.5pg/ml - 250ug/ml. Fristrom and.Kelly (1976) report that
J.H. III stimulated Né+, K+—activated ATPase»activity, but in the pfesent
study all three homologues of .J.H. were found to.haﬁe,an inhibitory effect.

Although this inhibitory effect of J.H.'is“contradictory to that
‘reported by Fristrom and~Keliy (1976) and Abu-Hakima and'Davéy (1979); the
nature of the experiment as well as the tissﬁe uééd was_diffefent; In the
study by Fristrom and Kelly (1976) the imaginal discs.were incubated_with'.
J.H. for lhr before wéshing, homogenising and assaying for Na+, K+—activated‘
ATPase activity. Similarly the Rhodnius follicle3cells assayed by Abu-Hakima
and Davey (1979) were obtained from ovaries which had been pré;inCUbated witﬁ'
J.H.‘for 30 mins before homogenizatién and enzyme éssay. In both these é&Ses
J.H. was found to stimulate Na+, K -activated ATPasé activity. 1In the present
study J,H. was present qnly in the reaction media and was found to inhibit
enzyme activity. Fristrom and Kelly (19765 found that when J.H. was added
to the ﬁomogeniéing medium it did not stimulate Na+, K+-activated ATPase
activity. In a further study they mixéd imaginal discs which had been
incubated with J.H. with discs incubated withouth.ﬂ; (50:50) and assayed
for enzyme activiﬁy. They would have expected to find ATPase activity

intermediate between the J.H. stimulated and control levels if the
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~ stimulation of enzyme activity by J.H. resulted from a direct moéification
of the Naf, K+—activated ATPase. However, the resulté showed that,
following mixing, the enzyme activity was still At4the‘stimulated level.
They concluded from this that the stimulation owaé+, K+-activated ATPase
activity by J.H. resulted from the production ofxsoﬁe effector molecule
and was not a direct effect of J;H.‘on the enzymé.

In'the present study where J.H. was presént in the enzyme assay
media it seemed probable that the resulting inhibition was due to a direct
effect.of J.H. on the Na+, K+-activated ATPase. | |

Fristrom and Kelly (1976) also studied théfeffect of ﬁ.H. 6n
3H-ouabain binding to imaginal discs. They found that J.H, reduced
ouabain biﬁding and Scatchard plots indicated‘that_this was dﬁe to J.H.
acting as a non-compétitive'inhibitor of ouabain binding.  From the
parameteré for ouabain binding ih the preéence and absencé of J.H. they
proposed that J.H. caused a redudtion in thé actual éf effective numﬁer
of ouabain binding sites and alsévreduced the diséociation cénstantf
They suggéﬁted that this change in the dissociatipn constant resulted
mainly fr§m an increased sﬁability of the ouébain—enéyme complex in the .
presence of J.H. The reduétion in ﬁhe number of ocuabain binding sites
indicafed either a loss of Na+, K+-acti§atéd ATPase molecules or the
presencé of conformational changes which prevented'ouabain binding.‘

These resulﬁs obtained by Fris;iom and Kelly (1976) for the effecﬁ
of J.H. on ouabain binding are consistent with theiinhibition of Na+,.K+—
activated ATPase activity by J.H. observed in the present study. The
reduction in the number of ouabain binding sites could be due to the
inhibitory effect of J.H. on the enzyme and might suggest that both J.H.
and ouabain were competing for binding sitgs on the enzyﬁe.

It.has already been well establiéhed that the Na+, K+-activated

o+ + :
ATPase hydrolyses ATP in the presence of Na and K by a mechanism
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inhibited by cardiac glycosides (Skou 1957). Ahd, as a result of
numerous studies, a great deal is now known of the ouabain-Na+,‘K+-
activated ATPase interaction and how this causes enzyme inhibition
(Matsui and Schwarfz 1966, 1967, 1968; Post and Sen 1967; Albers et al.
1968; sSchwartz et al.. 1975). |

Studies on erythrocyte 'ghosts' have shown that in intact
membrane preparations cardiac glycosides inhibit_thé Na+ pump only when
they are in the extracellular fluid (Hoffmén 1969; Whittam 1962;
Whittam and Aéor 1964).‘ This suggesﬁsvthat the rééeptor for ouabain
resides on the externa; surface qf the membrane.r From the model‘proposed
to explain Na+, K -activated aTPase action (see Introduction) it can be
seen that the_binding site for K+ is also on the external membrane»surface
whereas the binding §ites for‘Na+ énd'ATP are oﬁ the internai surface of
the membrane. Ouabain aﬁd K+ have.been found télbe antagonistic to one
another with respect to fheir'actions on the Na+ puhp in both intact
transporting systems (Glynn 1957) and membrane preparations (Dunham and
Glynn 1961).  This antagonism was originally thought to feflect a
competition between ouabain and K+ for the K+ activation site (Ahmed and:
Judah 1965; Ahmed et al. 1966). However, .although it ié generally.'
accepted that ouabain binds t§ a phosphorylated'inﬁérmediate (Esz in
proposed model) in the reaétion sequence of fhe Na+, K+—activated ATPase

and thereby prevents the K+—dependent hydrolysis df‘E ~P (Matsui and

2
Schwartz 1967, 1968), this does not necessarily mean that K+ and ouabain
are competing for the same site. Further StudieS'suggestithat ouabain
interacts with a site that is different from the'K+_activation site on
the exﬁernal surface of the membrane (Hoffman 1966). - sStudies on the

kinetics of ouabain inhibition yield results typical of non—competitive.

inhibition with xF as subs trate (Schoner 1971; Jenner and Donnellan 1976)..
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2—P, the

+ . +
conformation for binding K , increasing the K concentration inhibits

Since ouabain binds to the phosphorylated intermediate E

glycoside interaction by decreasing the rate of complex formation between
ouabain andvits_receptor (Schwartz et al. 1975).

In the preseqt investigation the possibiiity that J;H. may‘havé
caused inhibition of the Na+; K+—activated ATPasé by a mechanism similar
to that of ouabain was examined by comparing the action of the two
inhibitors on the enzyme's kinetics. |

The effects of both inhibitors oh ATPase activity were studied
at varying K+ concentrations. Results typical of.ﬁon-competitive-
inhibition were obtained with ouabain as inhibitpf; ~ Addition of ouabain
to the assay media was found to cause a decrease iﬁ-vmax from 751.2nmoles
Pi/mg protein/min to 246.6nnoles Pi/mg/min, but had7no significant,effeC£
on the value of Km. ‘Similarly Jenner and Doﬁnellan (1976) found that
the inhibifion by ouabain‘of housefly head Na+, K+-activated ATPase was
non-éompetitive with respect to k'

In contréét, when the same experiment was performed in the
presence of J.H., kineticé typical of uncompetiti?e inhibition were
observéd. Addition of J.H. to the assay media was found to cause a'deéreasé
. in the value of Km from 4.4mM to 2.7mM and to decrgaée'Vﬁax from 648.9nmoles"
Pi/mg protein/min to 357.5nmoles Pi/mg/min. ‘Uncompetitive J.H. inhibition
was also observed at differenﬁ ATP concentrat;ons. Uncompetitive
inhibition indicafes the formation of an inacti?enenzyme—substrate—
inhibitor complex which cannot uﬁdergo further reaction. It would appear
therefore that J.H. may act by inhibitin§ the confprmational change of E2
back to E, (see Introduction), thus preventing further phosphorylation of

1

the enzyme.



The méchaniém by which J.H. may be stabilising'the enzyme-
substrate complex is uncertain. However, examinétion of the results
obtained with Arrhenius u plots in the presénce and absence of‘J.H.
may provide a possible explanation. |

Arrhenius temperature prbfiles of'Na+, kf—activated ATPase
activity showed a 'breakfpéint1 at around 25°C in fhe absence of J.H.
However, when J.H. was present, the break point occurred at around 21°C
i.e. the presence of J.H. effected a shift of some 4°C. in the transition
temperature of the Na+, K+—éctivated ATPase»from”LoéustauMalpiqhién
tubules. | |

Previous studies by Grisham and Barnett'(1973) have reported
that Arrheniﬁs plots of lamb kidnéy Na+, K+factiya£ed ATPase activity
against temperaﬁure revealed'a 'break'! at about 20°C. They showed that
this temperature corresponded to a transition in the state of'theAlipids _
extracted from a Na+, K+-a¢tivated ATPaSe'preparatibn. The transition
in the state of the extracﬁed lipids reflecﬁed a éonversion from a more
ordered state (below 20°C) to a less ordered state.(ébove 20°c). ‘Barnett
and Palazzotto (1974) cohcluded that the change in'the state of the lipids
altered a rate—limiting step‘in the reaction sequeﬁce for ATP hydrolysis..
Further anaiysis revealed that the followiﬁg 'partial reacticns; were not
altered by the lipid transition: (i) PhosphorYlatiohvof the Na+, K+- |
activated ATPase by ATP in the presence of Mg2+;and Na+; {2) va—étimulated‘ 
' p~nitrophenolphosphatase; (3) raﬁes of ouabainibindiné. Barnett and |
Palazzotto (1974) cOnéluded that the 'partial reaction' affected by.the
physiéal‘state of the lipidé was the conversion of a K+—sensitive form
of the Na', K'-activated ATPase to a Na+-sensitive form (E, —>E,).

‘From tﬁis work by Grisham and Barnett (1973) and Barnett and
Palazzotto (1974) it can be seen that the state of the membrane lipids

' . + _+
is important in modulating the conformational changes_of the Na , K -
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activated ATPase. Siﬁce J.H. clearly alters the transition temperature
of the Na”, K+—activated ATpase it may in some way be affécting the
membrane lipids. J.H, is a terpenocid compound #nd it is possible that
it may have become insgrted in the membrane 1lipids, fhereby affecting
membrané fluidity. - The effect of this would be to,preventbthe normal
confofmational changes necessary for ATP hydrolysis, thus bringing about
enzyme inhibition. Barnett and Palazzatto (1974)fpropose that the state
of the membrane lipids affects the con&ersiqn of E2—;>El'and this is
consistent with the results of the Lineweaver—Burk_plots which also
suggest that J.H..inhibition of Na+, K+-activated ATPase activity is due
to the prevention of this partial‘:eactibﬁ. |

Fristrom and Kelly k1976) have also suggested,that.J.H. may
produce conformational membrane changes. .The presence of j.H. was found
to reduce ouabain binding tobDrosophila imaginal disés. - It was proposed
that this reduction in the number of ouabain‘binding sites may have been
due to conformational changes which prevented ouabain binding.

Previous evidence for J.H. interaction with membranes comes
from wofk by Baumann (1968, 1969). It was shown (Baumann 1968) that J.H.
increased the conducténce'of the salivary gland cell memberane of Galleria
mellonella, suggesting a membrane effect.- In a.further study on the
effect of J.H. oﬁ the‘conductance of bimolecular lipid membrahes, Baumann
(1969) showed that thé preéence of J.H. enhahced membrane conductance.
Baumann (1969) suggested tﬁat‘J.HQ may interact with the lipid molecules

to rearrange the structure of the membrane, causing it to become more

‘rigid. -



Chapter 7
CONCLUSIONS

As mentioned earlier, the pransport of Na+ and K+ in manyb

éecretory and absdrptive epithelia is known to invglve a Na+/K+

exchange pump (Skou 1965; Whittam and Wheeler 1970). = The pump
requirés ATP for transport and is specifically inhibited by the

cardiac glycoside ouabain (Schatzmann 1953) . Thevactivity of this
cation tfanéport mechanisﬁ has been correléted.wiﬁh the aptivity of a
Na', K'-activated ATPése; a'membrane—bound enzyme which is synergist-
ically stimulated by Na+ and K+ ahd is inhibited by ouabain (Skou 1957).
In common with numerous other tissues which have beeﬁ studied (Skou 1955,
1969; .Nakad et al. 1965; Pferibio et al. 1970; Whittam and Wheeler
-1970), the Malpighian.tubuleé of Locusta posSeséra Na+, K+—activaﬁed
ATPase (Aﬁstee and Bell 1975, 1978; Chapter 4). This enzyme has

been implicated in the hechanism of fluid secretion by Locusta Malpighién
tubules by virtue of the sensitivity of the secretory process to ouabain
(knstee aﬁd Bell 1975;:; Chapter 4). However, as-described earlier
(Chapter 4), the failure of some workers to demonstrate cuabain- |
inhibitioﬁ of fluid seﬁretion hés castvdoubt on thé involvement of a
Na+/K+ exchange pump in fluid and cation secretioh across Mélpighian
tubules (Maddrell 1969; Pilcher 1970; Gee 1976; Rafaeli-Bernstein apd
Mordue 1978). In the present study ouabéin cléafly inhibited fluid
secretion by in vitro preparations of -the Malpighian tubules of Locﬁsta
although the experimental conditions were fbund to be extremely impértant
for demonstrating ouabain inhibition (Chapter 4);> Iﬁ particular; the
inhibitory effect of ouabain was found to be extremely sensitive to the
temperéture at which the exper;ments were carriéd out. Fluid secretidh

v o]
by Locusta Malpighian tubules was far less sensitive to ouabain at 15°C
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and 20°C than at 30°¢. This might be expected if a Na+, K+—activated
ATPase is involved as the inhibition of ATPase activify by ouabain has
been shown to be substantially affected by temperéture'in the present
study, confirhing the results of other workers (Chafnock et al, 1975;
Peacock et al. 1976).  Examination of the literature shows that some
workers who report ouabain to have no effect on_fluid'secretion
perfermed their experiments at 24~250C (Rafaeli-ﬁerﬁstein and Mordue
1973) or at room-temperature, ca. 19422°C (Gee 1976); Since temperature
has been shown to be an important factor in detefmining the extent te
which ouabain inhibits_Malpighién tubule function'ih Locusta, the failure
to demonstrate inhibition of fluid secretion at room temperature should
not be taken as evidence against the involVement.of e Na+, K+-activated
ATPase in the fluid secfetery mechanism. |

It has also been suggested (Jungreis 1977; Rafeeli—Bernstein
and Mordue 1978) that the K+ concentration.in the bathing medium may
affect the demonstration of ouabain'inhibiﬁion, Hiéh K+ concentrations
have been shown to anﬁagonise»the ouabain_inhibition'of the‘Naf, K+—
activated ATPase (Kinsolving et al. 1963; Judah‘end Ahﬁed 1964; Matsui'
and Schwartz 1968; Akera 1971),. However in the“present study varying
the K+ concentration from 10-40mM failed to affeef_the ouabein sensitivity
of the fluid secretory process. It appears theh tﬁat the K+ concentration
of thebathing medium may vary substantially witheuEAaffecting.a significant
reduction in ouabain inhibition. | )

Whilst ie is pessible that the mechanism"of fluid eecretion is
different in some insecf species it would appeaf tﬁat methodological
differehces may in fact account for the conflicting results as to the
effect of ouwabain, that.are'reported in»the literature.

The éecretion oflfluid by the Malpighian‘tubules has been_shbwn

previously to be under hormonal control (Highnam et al. 1965; Mordue and
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Goldsworthy 1969; Mordue 1969, 1970, 1972). Tﬁe present study

confirms that extracts of the cerebral neurosecretory cells and the
corpora cardiaca cause a marked stimulation in‘the rate of fluid
secretion b& inlvitro preparations of the Malpighian tubules of Locusta_

A diuretic effectbof‘corpora cardiaca or neurosecfeﬁory cell extract in
Locusta has been shown previously as a result of caﬁtery or dye excretion
experiments (Highnam et al. 1965; Cazal and Girardie 1968; Mordue 1966,
1969). Peacock (1976) has shown that extracts froﬁ-the corpora cardiaca
produced a stimulation of rectal Na+,.K+-activated ATPase activity in
Locusta. . Stimulating the Na+/K+ pump may be ekpected.to produce an
increase in the rate of fluid secretion by Malpighién tubules and this
ma? haQe offered a.mechanism for the actién of diﬁxetic hormoﬁe. However,
in the present stﬁdy, the stimulatory effect of corpora cardiécé extract °
on Na+, K+—activated-ATPase activity could not be confirmed (Chaptér 6). .
The results of the experiménts'were complicated by tﬁe fact ‘that éddition'
of crudé corpora cardiaca extract was in éffeét adding another source of"
enzyme‘to hydrolyse ATP. . Perhaps by usinq purifiéd diuretic hormone

a true effect othaf, K+—activated ATPase cogld.be_demoﬁstrated.

It.is more probable that:diuretic hormone does nét directly
affect membrane permeability, but acts indirectly throﬁgh cyclic AM?..
Cyclic AMP’has.been shown previously.tc increase fluid secretion by the
Malpighian tubules of Rhodnius and Carausius (Maddrell et al. 1971),
Schistocerca (Maddrell and Klunsuwan 1973) and‘Loﬁusta (Mordue 1969;
Bnstee et al. 1979). The effect of cyclic AMP on fluid secretion by
Locusta Maléighian tdbﬁles has been confirmed in this present study
{Chapter 4). Aston (1975) has shown that addition of diuretic hormone
to the Malpighian tubules of Rhodnius leads ﬁo an increase in cyclic AMP
levels and it has been suggested that inqreasing-cyclic'AMPblevels may

stimulate a cation pump (Berridge>l970: Berridge and Prince 1972).
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The effects of diuretic hormone on fluid secretion by the
Malpighian tubules éf a varlety of insects have beén'weli decumented
(Highnam et al. 1965; Mordue 1969; Pilcher 1970; Gee 1975). However,

" much less is known of the effects of B-ecdysone and Juvenile Hormone.l
As‘mentioned eérlier (Chapﬁer 6), it has been suggested that R-ecdysone
affects cell permeability (quéger and Lezzi 1966} Gee et al; 1977) .
Kroeger and Lezzi (1966) propose that‘B-ecdysone.chanées internal Na+:

and K+ concentrations in 'target' cells by étimulating the Na+ pump.

This theory is not supported by the present study hor has it been possible
to confirm the findings of Gee et al. (1977) that B-ecdysone stimulated
Malpighian tubule fluidlsecretion.' R-ecdysone Qas found tc have no
effect on the rate of fluid secretion by Locusta'Méipighiah.tubules,iwhich-
may have béen expected if ecdysone was stimulatinébthe Na+/K+ pump."Andi.
more importantly, B-ecdysone has no effect on the Naf, K+¥activated ATPase
in microsomal preparations of the Mélpighian tubuléé. This‘confirms the
results of Fristrom and”Kelly (1976) who also repért np.effect of ecdysone
on Na+, K+-activated ATPase‘activity.

It has_alsb been suggested that J.H, affects cell pefmeébility.
Lezzi and Gilbert (1972) propose that J.H..inhibits;the Na'-pump in
‘target' cells leading to an inérease in internal Na+ conéentrationé,

In ﬁhe present study, J.H. was found to have an inhibitory effect on rates.
of fluid secretion by the Malpighian'tubuleé of Locusta (Chépter §), as
would be expected as J.H. does inhibit»the Na+—pump. In addition; in
the‘present study, J.H. was found to inhibit the Né+, K+-activated ATfase
in microsomal preparations of the tubules and thus-éonfirms the suggestion
that J.H. does in.fact inhibit the.N;:\+ pump .

Attempts have been made to éxplain how‘J.H. may bring about
inhibition of the Na+, K*—activated ATPase. Evidence from kinetic studies

and from Arrhenius temperature profiles suggests that J.H. produces
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conformational changes in the membrane structure whicﬁ then prevent:

the normal’reactioo sequence of the ATPase. Further evidence for an

effect of J.H. on membrane structure comes from a report by Baumann (19695
who suggests that J.H. produces membrane stability by interacting with

the membrane lipids; Fristrom and Kelly (1976) have alsc suggested that
J.H. causes conformational changes in membrane stfucture. Additional
support for an‘efféct‘of J.H. on cell membranes is provided by.the work

of Cohen and Gilbert (1972) who showed thaf J.H, couées swelling and lesions
in thé plasma membrane of insect celis growing in colture. Also, Steele
(1976) suggests that the effect of J.H. on in yitro mitochondrial
respiration is due to J.H. altering the miﬁochondrial membrane such that

it disrupts electron transport and increases the permeablllty to succ1nate. -

Whilst J.H. inhibits both fluid secretion by in vitro.

preparations of»the Malpighian tubules and the Na } K —activated ATPase

in extracts of the tubules, it is not possible to conclude that J.H..
has a similar function in the intact animal. J.H. which is 1ipid soluble
is thought to be carfied in tho haemolymph bound to a hydrophilic carrier
protein. Soch a binding protein has been recognised in the haemolymph .
of Manduca sexta (Kramer et al. 1974). The Malpighian tubules in an
intactvanimal are therefore unlikely'to encounte# J.H; in a form similar
to that used in the present in Vifro'expeiiments.‘ This, plus the fact
that high concentrations of J. H.'were used owing to its relative
insolubility in aqueous solution (i.e. effect may have been pharmacologica17
rather than physiological), make it impossible to say whether J.H. has a
role in fluid secretion in the intact aﬁimal. |
However, there is some evidence to show that the corpora allata.‘

may contain an 'anti-diuretic' principle (Woll and Ralph 1964; Beenakkers

and Van den Broek 1974). Beenakkers and Van den Eroek_(l974) found that
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a.high titre of corpus ellatum hormone results in a donsiderably

higher water content in Locusta, whereas allatectomy reduces this content.
Also, Strong (1968) has shown that allatectomy results in a lower insect
wet weight. These results are certainly consisteht.with an'inhibitory
effect of Juvenile Hormone on rates of fluid secretion.

More recently (Ryerse l980),>ecdysone and J.H. have alsoc been
impliceted.in controllihgvthe developmental physidlogy of Malpighian
tubules. Ryerse (1980), working on Calpodes, has ehewn that 20~-hydroxy-
ecdysane switches off fluid secretion and initiates'cellular rembdelling
at pupation and also triggers adult development of the Malpiqhian tubules
including completion of cellular remodelling and restoration of fluid
secretion. J.H. was found to modify the influenCe of 20—hydroyecdysone.
on the Malpighian tubules at moulting in larvée,' ‘Ryerse has shown |
previously (1978, 1979) that Calpodes Malpiqhiah-tubhlesvgndergo'extensiVe,
changes.in cell structure and fluid secretion dufing deQelopment.' Lerval
tubules show high rates of fluid secretion and have deepbbasal ipfolds
and long, mltochondrla containing apical mlcrovilli Fluid secretion is
switched off at pupation and the cells undergo 1oss of the basal infolds,
retraction of the mltoohondria from the microvilli and extenqive organelle
and plasma membrane autophagy. The Malpighian tubules persist through
metamorph051s, and mid~way through the pupal stage the basal infolds
reform, mitochondria are reinserted into the microv1111 and fluid secretion
resumes. Ryerse (1980) has shown that ecdysone is_responsible'for the
reduction in basal infold depth and apical‘microvillar length as Qeli as
the retraction of mitdchondria froﬁ the apical microvilli.

The present study describes similar deQeldpmental changes ih the
Malpighian tubules of a hemimetabolous insect i.e;,an insect‘in which the

larval forms are similar in appearance to the adult. At the beginning of
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the 5th instar of Locusta the tubule cells show little invagination of
either the basal or apical cell membranes. As the age of the insect
ihcreases; so the degree of membrane invaéination increases, with the
basal infoldings and the apical microyilli becoming longer. At the

same time, the number of mitochondrié in the tubuleAcells appear to
increase and the mitoéhondria are increasingly fouﬁd-to lie alongside

the extracellular channels formed by the infoldings of the basal plasma
membrane. Just prior to the-larval—adult.moult, the basal and apical
surface'invaginatidns decrease in length and the mitochondria aisappear
from alongside the extracellular channels. Functional changes als§
appear to.accompahy théée ultraétructural‘changes; The acﬁivity of the
membrane—bound Na+, K+;acti§ated ATPase is low aﬁufhe\beginning'énd end

of the 5th instar, at times when cell membrane‘aréa is reduced.v In
addition, the animal water cohtent.is high at ﬁhéée times, suggestingtthaﬁ»
the animals are excreting less fluid. Itbmay not be surprising that
functional  changes accompany ultrgstructural chanﬁes'since mitochondria
provide énergy for act;vebtransport and the aegree'of iﬂvaginationvof

the cell membranes would affeét rates of fluid secretion. 1In the light
of the work by Ryerse (1980) it would be interéétinq in future studies to
look at the effects of ecdysone anvauveniie Hormone on the developmental
structure and function of the Malpighian tﬁbules'offLocusta. Héemolymph.;
titres of J.H. and ecdysone throughout the 5th instar have been réported-'
for Locusta (Hirn et al. 1979; Baehr et al. l979f. Hirn et al. (1979)
Afound that ecdysteroid levels showed a small peak on Day 3 and a larée
peak on Day 8 of a 10-11 day instar. J.H. levels Qere high during the
first 5 hrs of the 5th instar. Baehr et al. (1979) report 3 peaks of
ecdysteroid concentration at 24 hr, 64 hrs.and c. 120 hrs of a 144 Hf instarf

These peaks of ecdysone concentration could be correlated with the switching
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off of fluid secretiqn and ultrastructural changes in Locusté.

Perhaps this may even help provide an explanatibn fér the dramatic
aecrease in Na+, K+—activated ATPése around the mid-instar, observed
in the present étudy. This is a time whén ultréstrﬁcturallyvthe'
tubules show well~developed invaginations of the basal and apical cell
membranes. It may be that ecdysone is responsiblé‘for-‘switching off!

the enzyme activity at this time.



180

References

Abu~Hakima,»R, and bavey,FK.G. (1979) A‘possible relationship between

| ouabain-sensitive (Na+¥K+) dependent ATPase and the effect.of
Juvenile Hormone on the follicle cells of Rhodnius prolixus
Insect Bibchem., 9, 195-198. |

Ahmed, K. and.Judah, J.D. (1965) On the action ofbstrophanthin G.
Can. J. Biochem. 43, 877-880.

Ahmed, K., Judah, J.D. and Scholefield, P,G. (1966) Interaction of
sodium aﬁd potassium with a cation-dependent adenosine
triphosphatase system from rat brain. Biochi m. Biophys.

Acta 120, 351-360. |

Akera, T. (1971) Quéntitative aspects of the‘interactién between ouabain
and (Na+ +_K+)-activated ATPase in vitro. _Biochim. biophys.
Acta 249, 53-62.

‘Akefa, Tf and Brody, T.M; (1971) Membrane adenosine triphosphatase.

The effect of potassium on the formation and dissociation'of
thé.ouabain—enzyme'compléx. J..Pharmacol. Exp. Ther. 176,
545-557. |

Akera, T., Brady, T.M., So, R.H.-M., Tobin, T. and Baskin, S.E. (1974)
Factoré and:agents that influencé cardiac glycosides Na+ - K+
ATPése integaction. . Ann. N.Y. écad. Sci. 242, 617-634.

Albers, R.W. (1967) Biochemical aspects of active transport.

Ann. Rev. Biocheﬁ. 36, 727-756.
Albers, ‘R.W., Koval, G.J. and Siegel, G.J. (1968) - Studies on the
| interaction of ouabain and other‘cardioactive steroids with
sodium-potassium-activated adenosine triphosphate.
Méi.‘pharmaco.z. 4, 324-336.
Alleﬁ,_J.c.'and thwartz, A. (1970) Effects of potassium, temperéture andl
'timé-on ouabain interaction with the cardiaé Na+, K+—ATPase.

Further evidence supporting an allosteric site.

J. Mol. cell. Cardiol. 1, 39-45.



181

Altmann, G. (1956) Die regulation des Wasserhaltes der Honigbiene.
| Insectes soc. 3, 33-40.

Anstee, J.H. aﬁd Bell, D.M. (1975) Relationship Qf the Na+, K+-activated
ATPase to fluld secretion by the Malpighian tubules obeocusta
migratoria, J. Insect Physiol., 21, 1779-1784.

Anétee, J.H. and Bell D.M. (1978) Properties of Naf - K+—activated
ATPase from the excretory‘system‘of Lécusta. Insect Biochem.
8, 3-9. |

Anstee, J.H., Bell, D.M. and Fathpour, H. (1979)  Fluid and cation
secretion by the Malpighian tubules of iécusfa.

J. Insect Physiol., gg,»373-380;

Ashburner, M. (1971) Induct;on of puffé in polYtéﬁe chromosqmes of
in vjvb cultured salivary glands of Drosoéhila melanogéstér
bylecdysdne and ecdysone-analogueé. Natﬁre, Lohd., 230,
222-223.

Ashworth, C.T., Luibel, F.J. and Stewart, S.C. f1963) The fine.strucﬁﬁral
localisation of adenosine triphosphatasejin thé small intestine,
kianey and liver of thelrat. J. Cell Biol., iZ' 1-18.,

Aston, R.J. (1975) The role of cyclic AMP in relation to the diuretiq 4
hormone of ﬁhodnius prolixﬁs. J. Insect Physiol., gl!
1873-1877.

Aston, R.J. and White, A.F. (1974) Isolation and.purification éf thé.
diuretic hormone from Rhodnius prolikus} J. Insect Physiol.,
20, 1673—1682. |

Atkinson, A., Gatenby, A.D.. and Lowe, A.G. (1973) _The. determination of
inorganic orthophospﬁate in bioclogical systems. Biochim.
biophys. Acta 320, 195~204.

Anstee, J.H. aﬁd Bowler, K. (1979)M Ouabain—sensitivity of insect épithelial

tissues. Comp. Biochem. Physiol., 62A, 763-769,



182

Atzbacher, U., Hevert, F., Weber von Grotﬁhus, E. énd Wessing, A. (1974)
The influence of ouabain on the elimination of injectgd and
orally appligd dyes in Drosophila hydei. J. Insect Physiol.,
20, 1989-1997,

Baehr, J.C., Porcheron, P., Papillon, M. and Dray; F; (1979) >Haemolymph
levels of Juvenile Hormone, ecdySteroidsvand proteinvdﬁring the
last two larval instars of Locusta migfatoria.

‘J, Insect Physiol., 25, 415-421.

Barnett, R.E. and Palazzotto; J. (1974) Mechénism of the effects of
lipid phase transitions on the Na+, K+eAT§ase, and the role of
proteinvconformatiohal changes. Ann. N.Y. Acad. Sci{, 222!
.69—76. | |

Baumann, G. (1968) Zur wirkﬁng des Juvenilhormbns': Electrophysiologische
Messungen an der Zellmembran der Speicheidrﬁse von‘Galleria
mellonella. J. Insect Physiol.} ii,‘l459~l476.

Baumann, G. (l969)>> Juvenile Hormone : Effect on bimoleCular lipid
mémbranes. Nature, 223, 317-318.

Beams, H.w., Tahmisian, T.N. and Devine, R.L. (1955) Eléctron microscope

o studies on the cells of the Malpighian'tﬁbuiés of the grasshoppér
(Orthoptera, Acrididae). J. Biophysic. Biochem. éytol.,
1, l97-é02.

Becker,'E. and Plagge, E. (1939) Ueber die da Pérparium—Bildung'
ausl8sende Hormon der Fliegen. Biol. zbl. 59, 326-341.

Beenakkers, A.M.Th.(1973) The influence of corpofa allata on flight

- muscle development in locusts. J. Endocr., 57, 52.

Beenakkers, A.M.Th. and Van den Broek, A.Th.M. (1974) Influence of
Juvenilg Hormone on éfowth and digestisn:in fifth instar larvae
and adults of Locusta migratoria. ‘mernsect Physiol., 29,-

1131-1142.



Bell; D.M. (1977) »Sﬁudies on the Malpighian tubules of Locusta migratoria
migratorioides (R + F), with particular reference to the role of
Na+ - Kf—activated ATPase'in fluid secretion. Ph.D. Thesis,
University of Durham.

Bell, D.M. and‘Anstee, J.ﬁ. (1977) A study of the Malpighian tubules of
Locusta migratoria by scanning and traﬁsmiésion electron
microscopy. Micron., 8, 123-134. |

Berendes, H.D. (1971) In Control mechanisms of Growth and Differentiation

pp. 145-161. Ed.'Davies;'D.P. and Balls;uM. Cambridge -
University»Press, London and New York. ”

Berkaloff, A. (1958) Leé grains de sécrétion dés_fubes dé'Gryllus
domesticus (Orthoptere Gryllidae). C.r. hebd. Séanc. Acaa.
Sci. Paris, 246, 2807-2809. | |

Berkaloff, A. (1960) Contribution a 1'étude deé'tﬁbes de Malpighi et de
l'excrétion chez lesg insects. Observaticns au miéroscépe
électrbnique. Annls. Sci. nat. zool., XII Ser. 2. 869-947,

Bétridge,lM.J. (1966) The physiology of excretipn in the cotton stainér_
Dysdercus fasciatus, Signoret. Iv. .'Hérmonal control of |
excretion. J. exp. Biol., 44, 533-566.

Berridge, M.J. (1967) Ion and water transport across epithelia. In

Insects and Physiclogy. Ed. Beaument, J.W.L. and Treherne, J.E.
Olivier and Boyd, Eéinburgh and London. pp. 329-347. |
Berridge, M.J. (1968) Urine formation by the Malpighian tubules of
Calliphora. I. Cations. J. exp. Biolg, 48, 159—174;
Berridge, M.J. (1976) The role of S5HT aﬁd cyclic.AMP in the control of
fluid secretion by isolated salivary glanas. J. ekp. Biol.,

53, 171-186.



Berridge,

Berridge,

Berridge,

Berridge,

Berridge,

Berridge,

Berridge,

184

M.J. (1977) Cyclic AMP, Calcium and Fluid secretion.

In Transport of ions and water in Animals. pp. 225-238.

Ed. Gupta, B.L., Moreton, R.B., Oschman, J.L. and Wall, B.J.
Academic Préss, London and New York. |

M.J. and CGupta, B;L.'(l968) Fine stfuCtural localisation of
ATPase in the rectum of Calliphora. J. Cell Sci., 3, 17.
M.J.vand Oschman; J.L. (1969) A st?ﬁcﬁural basis fdr fluid
secretion by Malpighian tubules. Tiéé&e_and cell., 1, 247-272.

M.J. and Patel, N.G. (1968) 1Insect salivary glands : stimulation

-of fluid secretion by S-hydroxytryptaminevénd adenosine 3',5' .

monophosphate. Science, 162, 462—463;

M.J. and Prince, W.T. (1972a) Transepithelial potential changes
during stimulation of isoiated §alivary-giands with SHT ahd
cyclic AMP, J. Exp. Biol., 56, 139-153.

M.Je,énd érince, W.T. (1972bj The rble'of cyclic AMP in the
control of fluid secretion. AdV.FCyciic Nucleotide Res., L,
137-147.

M.J. and Schlué, W.R. (1978) ' Ion—selecﬁive eléctrode studies
on the effecté of 5~hydxoxytryptamine on’ the intracellulér level

of potassium in an insect salivary g;andf_ J. exp. Biol.,

72, 203-216.

Bonting, $.L. (L970) Sodium-potassium activated adenosinetriphosphatase

and cation transport. In Membranes and_Idn Transport. Vol. 1.

(rd. by Bittar, E.E.) pp. 257-363. John Wiley, New York.

Bonting, S.R., Caravaggio, L.L. and Hawkins, N.M. (1962) Studies on

sodium-potassium activated adenosine triphosphatase. IV.
Correlation with cation traﬁéport sensitive to cardiac

giycosides. Arch. Biochem. Biophgs.,_gg, 413,



185

‘Butcher, R.W. and Sutherland, E.W. (1962) Adenosine 3',5'-Phosphate in

biological materials. J. Biol. Chem., 237, 1244-1250.

Butenandt, A. and Karlson, P. (1954) Uber die Isolierung eines

Cazal, M.

Charnley,

Charnock,

Charnock,

Charnock,

Charnock,

Metamorphose-hormons. der Insekten in Kristallisierter Form.

Z. Naturforsch., 9b, 389-391.

and Girardie, M. (1968)  Controle humoral de l'equilibre
hydrique chez Locusta migratoria migraforiofdes. J. Insect
Physiol., 14, 655-668.

A.K. (1975) . A study of the effects 6f‘ffoﬂtal ganglionectomy
on the metabolism of Locustavmigratoria.V“ Ph.D. Thesis, :
University of Dﬁrham.

J.S., Rosenthal, A.S. and fost, R.L. (1963)' Studies on the
mechanism of cation transport. iII. Anphosphorylated
intermediate ‘in the cation stimulated-énéyme‘hydrolysis'of
adenosine triphosphate. Aust. J. Exp;”Biol. Med; Sci.

41, 675-686. .

J.S., Rosenthal, A.S. and Post, R.L. (1963) A phosphorylated
intermediate compound in ATP~dépenden£_sodium and potaséium
transport. Fed. Proc., 22, 212. |

J.8., Potter, H.A.‘and McKee, D, (1970) Ethacrynic acid
inhibition of (Na+ + K+)factivated adenogine tfiphosphataée.
Biochem. Pharmacol., 19, 1637*16415

J.S., Almeida, A.F. and To, Rf (1975) Temperature activity
relationships of cation‘activation andjougbain inhibition of

(Na+ - K+)—ATPase.' Archs. Biochem. Biophys., 167, 480-487.

Chase, A.M. (1970) Effects of antibiotics on epiaermal metémorphosis and

nucleic acid synthesis in Tenebrio molitor. J. Insect Physiol.,

16, 865-884.



Cheng, E.Y. and Cutkomp, L.K. (1975) The ATPase‘system in American
cockroach muscle and nerve cord. Insect Biochem., g, 421-427.

Chihara, C.J., Petri, W.H., Fristrom, J.W. and King, D.S. (1972)

The assay of ecdysones and juvenile hormones on Prosophila
imaginal discs in vitro. J. Insect Physiol., 18, 1115-1123.

Clarke, K. and Langley, P.A. (1963) Studies on the initiation of growth
band moulting in Locusta migratorié migratoricides. R & F - Iv.
The relationship between the stomatogéétric nervous system
and neurosecretion. J. Insect Physiql;,.gj 423-430.

Clever, U. and Karlson, P. (1960) Induction von Puff-Ver#nderungen in
den Speiéheldrﬁsenchromosomen'voh Chirohomﬁs tentans durch |
_Eédyéon; Exp. Cell Res., 20, 623-626. .

Cohen, E. and Gilbert, L.I. (1972) Metébblic aﬁa hormonal studies on
two insect cell lines. J. Ihséct Phgsiql:; 18, 1061-1076.

Curran, P.F. and Solomon, A.K. (1957) | Ion and waﬁer flukes in the ileum
of rats. J. Geh. Physioi., 41, 143-168.

Curran, P.F. and McIntosh, J.R. (1962) A model system for biological
water transport. Nature (London), &égf 347-348.

Dahl, J. and Hokin, ﬁ. (1974) The,sodiu@—potéssium adenosine—triphdSphatase,
A. Rev. Biochem. 43, 327—356. ‘

Daniel, E.F., Kidwai, A.M., Robinson, K., Freeman, D. and Fair, S. (1971)
The mechanismsvby which Ethacrynic Acid affects ion content,
ion fluxes, volume and energy supply.inﬁthe rat uterus.

7. Pharmacol. exp. Ther., 176, 563-579.

Danilova, L.V., Rokhlenko, K.D. and Bodryagina, A.V. (1969) Electron

microscopic study of the structure of septate and comb'desmOSOmés.

Z. Zellforsch., mikrosk. Anat., 100, 101-117.



187

Davis, P.W. (1970) Inhibition of renal Na+, K+—activgted Adenosine
.Triphosphatase activity by Ethacrynic Acid; Biochem.,
'Pharmacol.,.ig, 1987-1989.

de Bess&, N. and Cazal, M. (1968). Action des'extréits d'organes
périsympathiques et de corpora cardiaca sur la diurése de
quelgues Insectes. . C.r. hebd. Séanc.:ACadf Sci., Paris;
266, 615~618. |

Diamond, J.M. and Boséert, W.H. (1967) Standing-grgdient osmotic flow.
B mechanism for coupling of water and solute transport in
epithelia. J. Gen. Physiol., 50, 2061%2083.

Diamond, J.M. and‘Bossert, W.H. (1968) FunctionaL consequences of
ultrastructural geometry in “backwardsJ fluid-transporting
epithelia; ~ J. Cell Biol., 37, 694-702.

Diehl, P.AQ, Kaufﬁan, W.R., Aeschlimann, A.A. and Gﬁggeﬁhéim,lg. (1977)
Cytologicai changes related to inductiod of fiuid secretion‘
in é salivary gland. Experentia, 33, 8l7.

Doane, W. (1872) Role of hormones in insect deVelopment. In

Developmental Systems. Insects II. Ed. Counce, S.J.vand
Waddihgton, C.H. Academic Press, New Yofk‘

Duggan, D.E. and Noll, R.M. (1965) Effects of Ethacrynic Acid and Cafdiac
Glycosides upon a Membrane Adenosinetriphbsphatase of Renal
Cortex.  Archs. Biochem. Biophys., 109, 388-396.

Dunham, E.T. and Glynn, I.M. (196l) Adenosinetriphosphatase activity
and the active movements of alkali metal ions. J. Physiol.
(London) ., 156, 274-293.

Dunn, M.J. (1973) Ouabainluninhibited sodium traﬁsport in human
erythrocytes : Evidence agéinst a second pump. |

J. Clin. Invest., 52, 658-670.



188

Eichelbera, D. and Wessing, A; (1975)  MQrpholqu of.the Malpighian
tﬁbules of insects. Fortgchr. Zool.; gi, 124-147,

Fahn, S., Koval, G.J. and Albers, R.W. (1968) Sédium—potassium—activated
adenosine triphosphétase of Electrophorus electric organ. V.
Phosphofylation by adenosine triphosphate 32?. J. Biol. Chem.,l
243, 1993-2003.

Farguhar, M.G. and Palade, G.E. (1966) Adenosine tﬁiphosphatase
localisation in amphibian epidermis.  J..Ce11 Biol., 30,
359-379,

Farquharson, P.A. fl974) A study of the Mélpighian tubules of the pill
millipede, Glomeris marginata (Villexs). = II. The effect of
variétions in osmotic pressure and sodium and potassium
concentrations on fluid production. J; exp. Biol., ggf
29-39.

Fathpour, H. (1980) Studies on fluid and ion seéfetion by the Malpighigh |
tubules of Locusta with particular'reférence to the role played
by ATPase enzymes. Ph.D. Thesis,,University of Durham.‘

Fawcett, D.W. (1962) Physiologically‘significanﬁ specialisations of
the cell surface. Circulation, 26, 1105-1125.

Fischer, R.A. and Yates, F. (1963) Statistiqai tables for biological,

agricultural and medical rgsearéh. 6£h ed, Oliver and Boyd.
Ffistrom, J.W. and Kelly, L. (1976) Effécts of B-ecdysone andeuvenile
Hormone on the‘Na+/K+~dependent ATPase in imaginal disks ofi
Drosophila melanogaster. J. Insect Physiol., 22, 1697-1707.
Gee, J.D. (1975a) Dipresis in the tsetse fly Gloséina austeni.
J. exp. Bioi., 63, 381-390. |
Gee, J.D. (l975b) Tﬁe control of diuresis in the tsetse fly Glossina austeni,
A preliminary investigation of the diuretic hormone.

J. EXp. BiOl .0y 93_' 391"‘401.



189

Gee, J.D. (l976a) Active transport of sodium by thé Malpighian.tubules
of the tsetse fly Glossina morsitans. 'vJ..Exp. Biol., 64,
357-368.

Gee,vJ.D. (1976b) . Fluid secretion by the Malpighiaﬁ tubules of theé
tgetse fly Glossina morsitans : the effecfs of ouabain,
ethacrynic acid and amiloride. J. Exp, Biol., 65, 323-332.

Gee, J.D,, Whitehead, D.L. and Koolman, J. (1977) Steroids stimulate
secretion by inéect Malpighian tubuleé.‘ Nature, 269, 238-239.

Gersch, M. (1967) Experimental examinations of. the hormonal control of -
the water bélance and excretion of the la&Va of Corethra
(Chanoborus). Gen. comp, Endocr., g; 453.

Gilbert, L.I. (1967) . Changes in lipid contentvauring the reproductive

| cycle of Leucophaea maderae and éffects,of.the Juvenile Hormone .
on lipid metabolism in vitro. Comp. Biobﬁem. Physiol.,
'glj 237-257, |
Gilbert, L.I. (1974) ' Endoérihe action duringvlnééct Growth,
Recent Prog. Horm. Res.}‘ggj 347-390.

Gilbert, L... and‘King, D.S. (1973)  Physiology bf'érowth and development {
Endocrine agpects. .in 'The Physiologglof Insecta', Vol. I.
2nd Ed. Ed. Rockstein, M. Académic.Press, New York and
London, pp. 250-370.

Glynn, I.M, (1957) The éction of cardiac glycosides on sodium and
potassium movements in human red cells.,  J. Physiol.-(Léndon),>
136, 148-173. |

Glynn, I.M. (1964) The action of cardiac glycoéides on ion movements.
Pharmac. Rev.;'i§J'381-4o7.

Goh, $. and Phillips, J.E; (1978)  Dependence of prélonged watef absorption
by in vitro locust rectum on ion transport. J. exp. Biol.,

72, 25-41,



190

Goldsworthy,“G.J. and.Mordue, W. (1972) Neuiosecfetory-hormones in
locusts. J. Physiol. Lond., 223, 20-21, |

Gooding, R.H, (l975)v:'Inhibition of diuresis in fhe tsetse fly
Glossina morsitans by ouabain and acetazolamide. |
Experientia} 3£,'938—939.

Gordon, E.E, and Hartog, M. (1969) Thevfelationship between cell

bimembrane potassium ion transport and giYcolysis : the effect
of ethacrynic acid. | J; Gen. Physiol., éi; 650;663.

Gouranton, J. (1968) Composition; structure et méde de formation des “
coﬁcrétions minérales dans l'intéstin moyen des homoptére§
cecropides. J. Cell Biol.; 37, 316-328.

Grasso, A. (1967) A sodium and potassium‘sﬁimulgted adenosine
triphosphataée in the cockroach nerve cérd. ~Life Sci;, é,
1911~-1918,

Grisham, C.M. and Barnett, R.E., (1973) The rolé of Lipid—phase
transitions in theiregu;ation of the.(sodium + potassium)
adenosiné-triphosphatase,‘ Biochemistry, 1&, 2635-2637.

Gupta, B.L., Hall, T.A. and Moreton, R.B. (1977) Electron probe X~ray

microanalysis. In" Transport of Ions.;nd'Water in animals.
Ed.  Gupta, B.L., Moreton, ﬁ.B., 6schmén, j.L.‘énd Wall) B.J.
Academic Press, London, New York, San Francisco. pp. 83-143.
Highnam, K.C., Hill, L. and Gingell, D.J. (1965) _ﬁeurpsecretion and‘
waﬁer balance in the Male Desert Locust. J. Zool. (London),
147, 201-215. | |
Hill, A.E. (1975a)  Solute-sélventbcoupling inlebithelia : a‘criticalv
| examination of the standing—gradient'osﬁotic flow theory.

Proc. R. Soc. Lond. B. 190, 99-114.



Hill, A.E. (1975b) Solute golvent coupling in epithelia : an electro-
osmotic theory of fluid transfer. Proc. R. Soc. Lond. B.
190, 115-134,

Hill, A.E. (1977) General Mechanisms of salt-water coupling in epithelia.

Ih Transport of Jons and Water in animals, Ed. Gupta, B.L.,
Moféton, R.é.,vOschman,'J.Lf and Wall, B.J.> Acaaemic Press,
London, New York, San Francisco. pp. 183-214.

‘Hirn, M., Hetru, C., Laguéux, M..and Hoffman, J.A. (1979) Prqthorécic
éiénd activity and blood titres of ecdysone and ecdysterone
durihg the last larQalvinstér of Locusta migratoria.

7. Insect Physiol., 25, 255-261.

Hocks, P. and Weichert, R. (1966) 2O—Hydroxy~ecdySon,‘isoliert aus
Insekten. Tetrahedron.Lett., 26, 2989-2993,

‘Hoffman, J.F. .(1966) The red cell membrane and tﬁe trahsport 6f sodium
and potassium. ‘Amer. J. Med., iL, 666—680. |

Hoffman, J.F. (1969) The interaction between tritiated ouabain and the
Na-k'pump iﬁ red blood cells. J. Gen. Physiol., 54, 343-350.

Hoffman, J.f.'aﬁd Kregenow, F.M. (1966) The characterisation of new
energy dependent cation transport processes in red-bloodAcells.
ann. N.Y. Acad. Sci., 137, 566-576.

Hoffman, J.A;,'Koolman, J., karlson, P. and Joly, P. (1974) Moulting
hérmone titre énd metabolic fate of injected ecdysone during
the fifth iérval instar and in adults_of Locusta migratoria.

Gen. Comp. Endocr., 22, 90-97.

Hoffmeister, H. and Grutzmacher, H;F. (1L966) Zur chemie des Ecdysterones.'
Tetrahedron»Lett., gi,‘4017-4023.

._Hokin, L.E., Sastry, P.S., Galsworthy, P.R. and Yoda, A. (1965) Evidence

that a phosphorylated interﬁediafé in a brain‘transport adenosine

triphosphatase is an acyl phosphate. Proc. Nat. Acad. Sci. U.S.A.,

54, 177-184.



192

Huber, R.'and.Hoppe, W. (1965) Die Kristall—und—Molékﬁlstrukturanalyse
des Insektenver puppungshormons Ecdyson mit der automatisierten
Faltmoleklilmethode. = Chem. Ber., 98, 2403-2424.

Irvine, H.B. and Phillips, J.E. f197l) Effects of respiratory inhibitors
and ouabgin‘on water transport by isolated locﬁst rectum.

J. Insect Physiol., 381-393.

Jenkin, P.M. and Hinton, H.E. (1966) Apolysis in arthropod moulting:
cycles; Nature, Lond., 211, 871-872, »

Jenner, D.W. and Donnellan, J.F. (1976) Properties of the Housefly head
sodium and potassium-dependent adenosihe triphésphatase.

Insect Biochgm., 6, 561-566. |

Joly, P.kand Joly, L. (1953) Resultats de graffe de corpora'ailata éhez

LocUéta'migratoria_ L. - Ann. Sci. nét. zool. ser. 15,
331-345,

Judah, J.D. amd Ahmea, K. (1964) On the action.bf strophanthin G.
Cén. J. Biochem., 43, 877—880.

Judah, J.D. and Ahmed, K. (1964) Inhibiﬁors of transport and cation
activated ATPases. J. Cell Comp. Physiol., 64, 355.

Judy, K.J., Schooley, D.A., Dunham,‘L.L.,‘Hall; M.S., Befgot, B.J. and
siddall, J.B. (1973)  Isolation, Structure and absolute |
confiéuration of a new natural insect 5uvénile Hormone from
Manduca Sexta. Proc.‘Nat. Acad. Sci,; USA, 70, 1509~1513,

Jungreis, A.M. (1977) Comparative aspects of invertebrate epithelial

transport. In Water Relations in Membrane Transport in Plants

and Animals. (edited by Jungreis, A.M., Hodges, T.K.,

¥leinzeller, A. and Schultz, S.G.). ' Academic Press, New York.



193

Jungreis, A.M. and Vaughan, G.L. (1977) Insensitivity éf lepidopteran
tissue to ouabain : absence of ouabain binding and Na' - K+
ATPases in larval and adult mid-gut. J. insect Phgsiol.,

23, 503-509. |

Kafatos, F.C. (1968) The labialigland : a salt-secreting organ of
saturniid moths. J. exp. Biol., 48, 435-453.

Kaplanis; J.N., Thompson, M.J., Yamamoto, R.T., Robbins, W.E..and
Louloudes, S.J. (1966) Ecdysones from the pupa of the
tobacco hornworm Manduca sexta. Steroids., 8, 605~623.

Karlson, P. (1956) Chemische Unte;suchungen Gﬁeg.die Metamofbhose—
hormone def Insekton. Ann. Sci. nat. Zqol., (11), lg, 125-37.

Karlson; P. (1963) New concepts on the mode of acfion of hormones.
Perspebt; Biol. Med., §!.203—214"

Karlson,vP. and Sekeris, C.E. (1964) Biochemistry of iﬁsect metamorphosis.,

. Ibid., 221-243. |

Karlson, P. and Sekeris, C. (1966) Ecdysone, an insect steroid hormone,’.
and its mode of action. Rec.‘Progt.'Hor] Res., 22, 473—502.

Karnaky, X.J., Kinter, L.B., Kinter, W.B. and Stirling, C.E. (1976)
Teleost chioride cell. II. Agtoradiographic localisation of
gill Na', K'-ATPase in killifish, Fundulus heteroclitus,
adapted to low and high salinity environments.

J. Cell Biol., 70, 157-177.

Kaufman, W.R. and Phillips, J.E. (1973) Ion and water balance in the

ixXodid tick, Dermacentor andersoni. 1II.  Influence of mono-
" valent ions and osmotic pressufe on salivary secretion,

J. exp. Biol., Eg, 549-564.



194

Kaufman, W.R., Diehl, P.A. and RAeschlimann, A.A. (1976) Na, K—ATPase
in the Salivary Gland of the qudid Tick Amblyomma hebraeum
(Koch) and its.relation to the process of.fluid secretion.
Experientia, 32, 986~987.

Kaye, G.I., Wheeler, H.O., Whitlock, R.T. and Lane, N. (1966)  Fluid
transport in the rabbit gall bladder. A combined physiological
and electron microscope study. = J. Cell Biol., 30, 237-268.

Kessel, R.G. (1970) The permeability of dragon—f;y Malpighian tubulév
cells to protein using horseradish peroxidase as a trécer.

J. Cell Biol., 47, 299-303.

King, D.S. (1972) Metabolism of o~ecdysone and.poésible intermediate
precursors by insecté. In vivo and iﬁ vﬁtro. Gen. Comp.
Endocr.  Suppl. 3., 221-227.

Kinneér; J.F., Martiﬁ, M.D. and’Thompson,.J.A.‘(1971) Developmental
chénges in the late larva of Calliphora stygia. III. ‘The
occurrence and synthesis of tissue specific proteins.

Aust. J. biol. Sci., 24, 275-289, |

Kinsolving, C.R.} Post, R.L. and Beaveér, b.L. (19635 Sodium plus
potassium transport adenosine triphosphatase activity in kidney.
J..Cell Comp. Pﬁysiol., gg, 85-93, | |

Klahr, S§., Yates, J.‘and Bburgoignie, J. (1971): Inhibition of'élycolysis
by‘ethacryﬁic acid‘and furosemidé. am, J. Physiol., 22}, |
1038-1043. | |

Koch, R.B., Cutkomp, L.K. and Do, F.M. (1969) Chlorinated h&drocarbon '
insecticidé inhibition of’cockfbach and honeybee ATPases.

Life Sci., 8, 289-297. |

Kramer, K.J., Sanburg, L.L., Kezdy;'F.J. and Law,bJ.Hf (1974)  The

Juvenile Hormone binding'protein in the haemolymph of Manduca

sexta. Proc. Nat. Acad. Sci, ‘USA., 71, 493-497.



195

Kroegexr, H. (1963) Chemical hature of the system controlling gene
activities in insect cells. Nature,;Lond., 200, 1234-1235.

Kroeger, H. (1966) . Potentialdifferenz und Puff-muster. Electrophysiol -
ogische und cytologische Untersuéhungen‘én den Speicheldriissen von
Chironomus thummi. Exp. Cell Res., il; 64-80.

Kroeger, H. (1968) in, Metamorphosis : A problemhin'development biology.

Ed. Etkin, W.E. and Gilbert, L.I. pp. 185-219. Aappleton,
New York.

Kroeger, H. and Lezzi, M. (1966) Regulation of gene éction in insect
development. A. Rev. Ent., 11, 1-22,

Krogger, H.; Trésch, W. and Mﬁllér, G. (1973) Chaﬁges in nuglear
.electrolﬁtes of Chironomus thummi salivéry gland cells during
development.  Exp. Cell Res;, 80, 329-339.

Landon, E.J. and Fitzpatrick, D.F. (1970) The action of diuretics on
respiration and glycolysis in the kidney. Proc. Int. Céngr.
Nephrol. 4th. 2, 127-136.

Landon, E.J. and Fitzpatrick, D.F. (1972) - Ethéqunic acid and kidney cell
metabolism.- Biochem.‘pharmacol., 251'1561-1568.

Lanzrein, B., Hashimofo, M.; Parmakovich, V., Nakanishi, X., Wilhélm, R.
and-Lﬁscher, M. (1975) Identification and~quantification of
Juvenile Hormones from different developméntal stages of.thél
coékroach Nauphoeta cinerea. Lifé Sci.; iﬁ, 1271-1284. |

Lee, R.M, (1961) ‘The variation of bloodivolume Qith age in the desert
locust.Schistocerca gregariaf Js InséétvPhgsiol;, 6, 36-51.

Leenders, H.J., Willeﬁs, G.J. and Berendes, H.D. (1970) Competitivg.
interaction of adenosine 3',5‘-mon0phospha£e on géne activation

by ecdysterone. Exp. Cell Res., 63, 159-164.



196

vLezzi, M. and Gilbert; L.I. (1969) Control of gené activities in the
polytene chromosomes of Chironomus tentans by ecdysone and
Juvenile Hormone. Proc. Nat. Acad. Sci. USA, 64, 498-503.

Lezzi, M. and Gilbert, L.I. (1972) Hormonal control of gene activity

in polytene chromosomes. Gen. comp. Endocr. (Suppl.), 3,
159-167.

Locke, M. (1965) The structure of septate desmosomesf J. Cell Biol.,
25, 166-169.

Locke, M. and Collins, J.V. (1967) Protein dptaké in multivesiculaf
bodies in thevmoult/intermoult cycle of an inseét.
Science, 155, 467-469.

Locke, M. and Collins, J.v'.' (1968) | Protein uptake .into multivesicular
bodies and storage granules in the fat body of an insect.
J. Cell Biol., 36, 453-483.

Loewenstein, W.R. (1966) Permeability of membraﬁe junctions.
Ann. W.Y. Acad. Sci., 137, 441-472.

Lowry, O.H., Rosebfoﬁgh, N.J., Farr, A.L. and Randall, R.J. (1951)
Pretein meééﬁrements with the foiin phénol reageﬁt.
J. Biol. Chem., 193, 265-275.

Lubowitz, H. and wWhittam, é; {1969) Ion mdyements in human red cells
independent of the sodium pump. J. Physiol;, Londqn.
202, 111-131.

Maddrell,is.H.P. il963) kEXCretién in‘the'blood'sﬁéking bug Rhodnius.
prolixus. Stél. I. The control of diu?ésis.
J. exp. Biol.,'ig, 247-256,

Maddrell, $.H.P. (1964) Excretion in the blood sucking bug Rhodnius
prolixus Stal, IIT. The control of réleasevof the diﬁretic

hormone. = J. exp. Biol., 41, 459-472.



Maddrell,

Maddrell,

Maddrell,

Maddrell,

Maddrell ,

Maddrell,

Maddrell,

S.H.P. (1966a) Nervous control of the mechanical pfoperties
of the abdominal wall at feeding in Rhodnius. |

J. exp. Biol., 44, 59-68.

S.E.P, (1966b) The site of releé;e of the diureticbhormone

in Rhodniué - a new neurohaemal system in insects.

J. exp. Biol., 45, 499-508,

S.H.P, (1969) Secretion bybthé Malpiéhian tubules of Rhodnius.
The movements of ions ahd water. J.iexﬁ. Biol., 51, 71-97.
S.H.P. (1971) ‘The mechanism of insect excretory systems.

Adv. Insect Physiol., 8, 199-331.

S.H.P. (1977) Insect Malpighian tubules. In Transport of Ions

and Water in animals. Ed. Gupta, B.L., Moreton, R.B., Oschman,

J.L. and Wall, E,J. Academichress,‘London, New York, San
Francisco. pp. 541-569. |

S.H.P. and Klunsuwan, S. (1973) . Fluid secretion by in vitro
preparétidns of the Malpighian tubules of the desert locust
Schistocerca gregaria. J. Inséct‘PﬁésioI., lg; 1369—1376.
S.H.P,, Pilcher, D.E.M. and Gardiner/_B;b.C. (1971) Pharmacolégy
of the Malpighian tubules of Rhédniusband Carausius. The
structure éctivity relatioﬁship'of tfyptamine analégues and

the role of cyclic AMP, J. exp. Biol., §ﬂ, 779—804.

Martoija, R. (1956) Mise en évidence d'une secrétion mugueuse dans les

tubes de Malpighi de quelqués Orthopteres et d'un phasmoptere.

Bull. Soc. Zool. Fr., 81, 172—173.

Martoja, R. (1959) Données cytologiques et histochemiques sur les tubes

de Malpighi et leurs secrétions muqueﬁses chez Locusta migratoria

R and F, - Acta histochem. (Jena), 6, 187-217.



198

Martoja, R. (1961) Characteristiqués histologiqués du segmenﬁ muqueux ‘
dé 1'apéareil excréteur des Orthoptérés. C.R. Acéd. Sci.
(Paris), 253, ’3063—3065.

Matsui, H. and Schwartz, A. (1966) Purification and,properties of a
highly active ouabain—sensitive Na+, K+-deéendent adenoéine
triphosphatase from cardiac tissue. Biochem. biophys. Acta
128, 380-390.

Matsui, H. and Schwartz, A. (1966) ‘Kinetic analysié of ouabain‘K+»and
Na+ interaction on a Né+, K+—depéndent édenosiﬁe triphosphaﬁaée
frdm cardiac tissue. ' Biochem. Biophys. Res. Commun., 25,
147-~150.

Matsui, H. and Schwarté, A. (1967) ATPfdependent‘biﬁding of‘3H-digéxin

| .to a Na+, K+-ATPase from cardiac muscle. Fed. Proc., gé; 398;

Matsui, H. and Schwartz, A. (1968) Mechanism éf'éérdiac glycoside
inhibition of tﬁé Na+, K+-aependent AfPase from cardiac tissue,
Biochim; Biophys. Acta, 151, 655-663.

Meyer, A.S., Schneiderman, H.A., Hanzmann, E; and Ko, J.H. (1968)
The'two‘JuVenile Hormones f£rom the Cecrppia Silk Moth.

Proc. Nat. Acad. Sci. US2, 60, 853-860'.'-

Milis,‘R.R. (1967)  Hormonal éontrol of excretion in the' American cockréach.v
I. Release_of a diuretié hormone from the'termiﬁal abddminal'
ganglion. J. exp. Biol., 46, 35-41.:l

Minks, A. (1967) Biochemical aspects of Juvenile_Hormdne aétién in‘adult

Locusta migiatoria. Arch. Néerl. 2001.; 17, 175-257.

Mordue, W. (19266) Hormones and water balance in Locusts. In

'Insect Endocrines'. Ed. Novak, V.J.A.

Mordue, W. (1969) Hormonal control of Malpighian tubule and rectal
function in the desert locust Schistocefca gregaria.

J. Insect Physiol., 15, 273-285.



199

Mordue, W.  (1970) EVidence for the existence of diuretic and anti-
diuretic hormones in Locusta. J. Endocrinol., 46, 119-120.

Mordue, W. (1972) Hydromineral regulation in animals. I. Hormones

and excretion in locusts. Gen. comp;_Endocrinol. Suppl. 3,
289-298,

Mordue, W. and Geldsworthy, G.J. (1969) The physioclogical effects of
corpus cardiacum extracts in locusts. Gen. comp. Enaocr.,
12, 360-369.

Mordue, W. and Rafaeli-Bernstein, A. (1978) Glucose:transport in
Malpighian ﬁubules of Locusta. J. Phgéioi., Lond. 278, 36P.

Mordue, W., Highnam, K.C., Hill, L. and Luntz, A.J; (1970)

Mem. Soc. Endocr. 18, 111-136.

Morgan, E.D., Woodbriage, A.P. and Ellis, P.E. (1975) | Studies on the
moﬁlting'hormones of the desert locust Schistocercé grégaria.
J.lInsect Physiol., 21, 979-993. |

Nakao, M. (1975) Séveral #opics concerning Na, K-ATPase.

Life Sci., 15, 1849-1859.

Nakao, T., Tashima, Y., Nagano, K. and Makéo,,M. (1965) Highly specific
sodium—pétassium activated adenosine triphosphétase from vat;ous
tissues of rabbit. Biochem. biophys. Res. Commun., 19, 755—758.

Nechay, B.R. (1974) Relationship between inhibition of renal Na' + K'-
ATPase and natriuresis. Ann. N.Y. Acad. Sci., 242, o60l1-618.

Novék, v.J.A., (1969) Hormonal control of the molting process in
arthropods. Gen., Cémp. Endocrinol., Suppl. 2. 439-450.

Novék,»V.J.A. (1970) Hormones of insect metamﬁréhosis and general
problems of animal morphogenesis.' Zh. Obshch. Biol.,

31, 14-29.



200

Nufiez, J.A. (1§56) Untersuchungen iber die ﬁegelung des Wasserhaushaltes
bei Anisotafsus cupripennis. Z. vergl. Physiol., 38, 341-354.

Oschman, J.L. and Berridge, M.J. (1970) Structural and functional
aspecté of Salivary fluid secretion in Cailiphora.

Tissue and Cell., 2, 28l-310.

Peacock, A.J. (1975) Studies on the excretory énd néuroendocrine systems
of some»orthoptefan insécts, with particular reference to
Jamaicana flava (Caudell).‘ Ph.D. Thesis, University of Durham.

Peécock, A.J. (1976} Effects of corpus cérdiacum“exﬁracts on the ATPase
of Locust rectum. J. Insect Physiol.,_gg, l631-1634‘

'Peacock, A;J. (1978) .Age dependent changes in‘Naf, K+, activated ATPase
activity of locust fectum. Experientia,'§£J 1546.

Peacock; A.J. and Anstee, J.H. (1977) Malpighian ﬁubules of Jamaicana
flava (Caudell). 1. Structure of the primary cells.

- Micron, 8, 19-27.

Peacock, A.J., Bowler, K. and_Anstée, J.H. (1976) Properties of Na+—K+— e
dependent AfPase from Malpighian tubules and hindgut of
Homorocérgphus nitidulus vicinus. Insect Biochem., 6, 281-288.

Pease, D.C. (1956) Infolded basal plasma membranes found in epithelia
noted for their water transport.. J. biophys. biochem; Cytol.,
g,(Suppl.), 203—208. | |

Phillips, D.R; and Loughton, B.G. (1976) _ Cuticle protein in Locusta
migratorié. Comp. Biochem. Physiol., 55B. 120-135.

Piccione, W. and Bauét, J.G. (1977) Effects of low temperature accliﬁation
on neural Na+—K+’depend§ht ATPase in Périplaneta‘americana.
Insect Biochem., 7, 185-189. | o

Pilcher,'D.Efm. (1969) Hormonal control of the'MaIpiqhian tubules of
the stick ihsect Carausius morosus. >Ph.D. Thesis, University

of Cambridge. .



201

Pilcher, D.E.M. (1970a) Hormonal control'bf theiﬁalpighian tubules
of the stick inseét, Carausiﬁs morosus. J. exp, Biol.,
52, 653-665.

Pilcher, D.E.M. (1970b) The influence of‘diureﬁic hormone on the
process of ufine secretion by the Malpighian tubules of
Carausius morosus;b' J. exp. Biol., 53, 465—484.

Podevin, R.A. and Boumendil—Podévin, E.F. (1972) .:Effects of teﬁperature,
medium X, ouabéin apd»ethacrynic acid on transport of
electrolyteé and water»by‘separated reﬁal-tubules.

Biochim. biophys. Acta, 282, 234-249. |
post, R.L. and Sen, A.K. (1967) © Sodium and potassium stimulated ATPase.

Methods of énzxmolégyzg pp. 762-768. = Ed. Estabrook, R.W.

and Puliman, M.E. Academic Press, New York and London.

Prince, W.T. and Berridge, M.J. (1972) The effects of S—hydroxytxyptamine
and cyclic AMP on tﬁe poﬁential profile across isclated -
‘salivarxy glands. J. exp. Biol., 52,'323—333.

Prince, W.T. and Berridge, M.J. (1973) The role of calcium iﬁ the action
of S—Hydroxytiyptamine and cyclic AMP oh'Salivary qlands;
J. exp. Biol., ég, 367~384, | |

Prince; W.T., Berridge, M.J. and Rasmussen, H. (1972) Role of calcium
and adénosine 3'5'4§yclic monophosphate in controlling fly
salivary gland secretion. Proc. nat. écad. Sci. UsSA, gg;
‘553—557.

Proverbio, F., Robinson, J.W.L. and Whittembury; G. (1970) Sensitivity
of (Na+ + K+)—ATPase and Na+ extrusion mechanisms to ouabain

and ethacrynic acid in the cortex of the guinea pig kidney.

Biochim. biophys. Acta, 211, 327-336.



202

Quinton, P.M., Wright, E.M. and‘Tormey, J. (1973) Localisétion of
sodium pumps in the choroid ﬁlexus eéithelium. |
J. Cell Biol., 58, 724-730.

Rafaeli-Bernstein, A. and Mordue, W. (1978) The ﬁransport of the
cardiac glycoside ouabain by thé Malpighian tubules of
Zonocerus variegatus.  Physiol. Ent., 3, 59-63.

Ramsay, J.A.b(i952) The excretion of N sodium and potassium by
tﬁe Malpighian tubules of Rhodnius. J. exp. Biol., 29, 110-126.

Ramsay, J.A; (1953) Active transport of potassium by the Malpighian
tubules of{insects.” J. exp. Biol., 30, -358-369.

ﬁamsay, J.A., (1954) Active traﬁsbort of water by ﬁhe Malpighian
tubﬁles of the stick insect, Dixippué morosus (Orthdptera,
Phasmidae),: ‘J. exp. Biol., 31, 104-113.

Ramsay, J.A. (1955) Thé exéretion-of sodiunm, potaésium and wéter by
the Malpighian tubules of the stick insect, Dixippus morosus.
7. exp. Biol.; 32, 200-216. | o |

Ramsay, J.A. (1956) Excreﬁion by the Malpighian tubules of fhe stick
insect, Dixippus morosus (Orthoptéra, fhasmidae) 2 éalcium,
magﬁesium, chloride, phosphate and hydrogén ioné,
J. exp. Biol., 33, 697—708._

Rémsay, J.A. and Riegel, J.A..(l961) Inglin seéretion by Malpighiap,

| tubﬁles. Nature, London. ~ 191, 1115. ' |

Rees, H.H. (1977) Insect Biochemistry. Chapman and Hall, London,

Reynolds, E.S. (1963) The use of lead citrate‘at'high pH aS‘an electron
opaque stain. J. Cell Biol.; 17, 208-212.
Rhodin, J. (19%8) Anatomy of kiéney tubules. Int. Rev., Cytol.,

7, 485-534,

Riegel, J.A. (1972) Comparative Physiology of renal excretion.

Oliver and Boyd, Edinburgh.



203

Robison; G.A., Butcher, R.W. and]Sutherland, E.W{’(l968) Cyclic AMP.
A. Rev. Biochem., 37, 149-174,

Robison, G.A.; Butcher, R.W. and Sutherland, E.W. (1971) Cyclic AMP.

| .Academic Press, New York.

R8ller, H;, Dahm, K.H., SweeLey, C.C. and Troét, B.M, (1967) The
structure of the Juvenile Hormone. Aﬁgew. Chem., 6, 179-180.

Ryerse, J.S. (19775 Control of mitochondrial mo&ément during development

| of insect Malpighian tubules. .Proc. miérosc. Soc. Can., |
4, 48-49, | _
Ryerse, J.S. (1978) Developmental changes in Malpighian tubule fluid
| transport. J. Insect Physiol., gi, 515—319.
Ryerse, J.S. (l98b) The éontroi of Malpighian;tubUlevdevelopméntal.
physiology by 20—Hydroxyecdysoné anleuvénile Horméne.
J. Insect Physiol., 26, 449-457.
Schatzmann, H.J. (1953) Herzglycoside als Hemmstoffe fur den aktiven-‘
'Kaligm and Natrium Transport durch die Efythrocytenmembran.
"Helv. Physiol. Pharmacol. Acta, 11, 346-354.

Schoner, W. (1971) Active transport . of Na+ and‘K+.through animal cell
membranes.  Angew. Chem., ;9, 882%889..

Schwartz, A., Béchelard, H.S. and McIlwain, H. (1962) The sodium-
stimulated-adenosine-triphosphatase.activity and other
properties of cerebral microsomai fraqtions ana sub~fractions.
Biochem, J.,'gﬁ, 626.

Schwartz, A., Lindenmayer, G.E. and Allen, J.C. (1975) The sodium-~

_potassium adenosine triphosphatase : Pharmacological,
physiological and biochemical aspects. Pharmac. Rev.,
27, 3-134.

Skou, J.C. (1957) The influence of some cations on an adenosine
triphosphatase from peripheral nerves. Biochem. biophys.

Acta, 23, 394-401.



204

Skou, J.C. (1962) Preparation from mammalian bréin.and kidne} of the
enzyme system involved in aCtivé transport of Na+ and K+.
Biochim. biophys. Acta, 58, 314-325. |

Skou, J.C. (1965) Enzymatic bases for active transpbrt.of Na* and X©
across the cell membrane. Physiol. Rev;, 45, 596-617,

Skou, J.C. (1972) The relationship of the (Na+_+_K+)—activated eﬁzyme )
system to Eransport of sodium and pétassium across the cell
membrane. Bioenergetics, 4, 203-232;

Slade, M. aﬁd'Wilkinson, CfF. (1974) Degradation and conjugati;n of
Cecropia Juvenile Hormone by the southern'armyworm Piodenia
ériéania. Comp. Biochem. Physiol., 3251.99—103."

Slama, J. (1575)‘ Some old concepﬁs and some new findings on hormonal

: cdntrol bf insect morphogenesis; J. Insect Physiol.,

g_l_;‘ 921-955. °

Snedecor, G.W. and Cochran, W.G. (1267) Statistical Methods. -

'6tﬁ ed. Iowa State University Press,_ﬁ.S.A.

Sohal, R.S.,.Peters; P.D. and Hall; T.A. (19761" Fine structure and‘X-ray,'
microanalysis of mineralised concretioné-in the Malpighian
fubules of the housefly, Musca domestica. Tissue and Cell,
8, 447-458.

Stamm, M.ﬁ. (1959) Estudios sobre Hormonas de Invertebradoé II1.
An. Fis. Quim., 55, 171-.17‘8. |

Steele, J.E; (1976) Hormonal contrql of metaboiiém in insects.
Adv.-Insect Physiol., 12, 239-323.

Strohg, L. (1968) The effect of enforced locomofor activity on lipid
content in allatectomised ma les. of Locusta migratoria

migratorioides. J. exp. Biol,, 48, 625-630.



205

Sutherland, E.W. and Rall, J.W. (1958) Fractiénation aﬁd characterisation

of a cyclic adeniﬁe ribénucleotide formed by ﬁissue particles.
o J. Biol. Chem., 232, 1077-1091.

Szabo, G. (1974) Dual mechanism for the action of éholesterol on
membrane permeability; Néture, 252, 47-49.

Szego, C.M.‘and Davis, J.8. (1967) Adenosine i',S'-monophosphaté in
rat uterus.: acute elevation by oestrogen. Proc. Nat. Acad.
Sci. U.S.A., 58, 1711-1718.

Taylor, H.H. (l97la): Water.abd Solute transpoft by the Malpighian
tubules of the stick iﬁsec£ Carausius-mq;osus. The normal
ultrastructure of the Type I célls. .Z. Zellforsch. mikrosk.

anat., 118, 333-368. |

Taylor, H.H. (1971b) The fine stfucture of tﬁé:type II‘cells in the
Malpighian tubules of the stick.insect:Carausius morosué.

Z. zellforsch. mikrosk. Anat., 1221 4114424.

Tolman, J.H. and Steele, J.E. (1976) A ouabain~§ensitive (Na+—K+)
‘activated ATPase in the rectal epithelium of the American
cockroach Periplaneta americana. Insect Biochen., 6,
513—517.

Tsubo, I. and.Bréndt; P.W. (1962) . An eiectrop microscope study of the
Malpighian tubules of the grasshopper Dissosteira carolina.
J. Ultrastruct. Res., 6, 28-35. |

Turner, A.E. and Loughton, B.G.‘(l975) In vitro protein synthesis by
tissues of’the fifth instar locusﬁ. fnsect Biochem., EJ
791-804.

Wall, B.J. (1967) Evidence for anti~diﬁ;etic cénﬁrol of rectal water
absorption in the coékroach Periplaneta americaﬁa L,

J. Insect Physiol., 13, 565-578.



206

wall, B.J..and Ralph, C.L. (1964) Evidence for hormonal regulation of
Malpighian tubules, Excretion in the insect Feriplaneta
americana. Gen. Comp. Eﬁdocrin., 53:452—456.'

wWall, B.J., Oschman, J.L. and Schmidt, B.A. (1975)  Morphology and
function of the Malpighian tubules and associated structure
in the cockroach, Perjplaneta'americéna, J. Morph., lﬁg,
.265-306.

Wessing, A. (l964)v Elektronenmikroskopische Unfersuchungen uber die
transzelluldren Stoffbewegﬁngen bei der ?rimarharnbildung der
Insekten;v Zool. Anz., Suppl. 27, 549-562.

Wessing, A. (1965) Die Funktion der Malpighischen Gefdsse. In

. Funktionelle und morphologische Organisation der Zelle.

II. Sekretion und Excretion. 'pp..228*268.' Spriﬂger-Veriag,~

'.Berlin, Heidelberg, Newaork.

Wessing, A. and Eichelberg, D. (1969) Elékronenoptische Unteréuchungen
an den Nierentubuli (Malpighische Gefasse)vVon Drosophila
Melanogaster., VI. Regionale Gliederﬁng der Tubuli.
Z.'Zéllforsch. mikrosk. Anat.,>39£, 285-322.

Wessing, A. and Eichelberg, D. (1975) Ulfrastfuatural aspects of

transport and accumulation of substances in the Malpighian

tubules. In Exc;étion.Fortsehritte der Zooloqy; Ed. A. Wessing,
pp. 148-172. Gﬁstav Fischer Verlaé, Stuttgart.

Whittam, R. (1962) = The deperidence of the respiration of the brain cortex
on active cation transpbrt. Biochem. ?., 82, 205-212.

Whittam} R. and Ager, M.E. (1964) Vectorial aspects of.adenOSine-
triphosphatase in relation to active cation transport.

Biochem. J., 93, 337-348.



207

Whittam, R. and Wheeler, X.P. (1970) Transport across cell hembranes.
Ann. Rev. Physiocl., 32, 21-60.

Whittembury, G. and Fishman, J. (1969) Relatién between éell Na extrusién

| and tfanstubular absorption in the perfuséd toad kidney : the

effect of K, ouabain and ethacrynic acié. Pfliicers Arch. ges.
Physiol., . ggjj 138~153.

Wigglesworth, V.B. (1934) The physiology of ecdysis in Phodnius.
IT. Factorskcontrolling moulting and 'metamorphosis'.
Quart. J. Micr. Sci., 17, 191-222,

Wigglesworth, V.B. (1957) The action of growth hormdnes invinsects.
Syﬁp. Soc. exp. Biol., 11, 204-227. | |

Wigglesworth, V.B. and_Salpeter,-M.M. (1962) ,Histdlogy of the Malpighian
tubules ih Rhodnius p;olixus Stal.(Hemiptera). |
J. Insect Physiol., 8, 299-307.

Williams, C.M. (1956) The Juvenile hormone of.inéects.
Nature, London, izg, 212, )

Wyatt, G.R. (1968) In Metamorphosis : A problem in developmental biology.

Ed. Etkin, W.E. and Gilbert, L.J. pp. 143-184. appleton,
New York.

Wyatt, G.R., (1972) InseCt-Hérmones, in Biochemical actiocng of hormones IT

(Litwack, G., Ed.) Academic Press, New York. pp. 385-490.



~Appendix 5.1

Age
(days)
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-1 adult
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I adult

[os IR B« RN I L |

I0
I adult

Na,K~activated ATPase activity at different
. stages throughout the 5th instar and in early

adult Locusta.

Na,K-ATPase activity
(nmoles Pi/animal/min)
I4.7
24.5
25.8
 I6.8
34.2
34.2
46.2
9.6
4.1
6.2
I7.8
20,3

¥

5.4
13.7
14.6
6.2
24.0
6.0
5.3
2.5
8.6

1.6
3.0
II.6

5.8

2.0

5.2
12.4

4.8

3.0

5.1

9.7
12.4



Appendix 6.1

. ' + + .
The effect of J.H. on Na and K concentrations

in the ‘'urine’

Ringer éolution Ringér + J.E;

[Na+]mm [K+]mM [Na+ij [K+]mM
30 206.25 33.75 183.75
20.25 281.25 16.8 108.75
24.3 187.5 . 20.25 9.0
71.25 311.25 63.75 266.1
41.25 270.0 45.0 240.0 °
41.25 138.75 41.25 - 93.75
33.75 232.5 33.75 106.75
21.3 243,75 24.3- 200.0
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Figure A.€,1 cCalibration curve for KOH concentration against
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Figure A.6.2 Calibration curve for NaOH concentration against
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