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ABSTRACT 

Insect haemolynph typically contains very high levels of free amino acids 50 ­

1 00 times that which is normal for mammalian plasma. This study examines the 

modulatory effects of amino acids on fluid secretion and ion transport by isolated MTs of 

Rhodnius prolixus and Drosophila melanogaster. 

The results show that the secretion rates of isolated Malpighian tubules of both 

Rhodnius and Drosophi.la are modulated by the presence of specific amino acids in the 

bathing saline. Some amino acids are stimulatory, some are inhibitory and others have 

little or no effect. Glutamine appears to be particularly important as a stimulant of fluid 

secretion. As well, secr<:::ted fluid pH and Na +concentration increase and K+ 

concentration decreases in response to glutamine. Amino acids do not appear to be 

important as metabolite~. in Rhodnius tubules, nor do they act to draw significant amounts 

ofwater into the lumen by osmosis. Significant stimulation of fluid secretion can be 

achieved by physiological levels of particular amino acids, whereas those amino acids 

that inhibit fluid secretion only do so at concentrations much above those at which they 

occur naturally in the ha:::molymph. Amino acids are known to be compatible osmolytes 

and may be acting to maintain cell homeostasis and thus to sustain fluid secretion. The 

passive movement of arr ino acids may result in cell volume changes, and some form of 

osmosensor is may be ccupled to activation of specific kinases to produce the observed 

increases in fluid secretion. The effects of several kinase inhibitors were therefore 

examined. 

http:Drosophi.la
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The glutamine dependent increase in MT fluid secretion is blocked by two 

inhibitors ofthe stress activated protein kinase (SAPK) pathway, SP600125 and 

dicumoral. Inhibitors of other kinases (PKA, PKC, PKG, PI-3, p38, ERK and MEK), did 

not block glutamine's effects on fluid secretion rate. Alterations in cytoskeletal structure 

appear not to be required because cytoskeletal disrupting agents did not block the 

glutamine dependent inc~ease in fluid secretion, nor was the increase dependent upon 

protein synthesis. Results of this study are the first to suggest a role for the SAPK 

pathway in the control of fluid secretion rates by insect Malpighian tubules. 
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Chapter 1 

General Introduction 

The Malpighian tubules (MT) and hindgut of insects together comprise the 

functional kidney, and are the main organs for excretion, osmo- and iono-regulation. 

MTs are single layered, blind-ended excretory tubules and their number varies from two 

to several hundred in diff~rent species. The blind end of the tubule usually lies free in the 

haemocoele. In contrast 1o hydrostatic filtration by the vertebrate kidney, fluid is filtered 

into the MT by active sohte transport (Na+, K+, Cr) and passive influx of water. Ions and 

osmotically obliged water secreted into the tubule lumen then enter the gut at the junction 

of the midgut and hindgu:. The composition of the tubular fluid can be subsequently 

modified by the more proximal (lower) MT or the anterior hindgut and especially the 

rectum. Waste materials and toxins are excreted across the tubule wall either by passive 

filtration or through the a,~tions of specific transport systems for molecules such as uric 

acid, organic anions and alkaloids such as nicotine and morphine. 

This thesis examines the modulation ofMT ion transport by exogenous amino 

acids in two species, Dro.wphila melanogaster and Rhodnius prolixus. More than one 

species was used because it's important to know whether the effects of specific amino 

acids are confined to a single species or order or whether the effects are conserved across 

wider taxonomic ranges. Both species are ideal for studies of epithelial ion transport and 

fluid secretion because the MTs are easily dissected undamaged from the insect and can 

be easily stimulated to secrete in vitro at high and stable rates (Fig. 1.1 ). However, the 

two species are quite diffi~rent in terms oftheir diet, and tubule histology. The dipteran 
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Figure. 1.1 

The Ramsay Assay. Isolated Malpighian tubules are suspended in bathing saline 

held in depressions under paraffin oil. The cut end of the tubule is pulled out and 

wrapped around a me:al pin. Secreted fluid is then collected at timed intervals, and 

secretion rates are determined by dividing the volume of the secreted droplet by the 

amount of time it took to form 
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Drosophila is a phytophage that secretes a fluid rich inK+, whereas the blood feeding 

hemipteran Rhodnius eliminates aNa+ rich urine. The secretory portion ofDrosophila 

tubules consist of two eel types, whereas those ofRhodnius consists of a single cell type. 

Drosophila tubules secrete at relatively high rates when unstimulated and secretion rates 

can be elevated approximately 10 fold by the addition of one or more diuretic factors. By 

contrast, unstimulated se::retion rates of Rhodnius tubules are very low but can be 

increased approximately 1000 fold by the addition of diuretic factors. 

Mechanisms of fluid seeretion and ion transport by MTs of Drosophila melanogaster 

The excretory sy1:tem ofDrosophila consists of two pairs of MTs linked by a 

common ureter, which jcins the alimentary canal at the midgut-hindgut junction. The 

anterior and posterior pa rs are named for their respective positions within the abdomen. 

MTs can be divided into distinct main and lower segments. The anterior MTs have an 

additional distal (initial) segment which stores calcium concretions (Dube et al., 2000), 

and a transitional segment linking it to the main segment. Each main segment consists of 

two cell types, principal and stellate cells; typically there are 22 stellate cells and 82 

principal cells within one MT (Dow et al., 1994). 

The main segment is responsible for fluid secretion driven by active ion transport. 

The current model propc,ses that an apical plasma membrane vacuolar (V -type) H+­

ATPase, creates a proton gradient that drives an alkali cation!H+ exchanger to achieve a 

net secretion ofK+ and Na+ from cell to lumen followed by the passive movement of 

chloride and water (O'Donnell et al., 1998) (Fig. 1.2). The entry of ions across the 

basolateral membrane does not involve a bumetanide sensitive Na+/K+/2Cr cotransporter 
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Figure 1.2 

A schematic diagram of the current model of the cellular mechanisms of ion transport in 

the main segment oftre MT ofDrosophila melanogaster. 
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as proposed for tubules o: several other species. Drosophila MTs instead employ a 

basolateral K+/Cl cotransporter and a Na+1K+-ATPase for entry of ions into the cell 

(Linton and O'Donnell, :.999). The means by which Na+ crosses the basolateral 

membrane is unclear. Tubules secrete well in a K+ free saline, and since bumetanide 

does not alter the rate of Huid secretion ofMTs in K+-free saline, it is unlikely that Na+ 

can substitute forK+ in the K+:cr cotransporter (Linton and O'Donnell., 1999). Some 

possible routes for Na+ ertry could be via coupled transport with organic solutes such as 

glucose or amino acids. 

The lower segrneLt of the Drosophila MT is non-secretory but is responsible for 

the reabsorbtion ofKCl ar1d water (O'Donnell and Maddrell, 1995). In addition it 

secretes Ca2+ and acidifie 5 the urine. 

Fluid secretion by Drosophila MTs is controlled by several neuropeptide 

hormones. The leukokinins act through intracellular calcium to stimulate fluid secretion 

by increasing chloride conductance. Leukokinin receptors have been found in the stellate 

cells (Radford et al., 200~ ), and a role for stellate cell chloride channels has been 

proposed (O'Donnell et al., 1998; Yu et al., 2002). The cardioacceletory peptide 2b 

(CAP2b) stimulates fluid transport by activating the nitric oxide-cGMP pathway. 

Application of cGMP or CAP2b increases transepithelial potential implying activation of 

the apical H-ATPase in principal cells (Davies et al., 1995; Kean et al., 2002). In 

addition, a CRF related peptide acts through cAMP to increase fluid secretion (Cabrero et 

al., 2002). As for cGMP, the action of cAMP appears to be stimulation of the apical H­

ATPase (O'Donnell et al., 1996). 
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Mechanisms of fluid secretion and ion transport by MTs of Rhodnius prolixus 

The excretory sys·.em of the hemipteran Rhodnius pro/ixus also consists of four 

blind ended tubules. However, these MTs are not divided into pairs but instead open into 

the gut at the junction of the midgut and hindgut. Each tubule is connected to the rectum 

through a bulb-like ampula (Haley, 1995). Each MT inRhodnius consists oftwo 

structurally and functionally distinct segments, the upper and lower segments. Each 

upper tubule consists of aJproximately seven hundred hexagonal like binucleate cells 

(Maddrell, 1991) and both the basolateral and apical membranes are highly folded to 

increase the effective area for fluid secretion. The upper (distal) segment secretes a fluid 

isoosmotic to the insect's haemolymph and consists of an approximately equimolar 

mixture ofNaCl and KCI. As the fluid passes through the lower (proximal) segment, 

KCl but not water is reabwrbed resulting in hypotonic NaCl rich urine being excreted 

(Haley, 1995). Isolated R ~odnius MTs are able to secrete at dramatically high rates, 

upwards of 100 nl min-1 tubules-1 for 51
h instar animals. This is the equivalent of each 

cell secreting a volume of isoosmotic fluid equal to its own volume every 15s (Maddrell, 

1991). 

As in Drosophila MTs, the current model of fluid secretion for Rhodnius MTs 

proposes active transport of cations across the apical membrane (Fig 1.3). This is 

accomplished by a H+-ATPase, which allows for a build up ofluminal H+, thereby 

providing the driving fom~ for the transport ofNa+and K+ by an amiloride sensitive 

alkali-H+ exchanger. cr is passively transported across the apical membrane through 

chloride channels down it~; electrochemical gradient. Ions enter the MTs cells through a 

basolateral bumetenide sensitive Na +IK+12Cr co transporter (Janowski et al., 2001 ). 
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Figure 1.3 

Schematic diagram sunmarizing the current proposals for cellular mechanisms of ion 

transport by the upper Malpighian tubule ofRhodnius prolixus. 
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Fluid secretion is controlled by the synergistic actions of two hormones, a 

neuropeptide (possibly CRF related) and the amine 5-hydroxytryptamine (5-HT, 

serotonin). Both appear 1o act through elevation of intracellular cAMP. Cessation of 

diuresis in Rhodnius MT~; was originally thought to result from the excretion and/or 

inactivation of 5-HT by he tubules. However, Rhodnius tubules possess several 

elements of an anti-diuretic system as well. cGMP is a powerful inhibitor of secretion 

from Rhodnius tubules and tubule cGMP levels increase in the presence of ganglionic 

extracts or a cardioactive peptide (CAP2b). Results show that cGMP inhibits the 

formation ofprimary urine by upper MTs ofRhodnius prolixus in contrast to Drosophila 

tubules where both cAMP and cGMP stimulate fluid secretion. Moreover in Rhodnius 

MTs, CAP2b does not appear to work through nitric oxide and instead a membrane 

bound guanylate cyclase may be involved (Quinlan et al., 1997). It has been proposed 

that cGMP depresses secretion from Rhodnius tubules by activating a phosphodiesterase 

that degrades cAMP (Quinlan and O'Donnell., 1998). 

Haemolymph Amino Adds 

The mechanisms I)[ fluid secretion and ion transport by insect MTs and the 

control of these processe1: by hormones and intracellular messengers have been studied 

extensively in the tubules of many species (O'Donnell and Spring, 2000). However, one 

area of insect physiology that remains relatively unexplored is the influence of 

haemolymph amino acid~: on fluid secretion and ion transport by MTs. This area is of 

interest because one of the striking features of insect haemolymph is a level of amino 

acids that is 50 - 100 times that which is normal for mammalian plasma (Wigglesworth, 
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1972). Total haemolymph amino acid concentrations vary from 16 mmol r 1 in 

Chironomus (Firling, 1977), to 33 mmol r 1 in black flies (Gordon and Bailey, 1974), 54 

mmol r1 in blow flies (Evans and Crossley, 1974), 90 mmol r 1 in locusts (Zanotto eta/., 

1997), 150 mmol r 1 in tsetse flies (Tobe, 1978) and approximately 50 mmol r 1 in 

Rhodnius prolixus. 

The predominant amino acid in the haemolymph of many species is proline. 

Concentrations of proline in the haemolymph ofRhodnius and tsetse flies are 14-21 

mmol r1 (Barrett, 1974) and 45-90 mmol r 1 (Tobe, 1978), respectively. In Calliphora, 

the most abundant amino acids are glutamine (8 mmol r 1
), proline (7 mmol r 1

), alanine 

(6 mmol r 1
) and glycine (6 mmol r 1

; Evans and Crossley, 1974). 

Amino acids may perform a number of functions and may be particularly 

important for tissues such as the Malpighian tubules (MTs) which are bathed in the 

haemolymph. In most ce: Is amino acids act as intracellular compatible osmolytes 

(Yancey et al., 1982). Gh: tamine, for example, is a major compatible osmolyte engaged 

in the role of cell volume control as a response to cell shrinkage (Fumarola et al., 2001 ). 

Similarly, proline is an important compatible osmolyte in both intracellular and 

extracellular fluids. Garrett and Bradley (1987) demonstrated that the osmoconforming 

larva of the mosquito Cul~x tarsalis accumulates high levels of proline in the hemolymph 

in response to increased environmental salinity. The use of amino acids as both an 

intracellular and extracell Jlar osmolyte, allows the organism to increase its cellular 

osmolality without perturbing the functioning of intracellular enzymes. Organisms can 

extract amino acids from :he environment or they can produce them by degradation of 


proteins. The fat bodies, ·.vhich form thin sheets and share a large surface area with the 
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haemolymph, have been :;hown to be the primary site of proline production in many 

insects (Patrick and Brad ley, 2000) 

Some amino acid1; play pivotal roles in metabolism by insect tissues. For example, 

proline and alanine are ecually as important as carbohydrates in supplying energy to the 

flight muscles of the Afri ::an fruit beetle Pachnoda sinuate (Auerswald et al., 1998). 

Free proline concentrations in the haemolymph and flight muscle ofRhodnius prolixus 

males decrease markedly following a 1 0-20min flight period, also suggesting that proline 

may serve as an energy source for the flight muscles (Barrett and Friend, 1975). Fluid 

secreted by isolated MTs of the desert locust Schistocerca gregaria contains as much as 

44 mmol r1 proline (Chamberlin and Phillips, 1982). Proline secreted into the lumen of 

Schistocerca tubules is passed into the rectum downstream, where it acts as a respiratory 

substrate to drive electrogenic chloride reabsorption across the lumen-facing membrane 

of the rectum. The advantage of this arrangement is that the diffusion distance for proline 

from lumen to the rectal epithelial cells is much shorter than that from the haemolymph 

to the cells through the imervening layers of muscles. Moreover, the route from the 

haemolymph requires mo·vement ofproline effectively upstream due to the reabsorption 

of water from lumen to hz.emolymph by the epithelium. 

By contrast, the permeability of the walls of the tubules ofRhodnius to amino 

acids is low during diures .s, although the tubule cells actively accumulate high 

concentrations of amino a::ids (Maddrell and Gardiner, 1980). After a blood meal, no 

more than trace amounts of amino acids are lost in the urine. Urine concentrations of 

amino acids during diuresis are <2% of those in the haemolymph, whereas in non-diuretic 

tubules, secreting 1000 tines more slowly, the concentrations of amino acids are 70% ­
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90% of those in the haem:>lymph. There is no significant reabsorption of amino acids in 

the excretory system. That they can escape elimination can instead be attributed to a 

combination of the low permeability of the MTs to amino acids, the very high rate of 

fluid secretion by the tubttles, and the dilution of the haemolymph by an expansion in its 

volume after feeding (Ma,jdrell and Gardiner, 1980). It has also been shown that the 

principal amino acids (glycine, alanine, proline, serine and valine) are not significantly 

metabolized by the tubule cells (Maddrell and Gardiner, 1980). Moreover, the total free 

amino acid concentratiom reported for unfed male and female adult Rhodnius as well as 

for 5th instar larvae are quite similar, suggesting no major changes between the sexes or 

during development. Nor are there any major differences of concentrations of individual 

amino acids prior to feeding in males versus females. The single most obvious sex 

difference in free amino at;id concentration was a sharp increase in methionine 

concentration 5-7 days after the blood meal in females but not in males. This may be 

explained by the relationship between methionine and reproduction (Barrett and Friend, 

1975). 

Tsetse flies provice another example of the functional importance of elevated 

haemolymph amino acid concentrations. Tsetse flies are viviparous reproducers and 

therefore transfer large arr ounts of nutrients, largely proteins and amino acids derived 

from blood meals, to the developing offspring. Nutrients are transferred from the gut of 

the mother through the haemolymph into the milk gland which provides the secretion 

upon which the developing larva feeds (Tobe, 1978). 
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Thesis Goals and Organization 

Previous studies have not addressed in detail the role of amino acids other than 

proline in acting as metabolites or osmolytes during fluid secretion by isolated MTs. 

Fluid secretion by isolated tubules ofDrosophila has been shown to be enhanced when 

tubules are bathed in a 1:: mixture of saline and Schneider's Drosophila medium, and 

amino acids are major components of the latter. Linton and O'Donnell (1999) showed 

that tubules bathed in an ::mino acid replete saline (AARS) containing the seven most 

abundant amino acids in ~;chneider' s Drosophila medium ( glycine, proline, glutamine, 

histidine, leucine, lysine and valine) at their respective concentrations secreted 

approximately 40% faster than tubules bathed in a saline containing the same 

concentration of glucose but with no amino acids. This enhanced secretion rate for 

tubules bathed in AARS was equal to that of tubules bathed in a 1:1 solution of 

Drosophila saline and Sclmeider's insect medium. The effects of individual amino acids 

was not examined. 

The second chapter of this thesis describes modulatory effects of specific amino acids 

on fluid and ion transport in isolated MTs of two species, the fruit fly Drosophila 

melanogaster and the blood feeding hemipteran Rhodnius pro/ixus. Rhodnius tubules, 

when stimulated with sere tonin or cAMP, secrete at high rates, whereas Drosophila 

tubules secrete at substantial rates even in the absence of stimulation with diuretic factors 

or their second messengers. This chapter examines the roles of each of all 20 protein 

amino acids that have stimulatory or inhibitory effects, plus some non-protein amino 

acids that have been shown to modulate cellular functions in other systems. Dose 

response curves relating fluid secretion rate as a function of amino acid concentration 
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have been constructed for several of the amino acids and compared with known 

physiological levels of these amino acids in the haemolymph. This allows us to 

determine whether the observed effects of amino acids on fluid secretion are 

physiological or pharmac )logical. Moreover, the second chapter also shows that 

pronounced stimulatory effects are observed after pre-incubation of tubules for one to 

two hours in saline containing specific amino acids even when the tubules are 

subsequently washed free of amino acids and the secretion assay is performed in a simple 

saline containing only incrganic salts and glucose. Measurements of secreted fluid pH, 

Na+ and K+ have allowed inferences to be made on the effects of specific amino acids on 

specific ion transport systems. Several experiments have also been designed to test 

whether amino acids are acting as important metabolic substrates. 

The third chapter ,Jf the thesis attempts to explain the mechanisms by which 

glutamine augments fluid secretion and ion transport in Rhodnius Malpighian tubules. 

Glutamine was selected because the results of chapter two showed it to be the amino acid 

which exhibited the hight::st degree of stimulation of fluid secretion in all experimental 

protocol and for the tubules of both species. Given the role of glutamine as an important 

intracellular osmolyte I have examined the hypothesis that glutamine is permissive for 

high rates of fluid secretion through its effects on cell volume regulation. Because the 

effects of cell volume regulation are mediated through specific kinases, I have examined 

whether the stimulatory effects of glutamine could be blocked by specific inhibitors of 

kinases. In addition, basolateral membrane transporters involved in cell volume 

regulation are modulated by elements ofthe cytoskeleton in many cell types. 

Microtubule and microfillment disrupting agents are known to inhibit cell volume 
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regulation mechanisms in some cell types (eg. Downey et al., 1995; Haussinger et al., 

1994; Cornet et al., 1998). I therefore examined the effects of cytoskeletal disrupting 

agents on the response of Rhodnius tubules to glutamine. 

The final chapter c f this thesis integrates the results of chapters two and three and 

speculates on the future w Jrk necessary to further elucidate the mechanisms by which 

amino acids modulate fluid secretion and ion transport in insect Malpighian tubules. 
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Chapter 2. 

Amino acids modulate ion transport and fluid secretion by insect Malpighian 

tubules 
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Summary 

Insect haemolymph typically contains very high levels of free amino acids. This study 

shows that amino acids c<m modulate the secretion of ions and water by isolated 

Malpighian tubules of Rhodnius prolixus and Drosophila melanogaster. Secretion rates 

ofRhodnius tubules in arr ino acid-free saline increase after addition of serotonin to a 

peak value, then slowly decline to a plateau. Addition of glutamine, glutamate or 

aspartate to such tubules ilcreases secretion rates dramatically relative to the controls in 

amino acid free saline, and these increases are sustained for 1 - 2 h. Seven other amino 

acids have more modest stimulatory effects, whereas lysine and arginine are inhibitory. 

Secreted fluid pH and Na+ concentration increase and K+ concentration decreases in 

response to glutamine. Pre-incubation of unstimulated tubules in salines containing 

amino acids followed by stimulation with serotonin in amino acid free saline shows that 

the effects of amino acids far outlast the duration of exposure to them. Amino acids do 

not appear to be important as metabolites in Rhodnius tubules, nor do they act to draw 

significant amounts of water into the lumen by osmosis. Significant stimulation of fluid 

secretion can be achieved by physiological levels of particular amino acids, whereas 

those amino acids that inhibit fluid secretion only do so at concentrations much above 

those at which they occur naturally in the haemolymph. Secretion rates of unstimulated or 

stimulated Drosophila tubules are increased by pre-incubation in salines containing 

glutamine or methionine, or by continuous exposure to glutamine, methionine or tyrosine. 

Cysteine dramatically inhibited fluid secretion by Drosophila tubules, but only at 

concentrations well above the physiological range. We suggest that the amino acids 
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probably function as compatible intracellular osmolytes that are necessary for sustained 

secretion at high rates by the Malpighian tubules. 
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Introduction 

One ofthe striking features of insect haemolymph is that it contains a total 

concentration of amino acids 50 - 100 times that which is normal for mammalian plasma 

(Wigglesworth, 1972). Tc,tal haemolymph amino acid concentrations vary from 16 mmol 

r1 in Chironomus (Firling, 1977), to 33 mmol r1 in black flies (Gordon and Bailey, 

1974), 54 mmol r 1 in blow flies (Evans and Crossley, 1974), 90 mmol r 1 in locusts 

(Zanotto et al., 1997) and 150 mmol r 1 in tsetse flies (Tobe, 1978). Concentrations of 

proline, the predominant 'mino acid in the haemolymph ofRhodnius and tsetse flies are 

14-21 mmol r 1 (Barrett, 1974) and 45- 90 mmol r 1 (Tobe, 1978), respectively. In 

Calliphora, the most abundant amino acids are glutamine (8 mmol r 1
), proline (7 mmol r 

1 
), alanine (6 mmol r 1

) and glycine (6 mmol r 1
; Evans and Crossley, 1974). 

Amino acids may perform a number of functions and so may be particularly 

important for tissues such as the Malpighian tubules (MTs) which are bathed in the 

haemolymph. The non-pntein amino acid canavanine has been shown to inhibit fluid 

secretion in isolated Locw·ta MTs but to potentiate the subsequent response of the tubules 

to stimulation with cAMP or diuretic hormone (Rafaeli and Applebaum, 1980). In most 

cells amino acids act as imracellular compatible osmolytes (Yancey et al., 1982). 

Glutamine, for example, i~ a major compatible osmolyte engaged in the role of cell 

volume control as a response to cell shrinkage (Fumarola et al., 2001). Taurine is a non­

protein amino acid and compatible osmolyte that modulates ion transport by many tissues 

(Guizouam et al., 2000; Law, 1994). Proline is an important compatible osmolyte in both 

intracellular and extracellular fluids of mosquito larvae (Patrick and Bradley, 2000). 

Some amino acids play piYotal roles in metabolism by insect tissues. Proline and alanine 
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are equally as important as carbohydrates in supplying energy to the flight muscles of the 

African fruit beetle Pachnoda sinuate (Auerswald and Schneider, 1998). Proline secreted 

into the lumen of Schistocerca MTs is passed into the rectum downstream, where it acts 

as a respiratory substrate :o drive electrogenic chloride reabsorption across the lumen­

facing membrane of the rectum. Fluid secreted by isolated MTs of the desert locust 

Schistocerca gregaria contains as much as 44 mmol r 1 proline (Chamberlin and Phillips, 

1982). By contrast, the penneability of the walls ofthe tubules ofRhodnius to amino 

acids is low during diures s, in spite of the fact that the tubule cells actively accumulate 

high concentrations of amino acids (Maddrell and Gardiner, 1980). Urine concentrations 

of amino acids during diuresis are <2% of those in the haemolymph, whereas in non­

diuretic tubules, secreting 1000 times more slowly, the concentrations of amino acids are 

70%- 90% of those in the haemolymph. It has also been shown that the principal amino 

acids (glycine, alanine, proline, serine and valine) are not significantly metabolized by 

the tubule cells (Maddrell and Gardiner, 1980). 

Previous studies have not addressed in detail the role of amino acids other than 

proline in acting as metabolites or osmolytes during fluid secretion by isolated MTs. 

However, fluid secretion by isolated tubules ofDrosophila has been shown to be 

enhanced when tubules an:: bathed in a 1 : 1 mixture of saline and Schneider's Drosophila 

medium, and amino acids are major components ofthe latter (Dow et al., 1994). 

Drosophila tubules bathed in an amino acid replete saline (AARS) containing seven of 

the most abundant amino acids in Schneider's Drosophila medium (in mol r 1
: 1.65 Gly, 

7.35 Pro, 6.1 Gin, 1.28 His, 0.57 Leu, 4.5 Lys, 1.28 Val) secrete approximately 40% 
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faster than tubules bathed in a saline containing the same concentration of glucose but 

with no amino acids (Linton and O'Donnell, 1999). 

The latter result raise; the question of whether each of the amino acids at the listed 

concentration contributes equally to the stimulation of fluid secretion or whether one or a 

few amino acids are responsible for the observed effects. In this paper, therefore, we 

have examined the modulatory effects of specific amino acids on fluid and ion transport 

in isolated MTs oftwo s_r:ecies, the fruit fly Drosophila melanogaster and the blood 

feeding hemipteran Rhod'1ius prolixus. Rhodnius tubules secrete at high rates when 

stimulated with serotonin, whereas Drosophila tubules secrete at substantial rates even in 

the absence of stimulation with diuretic factors or their second messengers. We first 

examined the effects of individual amino acids at a concentration equal to the total amino 

acid concentration in AA~S (i.e. 20 mmor1
). We show that individual amino acids may 

have stimulatory or inhibitory effects on sustained rates of fluid secretion and epithelial 

ion transport by tubules ofboth species. Moreover, pronounced stimulatory effects are 

observed after pre-incubation of tubules for one to two hours in saline containing specific 

amino acids even when tt e tubules are subsequently washed free of amino acids and the 

secretion assay is perforrr ed in a simple saline containing only inorganic salts and 

glucose. For Rhodnius tubules we have also examined the effects of amino acids at 

concentrations approximating those in the haemolymph. 

We have also looked at the interaction of amino acids and bathing saline K+ 

concentration on secretion rates of Rhodnius MTs. Previous studies have shown that 

rates of fluid secretion increase as bathing saline K+ is increased above 2 mmol r1
, 

reaching a maximum at~ 6 mmol r 1 K+ (Maddrell, O'Donnell and Caffrey, 1993). High 
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secretion rates are sustain ~d for 10 - 30 min. after the addition of serotonin, and then 

decline to a plateau value of approximately 30% of the peak rate in saline containing 3 

mmol r1 K+ (Maddrell, 0 'Donnell and Caffrey, 1993). 
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Materials and methods 

Experimental Animals 

Drosophila melanogaster (Oregon R strain) were maintained in a laboratory culture 

at 20-25° C. Adult female flies, 3-4 days post emergence were used for all secretion 

assays. 

Rhodnius prolixus were periodically fed on rabbits and were maintained at 25-28° C 

and 60% relative humidi:y in the Department of Biology, McMaster University. Animals 

in the third, fourth, and ffth-instar were used 3 - 30 days after the blood meal. 

Experiments were carried out at room temperature (20-25°C). 

Experimental Protocols 

Tubules were dissect~d under saline and were transferred to saline droplets under 

paraffin oil for measurement of fluid secretion rates using the Ramsay technique. 

Drosophila anterior Malpighian tubules (MTs) were dissected out under Drosophila 

saline containing (in mmol r 1
) 117.5 NaCl, 20 KCl, 2 CaClz, 8.5 MgClz, 10.2 NaHC03, 

4.3 NaH2P04, 15.0 Hepes and 20.0 glucose and adjusted to pH 7.0. Isolated tubules 

were then transferred to l Of-ll droplets of saline under paraffin oil in a Sylgard-lined petri 

dish. The paired tubules were arranged so that one tubule was pulled out of the saline 

droplet and wrapped around a metal pin embedded in the Sylgard base of the dish 

approximately 1 mm from the edge of the droplet, while the other tubule was left in the 

saline droplet. Secreted droplets formed on the common ureter, which was positioned 

just outside of the bathing droplet, and were removed with a glass probe every 20 minutes 

and allowed to settle to be bottom ofthe Petri dish. The diameter (d) ofthe droplet was 
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measured using an ocular micrometer and the droplet volume calculated as (nd3)/6. 

Secretion rate was calculcted by dividing secreted droplet volume by the time over which 

it formed (Dow eta!., 1994). 

Rhodnius tubules wer~~ dissected under saline containing (in mmol r 1) 129 NaCl, 8.6 

KCl, 8.5 MgCh, 2.0 CaCh, 10.2 NaHC03, 4.3 NaH2P04, 8.6 Hepes and 20.0 glucose and 

adjusted to pH 7.0. For secretion assays, the fluid-secreting upper segment and a short 

length of the lower MT were isolated and transferred to 100 ~L droplets ofRhodnius 

saline which were held ur der paraffin oil in depressions cut into the base of a Sylgard­

lined petri dish. The cut end of the lower tubule was pulled out and wrapped around a 

metal pin that had been pushed in to the Sylgard base. The entire upper MT remained 

within the saline droplet. [n most experiments, tubules were stimulated to secrete at high 

rates by addition of 1o-5 mol r 1 serotonin (5-hydroxytryptamine, 5-HT). Secreted fluid 

droplets that formed on the cut end of the tubule were pulled off at intervals with a glass 

probe. Secretion rates were calculated as described above. 

For all secretion assa)s, one of three protocols was followed: 

1. Continuous Exposure: Malpighian tubules were set up in a Ramsay assay (Dow 

et al, 1994) immediately nfter isolation, and were exposed to a specific amino acid 

throughout the course ofthe experiment. We first examined the effects of individual 

amino acids at a concentration equal to the total amino acid concentration in AARS (i.e. 

120 mmor ). Threonine and tyrosine were applied at 10 mmol r 1 and 0.5 mmol r 1 

respectively because of limited solubility. For Rhodnius, we also examined the effects of 

continuous exposure to all 1 7 of the predominant amino acids at the concentrations 
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normally present in the h::temolymph 18 days after the blood meal (Barrett, 1974). In 

these experiments, 4th in:;tar tubules were exposed to control saline or to saline 

containing, in descending order of concentration (in mmol r\ Pro (16.0), Val ( 4.9), Gly 

(4.3), Tyr (4.0), Ala (3.21, His (3.1), Leu (2.7), Gin (2.5), Ser (2.3), Thr (2.0), Lys (1.9), 

Iso (1.8), Phe (1.3), Asp (1.1), Arg (0.8), Glu (0.3), and Cys (0.2). The sum ofthe 

concentrations of these 1? amino acids was 52.4 mmol r1
• 

2. Pre-incubation: holated tubules were bathed in saline with a specific amino acid 

present at a given concen1ration for one hour for Drosophila and 1-2 hours for 

unstimulated Rhodnius tu Jules before being transferred to an amino acid free saline and 

set up in a secretion assay. Rhodnius tubules were stimulated with 5-HT and secretion 

rates were measured for 1-2 hours. 

3. Rescue: Isolated Rhodnius tubules were stimulated with serotonin in amino acid 

free saline and secretion rates were measured for 1-2 hours. After secretion rates had 

decreased to a stable low 'ralue, approximately 15% of the maximal stimulated rate, a 

specific amino acid from a stock solution was added to the bathing droplets and secretion 

rate was then measured for an additional1-2 hours. 

Measurement ofK and Na +concentrations and pH in secreted droplets 

K+ and Na+ concentrations and pH ofthe secreted droplets were measured using ion­

selective microelectrodes as described previously (Maddrell and O'Donnell, 1992; 

Maddrell et.al., 1993; O'I>onnell and Maddrell, 1995). The pH microelectrodes were 

based on H+ ionophore I, cocktail B (Fluka Chemical Corp. Ronkonkoma, NY) and were 

calibrated in droplets of saline adjusted to pH 6.5 and 7.5, as determined with a macro pH 
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electrode. K+ -selective nicroelectrodes were based on potassium ionophore I, cocktail B 

(Fluka) and were calibra1ed in solutions (in mmol r 1
) of 15 KC1:135 NaCl and 150KC1. 

Na +-selective electrodes were based on sodium ionophore I, Cocktail A (Fluka) and were 

calibrated in 15 NaCl: 13:i KCl and 150 NaCl. Electrodes were acceptable for use when 

the slope of the response to a 1 0-fold change in K+ or Na+ or a 1 unit pH change 

concentration was> 50 mV and the 90% response time of the ion-selective barrel to a 

solution change was< 30s. Typical slopes forK+, Na+ and pH microelectrodes were 54 

mV, 52 mV and 57 mV, respectively. The reference electrode forK+ measurements was 

filled with 1 mol r 1 Na+acetate at the tip and lower one third of the barrel and 1 mol r1 

KCl for the upper two thirds of the barrel. The reference electrode for pH and Na+ 

measurements was filled with 1 mol r 1 KCI. 

The concentration of ions in secreted droplets was calculated using the formula; 

[Ion]droplet=C* 10 (c.v/slope) 

Where [Ion]droplet is the ion concentration in the secreted droplet, Cis the ion 

concentration in one of the calibration solutions (150 or 15 mmol r 1
), !1V is the voltage 

difference between the secreted droplet and the same calibration solution, and the slope is 

the change in electrode voltage measured in response to a 1 0-fold change in ion activity. 

Calculations and statistics 

Values are expres~ed as mean± S.E.M. for the indicated number (N) of tubules. 

Significance of difference~ between means were measured by Student's t-test using P < 

0.05 as the level of significance. Experimental and control groups were compared using 

unpaired t-tests assuming ~:qual variances. The responses of the same group oftubules 
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before and after an experimental treatment were compared using a paired t-test. In those 

figures where secretion r;lte is expressed as% of the control rate, the secretion rate for 

each experimental tubule was divided by the mean rate for the corresponding set of 

controls and the result was multiplied by 100. Where the percentage change in the value 

of a measured parameter is referred to, all statistical tests were done on the scalar values 

(secretion rate or ion concentration), not on the percentages. Dose response curves 

relating stimulation or inhibition of fluid secretion rate to amino acid concentration were 

fitted using a commercial graphics and analysis package (Igor, WaveMetrics Inc., Lake 

Oswego, OR) and an associated set of procedures written by Dr. F. Mendez (Patcher's 

Power Tools, http://www.wavemetrics.com/Users/ppt.html). The iterative procedure 

allowed estimation of the baseline response, the maximum response, the slope, and the 

amino acid concentration that produced a response halfway between baseline and 

maximum (ECso). 

http://www.wavemetrics.com/Users/ppt.html
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Results 

Effects ofcontinuous exp 1sure to amino acids on secretion rate a/Drosophila MTs 

Figure 1 shows that methionine, glutamine, alanine and phenylalanine at 20 mmol r 1 

and tyrosine at 0.5 mmol r1 significantly stimulated fluid secretion above that of controls 

bathed in Drosophila saline. The other amino acids found in proteins had no effect at 20 

mmol r 1 (10 mmol r 1 for threonine). Neither taurine nor canavanine had any effect on 

secretion rate. Secretion rates were stable for several hours for control tubules and for 

those in the presence of an amino acid. 

The extent of stimulation by glutamine was less variable than that produced by 

methionine, and we there1ore examined the effects of glutamine in more detail. A dose 

response curve shows near maximal stimulation by glutamine at 2 mmol r1 (inset Fig. 1). 

Glutamine did not alter th;: secreted fluid concentrations ofNa+ or K+. Fluid secreted by 

Drosophila MTs bathed in saline containing 20 mmol r 1 glutamine contained 54.5 ± 3.9 

mmol r 1 Na+ and 126.6 ± 5.7 mmol r 1 K+ (n = 10 tubules). These values did not differ 

significantly from concentrations of 50.0 ± 4.1 mmol r1 Na + and 121.1 ± 4.4 mmol r 1 K+ 

in fluid secreted by tubule; bathed in glutamine-free saline. 

Stimulation by tyrosin'~ appeared to be independent of that produced by glutamine. 

Fluid secretion by tubules bathed in 0.5 mmol r1 tyrosine increased further from 0.68 nl 

min-1 ± 0.07 to 0.79 nl min-1 ± 0.07 with the subsequent addition of20 mmol r 1 

glutamine (n=8). Moreover, glutamine significantly stimulated fluid secretion (P < 0.05) 

in both Na +-replete and N2 +-free saline, whereas there was no significant stimulation by 

tyrosine in Na+-free saline. Secretion rates after 40 minutes with and without glutamine in 

Na+-free saline were 0.64::0.06 nl min-1 (n = 10) and 0.37 ± 0.03 nl min-1 (n = 12), 

http:0.64::0.06
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Figure 1. Effects of amino acids on secretion rates ofDrosophila melanogaster 

tubules. The continucus exposure protocol was used (see Methods). Amino acids were 

tested at 20 mmol r1 ~~xcept for threonine and tyrosine, which were tested at 10 and 0.5 

mmol r 1
, respectively, due to their lower solubility in Drosophila saline. For each amino 

acid, a corresponding set of controls was run in amino acid-free saline. Each bar shows 

the mean secretion rate(+ S.E.M.) as% ofthe corresponding control mean. N=8- 16 

tubules for each amino acid and corresponding control group. Asterisks represent 

significant (P < 0.05) increases or decreases in secretion rate relative to the controls. The 

inset shows a dose-response curve (Mean± S.E.M) for glutamine. 
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respectively. By contmst, secretion rates with and without 0.5 mmol r 1 tyrosine in 

Na+-free saline were 0.35 :!: 0.04 nl min-1 (n = 20) and 0.32 ± 0.02 nl min-1 (n = 10), 

respectively. 

In contrast to the other amino acids tested, fluid secretion was completely inhibited by 

20 mmol r1 cysteine (Fig. 1) and was reduced to 0.014 ± 0.04 nl min-1 by 5 mmol r1 

cysteine, 69% less than the corresponding control rate of0.45 ± 0.04 nl min-1 (n=6). 

Inhibition of fluid secretion by cysteine could be reversed almost completely with the 

addition of glutamine to th~ bathing solution, suggesting that the cysteine effect was not 

due to simple toxicity (Fig. 2). 

Drosophila MTs have previously been shown to secrete at high rates when stimulated 

with cAMP and/or the peptide leucokinin (O'Donnell et al., 1996). Tubules were further 

stimulated by addition of gi utamine. Addition of20 mmol r 1 glutamine to tubules 40 

minutes after stimulation with high concentrations of cAMP (1 mmol r1
) and leucokinin 

(1 o-5 mol r1
) significantly (P < 0.05) increased secretion rate after a further 50 minutes by 

93 ± 15 % (n = 1 0) relative to cAMP- and leucokinin-stimulated controls in glutamine 

free-saline. 
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Figure 2. Time course of the effects of glutamine and cysteine on secretion rates of 

Drosophila tubules. Values are means ± S.E.M. Closed circles represent control tubules 

in amino acid free Drosophila saline (N=7), closed squares represent tubules exposed to 

20 mmol r 1cysteine at t = 40 min (N =12) and open circles represent tubules exposed to 

cysteine at t = 40 min, and then to both 20 mmol r1 cysteine and 20 mmol r 1glutamine at 

t =80 min (N=3). 
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Rescue Experiments : Rhodnius 

Fig. 3 shows that in ~aline containing 8.6 mmol r 1 K+ and 20 mmol r 1 glucose 

secretion rates peaked 15-30 min after the addition of serotonin, and than began a slow 

decline to a plateau value of approximately 15 % of the peak value between 65 and 110 

min. Secretion rates were restored to within - 5% of the peak value over the course of45 

- 60 min (Fig. 3) after addition of20 mmol r 1 glutamine (Fig. 3). In 2 similar experiments 

(n= 14 tubules), secretion rates were maintained within -10% ofthe peak value for a 

further 100- 120 min after the addition of glutamine. Secretion rates then slowly 

declined to control values after 140 min. Similar effects were seen in tubules isolated 

from 3rd, 4th or 5th instar Rhodnius. Glutamine restored secretion rates to within 5% of 

the peak value of -20 nl rr in-1
, -45 nl min-1 and -75 nl min-1 for 3rd, 41

\ and 51h instar 

MTs respectively (N ~ 10 tubules for all instars). Fluid secretion was also stimulated by 

9 other amino acids at 20 mmol r 1 although not to the same extent as glutamine (Fig. 4). 

Lysine and arginine inhibi:ed fluid secretion (Fig. 4). 

The effects of concentrations of glutamine closer to the concentration of2.5 mmol r1 

found in Rhodnius haemol yrnph (Gringorten, 1979) were also examined. Secretion rates 

in saline containing 2 and :5 mmol r 1 glutamine were 118 ± 24 percent (n = 8 tubules) and 

242 ± 45 percent (n = 8 tubules), respectively, above those ofthe corresponding controls 

run in Rhodnius saline. A dose response curve indicates an EC50 of- 1.3 mmol r 1 (Fig. 

4, inset). The EC50 values for inhibition by arginine and lysine were 1.4 mmol r 1 and 9.2 

mmol r 1
, respectively (Fig 4, insets). 

We examined whether the decline in secretion rate was due to insufficient levels of 

either 5-HT or glucose in the bathing saline, and whether a similar decline was observed 
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Figure 3. Time cc,urse of the effects of glutamine on secretion rates of 41
h instar 

Rhodnius MTs. The experiment represents a typical rescue protocol. Values are means± 

S.E.M. All tubules w~re started in amino acid-free control saline and were stimulated 

with 5-HT at t = 0 min. The time of glutamine (20 mmol r 1
) addition is indicated by the 

arrow. Closed circle1: indicate tubules exposed to the glutamine (N=8) and open circles 

indicate control tubules (N=8). Asterisks indicate significant differences from the value 

for the same group at t=75 min. 
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Figure 4. Graph summarizing the results of rescue experiments for Rhodnius prolixus. 

All amino acids were tested at 20 mmol r1 except threonine, which due to its solubility 

was tested at 10 mmd r1
. Each bar shows the mean secretion rate(+ S.E.M.) as% of the 

corresponding control mean. N=7- 9 tubules for each amino acid and corresponding 

control group. Asteri!;ks represent significant (P < 0.05) increases or decreases in 

secretion rate relative to the controls. Tyrosine was not tested because its low solubility 

did not permit prepantion of an appropriate stock solution at 1 Ox the final concentration. 

The insets show dose-response curves for stimulation by glutamine and inhibition by 

arginine and lysine. \'alues are means ± S.E.M. (N = 7 - 13 tubules for each amino acid 

and corresponding control group). 
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if tubules were stimulated with the second messenger cAMP rather that 5-HT. Increasing 

the concentration of glucose from 20 to 40 mmol r 1did not significantly change the 

plateau secretion rate of S.4 ± 0.8 nl min-1 in 41
h instar tubules (N=5). Similarly, 

increasing 5-HT concentration from 1 o-5 to 2 X 1o-5 mmol r1 in the saline bathing 

stimulated tubules whose secretion rates had declined over the course of 120 min did not 

increase the rate of fluid secretion. Tubules stimulated with 1 o-5 mmol r1 5-HT secreted 

at 4.2 ± 0.4 nl min-1 (n = ~'). The rate of4.6 ±0.4 nl min-1 measured 45 min after 

increasing the 5-HT concentration to 2 x 1 o-5 mrnol r1 5-HT was not significantly 

different (N= 10 tubules). Secretion rate also declined to a similar extent when tubules 

were stimulated by additiCin of cAMP instead of 5-HT and were again restored by 

addition of glutamine. In response to stimulation with 1mmol r 1 cAMP secretion rate 

declined from a peak valu~~ of42.56 ± 2.6 nl min-1to a plateau value of 18.52 ± 1.01 nl 

min-1
, 90 min later and was restored to 34.5 ± 1.6 nl min-1 60 min after the addition of 

glutamine (N=8). Moreover, tubules whose secretion rate had declined after previous 

stimulation with 1 o-5 mol r1 5-HT were not rescued by addition of cAMP. Secretion rate 

declined to 7.3 ± 0.5 nl mi 11-
1 60 min after the addition of 5-HT and was not significantly 

different from the value of 6.7 ± 0.4 nl min-1 measured after a further 30 min in the 

presence of 1mmol r 1 cAMP (N=7). 

The effects of glutamir.e were distinct from those associated with changes in bathing 

saline K+ concentration. St:cretion rates in glutamine-free saline declined to -15% ofthe 

peak values in saline containing 3, 4 or 8.6 mmol r 1 K+ with half-times of -11 min, 21 

min and 48 min, respectively ( n = 6 - 11 tubules at each [K+]). The more rapid decline in 

secretion rate in salines containing lower levels of K+ confirms previous findings 
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(Maddrell et al., 1993). The addition of 20 mmol r1 glutamine restored secretion rates to 

within 19%, 12% and 5°/1, ofthe peak rate in 3, 4 and 8.6 mmol r 1 K+, respectively. The 

rundown in amino acid-fi"ee saline does not appear to reflect changes in activity of the 

basolateral Na + /K+ ATPase. Secretion rates of 5-HT stimulated 41
h instar tubules 

declined from 38.2 ± 4.2 to 6.9 ± 0.8 nl min-1in control saline and from 36.7 ± 3.3 to 5.7 

± 0.6 nl min-1 in saline containing 104 mM ouabain (n = 12 - 13 tubules). 

The effects of glutamine were also distinct from the inhibition of tubule secretion 

rates in the presence of exogenous cGMP ($ 0.5 mmol r1
) and the reversal of such 

inhibition by addition of cAMP (1 mmol r 1
; Quinlan, Tublitz and O'Donnell, 1997; 

Quinlan and O'Donnell, 1998). Fourth instar tubules inhibited by 0.4 mmol r1 cGMP did 

not recover in response to subsequent addition of20 mmol r 1 glutamine. Secretion rates 

were reduced from 36.6 ± 3.9 nl min-1 before cGMP to 0.74 ± 0.19 nl min-1 (n = 5) after 

addition of cGMP. Rates of0.47 ± 0.06 nl min-1 measured 45 min after addition of 

glutamine indicated that tlere was no recovery. 

Continuous exposure expe'"iments: Rhodnius 

The results of figure 3 indicated that increased secretion rates after addition of 

glutamine were maintained for> 40 minutes. This indicated that glutamine minimized the 

rundown of tubules seen in the absence of amino acids, and we therefore examined the 

effects of continuous expm:ure to amino acids for longer periods. For 3rd instar tubules 

continuously exposed to 2(1 mmol r 1 glutamine, there was no significant difference in 

secretion rates at 20 minutt:s (25 ±2.3 nl min-1
; n =8) compared to 120 minutes (22.6 ± 

1.8 nl min-1
) after stimulati,)n with 5-HT. Secretion rates of control tubules declined by 
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79% from 39.3 ± 3.8 nl min-1 (n = 7) at 20 min after addition of 5-HT to 8.3 ± 1.3 nl min­

1 at 120 min. There was n1) significant run down of secretion rate when 4th instar tubules 

were bathed in saline containing 17 amino acids at the concentrations normally present in 

the haemolymph. These tubules secreted at rates of 39.4 ± 4.1 nl min-1 at 20 minutes 

after addition of5-HT and rates of35.6 ± 3.8 nl min-1 after a further 100 min. 

Pre-incubation Experime11ts: Rhodnius and Drosophila 

Unstimulated tubules 1)f Rhodnius prolixus secrete at very low rates, typically<< 1.0 

nl min-I 5th instar (Maddrdl, 1963). Surprisingly, unstimulated 4th instar tubules in the 

presence of20 mmol r 1 glutamine secreted fluid at a rate of0.12 ± 0.02 nl min-1 (N=8), 

approximately 70% less than the rate of 0.37 ± 0.03 nl min-1 for tubules incubated in 

saline without glutamine 1:N=?). However, when MTs were pre-incubated in control 

saline plus glutamine and subsequently transferred to glutamine free saline and 

stimulated with serotonin, they secreted at rates up to 40 nl min-1 (4th instar), 3- to 4-fold 

higher than secretion rates of tubules pre-incubated for the same period in saline without 

glutamine (Fig. 5). For li'hodnius tubules, with the exception ofmethionine, all the amino 

acids that significantly increased fluid secretion rates in the rescue protocol also 

stimulated tubules in the pre-incubation experiments. Moreover, several amino acids 

(Val, Ser, Phe, Thr, Asp) which were not stimulatory in the rescue experiments 

significantly increased S{:cretion rate in pre-incubation experiments (Fig. 6). 

There were also diffnences with respect to inhibition of fluid secretion. Four amino 

acids (Tyr, Trp, His, Cy~) which had no effect or were mildly stimulatory for Rhodnius 

MTs in the rescue experiments (Fig. 4) were inhibitory in the pre-incubation experiments, 
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Figure 5. Secretion rates of 4th instar Rhodnius MTs set up using the pre-incubation 

protocol. Values are means± S.E.M. (N=8 for both groups). The experimental tubules 

(closed circles) were pre-incubated for 2.5 hours in 20 mmol r1 glutamine, whereas the 

control tubules (open circles) were pre-incubated for 2.5 hours in amino acid free control 

saline. All tubules were then transferred to amino acid free control saline and stimulated 

with 5-HT at the tim~: indicated by the arrow. 
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Figure 6. Graph summarizing the results of pre-incubation experiments for Rhodnius 

tubules. All amino a~ids were tested at 20 mmol r 1 except for threonine (1 0 mmol r1
) 

and tyrosine (0.5 mmol r1
). Each bar shows the mean secretion rate(+ S.E.M.) as% of 

the corresponding control mean. N=7 - 16 tubules for each amino acid and corresponding 

control group. Asterisks indicate significant (P < 0.05) increases or decreases in secretion 

rate relative to controls. The inset shows the extent to which the inhibition produced by 

cysteine could be reYersed by subsequent addition of 20 mmol r 1 glutamine. 
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dramatically so for 20 mmol r 1 cysteine (Fig. 6). Inhibition of secretion by Rhodnius 

tubules by low concentrat[ons of cysteine (0.25, 0.5 or 1 mmol r1 
) was almost 

completely reversed by subsequent addition of20 mmol r 1 glutamine to the bathing 

solution. Inhibition by higher concentrations of cysteine was partially reversible (inset, 

Fig. 6); the EC50 for inhibition was 1.3 mmol r1
• Only lysine was inhibitory in both 

protocols. Arginine, which partially inhibited secretion in the rescue experiments had no 

effect in the pre-incubation protocol. 

We also examined the effects of pre-incubation in saline containing amino acids on 

secretion rates ofDrosophila MTs (Fig. 7). Tubules pre-incubated in saline containing 

glutamine or methionine ~:ecreted at rates 14 7 % and 162 %, respectively, of control 

tubules pre-incubated in Drosophila saline containing no amino acids (Fig. 7). In 

contrast to the stimulatory effect of tyrosine, phenylalanine, or alanine in the continuous 

exposure experiments (Fi:~. 1 ), none of these three amino acids had any significant effect 

in pre-incubation experirr ents (Fig 7). Pre-incubation in 20 mmol r 1 cysteine completely 

inhibited fluid secretion £Jr at least 60 minutes after transfer ofDrosophila MTs to amino 

acid-free saline (Fig. 7). 

Effects ofglucose-free sa.'ine on the effects ofglutamine 

Secretion assays i1 glucose-free saline indicated that the stimulation of fluid 

secretion by glutamine is not simply due to its role as a preferred metabolite by 

Drosophila or Rhodnius MTs. For 3rd instar Rhodnius MTs, fluid secretion in saline with 

glutamine but no glucose (3.8 ± 0.43 nl min-1
) was only 10%-15%that oftubules in 

saline with glucose and glutamine (25.5 ± 2.3 nl min-1
; n = 8 tubules). Similarly, 
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Figure 7. Graph summarizing the results ofpre-incubation experiments for 

Drosophila tubules. All amino acids were used at 20 mmol r1 except for threonine (10 

mmol r 1
) and tyrosine (0.5 mmol r 1

). Each bar shows the mean secretion rate(+ S.E.M.) 

as% ofthe corresponding control mean. N=8- 16 tubules for each amino acid and 

corresponding control group. Asterisks represent significant (P < 0.05) increases or 

decreases in secretion rate relative to controls. 
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Drosophila MTs bathed in saline containing glutamine but no glucose (0.5 ± 0.05 nl min­

1) secrete at 2/3rd the rate oftubules in saline containing glucose and glutamine (0.75 ± 

0.03 nl min-1
). Moreover, ·:he continuous presence of 100 J-.lmoll-1 (amino-oxy) acetic 

acid (a potent inhibitor of !;lutamine metabolism) in the bathing droplet did not block the 

glutamine dependent recovery of fluid secretion by 41
h instar Rhodnius MTs set up in a 

rescue experiment. Tubules exposed to (amino-oxy) acetic acid recovered to a rate of 

50.5 ± 4.7 nl min-1 upon addition of glutamine. This rate was not significantly different 

from the rate of 48.5 ± 3.3 nl min-1 for tubules exposed to glutamine in the absence of 

(amino-oxy) acetic acid (1\=7 tubules). 

Effects ofamino acids on ~·ecreted fluid pH and Na + and K concentrations. 

Glutamine resulted in an increase (~30 mmol r 1
) in Na+ concentration and a 

corresponding decrease in K+ concentration relative to controls in the secreted fluid of 

Rhodnius MTs for both th~ rescue (Fig. 8) and the pre-incubation (Fig. 9) protocols. It is 

important to note that in the rescue protocol there was no significant alteration in Na+ or 

K+ concentration in the se::reted fluid during the decline in secretion rate prior to addition 

of glutamine (Fig. 8), indicating that the effects of glutamine are not a simple reversal of 

the rundown process. Tubules pre-incubated in the presence of glutamine also produced 

fluid with dramatically hi:~her pH when stimulated with serotonin compared with tubules 

pre-incubated in glutamine free saline (Fig. 1 0). Alkalinization was sustained for more 

than an hour. Moreover, :here was no change in secreted fluid pH for tubules pre­

incubated in arginine. For tubules set up in the rescue protocol, the run down in 

secretion rate is associate,j with a gradual acidification of the secreted fluid. When 



53 

Figure 8. Secretion rate and secreted fluid Na+ and K+ for 4th instar Rhodnius MTs set 

up in a rescue experiment. Values are means± S.E.M (N = 8 tubules for each group). 

Closed circles repre~ent tubules rescued with 20 mmol r1 glutamine at t =60 min 

(indicated by the armw) and open circles represent control tubules. Asterisks represent 

significant (P < 0. 05) increases or decreases relative to controls. 
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Figure 9. Secretion rate and secreted fluid Na+ and K+ for 4th instar Rhodnius MTs set 

up in a pre-incubation experiment. Values are means ± S.E.M (N = 8 tubules for each 

group). Closed circks represent tubules pre-incubated with 20 mmol r1 glutamine and 

open circles represent control tubules pre-incubated in amino acid free saline. Asterisks 

represent significant (P < 0.05) increases or decreases relative to controls. 
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Figure 10. Secretion rate and secreted fluid pH for 4th instar Rhodnius tubules pre­

incubated for 2 h in 20 mol r1 glutamine (closed circles), 20 mol r1 arginine (open 

circles) or amino acid free saline (closed squares). Values are means± S.E.M (N = 8 

tubules for each group). Asterisks represent significant (P < 0.05) increases or decreases 

relative to controls. 
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secreting at the peak rate, 15-30 min after stimulation with 5-HT, Rhodnius tubules 

secrete fluid whose pH (7.0 ± 0.04; n = 8) is near neutral, whereas 60- 80 minutes after 

stimulation the pH of the secreted fluid has dropped to 6.37 ± 0.06. Taken together the 

results of figures 8, 9 and 10 indicate that glutamine does not simply increase the rate of 

fluid secretion but it leads to changes in the pH and in the proportions ofNa+ and K+ in 

the secreted fluid. 
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Discussion 

Our results show that the secretion rates of isolated Malpighian tubules ofboth 

Rhodnius prolixus and Drosophila melanogaster are modulated by the presence of 

specific amino acids in the bathing saline. Some amino acids are stimulatory, some are 

inhibitory and others have little or no effect. Glutamine appears to be particularly 

important as a stimulant of fluid secretion. It was the only amino acid to significantly 

stimulate fluid secretion in both species, and for all three experimental protocols. The 

effects of glutamine develc1ped slowly in the rescue protocol experiments, requiring -1 

hour for full stimulation (Fig. 3), and were apparent for several hours after the removal of 

glutamine from the bathing saline (Fig. 5). The gradual rundown of secretion rates of 

Rhodnius MTs- I hour after 5-HT stimulation of tubules in amino acid free saline may 

thus reflect the gradual los~: of the effects ofhaemolymph amino acids present before 

isolation of the tubules. Th1~ run down is not due to a depletion of glucose or 5-HT in the 

bathing saline. It is important to note that the gradual rundown of ion transport by 

stimulated Rhodnius MTs i 11 amino acid free saline is a property of the upper fluid 

secreting segments of the tubules. Reabsorption of K+ and cr by the lower (proximal) 

segment is stable for 2 homs in amino acid-free saline containing 4 mmol r 1 K+ (Haley 

and 0 1Donnell, 1997). The latter observation suggests that some insect epithelia are 

capable of sustained rates of ion transport in the absence of amino acids in the bathing 

media. Although most of our studies of Rhodnius MTs deal with tubules stimulated by 5­

HT, our data also show that the very slow rate of secretion by unstimulated upper tubules 
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is actually further reduced by glutamine. This suggests glutamine may play different roles 

in unstimulated versus stimulated tubules. 

Physiological versus pharmacological effects 

Some of the amino acids used in this study were used at concentrations close to the 

physiological ranges found in insect haemolymph, whereas others were clearly at levels 

many times greater than those found in the haemolymph. We initially used a 

concentration of 20 mmol r 1 for studying individual amino acids because this level 

approximates the total coneentration of the seven amino acids included in an amino acid 

replete saline (AARS) use( in previous studies ofDrosophila MTs (Linton and 

O'Donnell, 1999). Tubules bathed in AARS secrete at high and stable rates, equivalent to 

those found for MTs bathed in a 1: 1 mixture ofDrosophila saline and Schneider's 

medium (Dow et al., 1994). 

The EC50 for stimulaticn ofDrosophila MTs by glutamine is 1.4 mmol r 1 (Fig. 1 ). 

Although the concentrations of amino acids in Drosophila haemolymph are unknown, 

the latter value is similar or less than the concentrations of glutamine found in 

haemolymph of other dipterans such as Simulium venustum (6.4 mmol r1
; Gordon & 

Bailey, 1974), Calliphora erythrocephala (8.2 mmol r1
; Evans and Crossley, 1974) and 

Glossina austeni (9 - 11 mmol r1
; Tobe, 1978). Similarly, the concentration of tyrosine 

that we used (0.5 mmol r 1
) is similar to the haemolymph levels of0.6 mmol r 1 in 

Chironomus tentans (Firling, 1977), 0.9- 3.7 mmol r1 in Glossina austeni (Tobe, 1978) 

and 0.1 -0.24 mmol r 1 in 3 species ofblackflies (Gordon and Bailey, 1974). The levels 

of glutamine and tyrosine hat significantly stimulate fluid secretion by Drosophila MTs 
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are thus close to expected physiological levels. By contrast, the level of20 mmol r 1 

methionine is well above the haemolymph levels of0.13 mmol r 1 (C. erythrocephala; 

Evans and Crossley, 1974\ 0.14 mmol r 1 (C. tentans; Firling, 1977) and< 0.42 mmol r 1 

(G. austeni; Tobe, 1978). Vve did not examine the effects oflower concentrations of 

methionine because the effects were quite variable at 20 mmol r 1
• However, although 

tyrosine and glutamine appear to stimulate MT fluid secretion independently, it is quite 

possible that other amino <J cids may exert their effects in concert, in which case the 

concentrations of 20 mmol r 1 used in this study should be compared with total 

concentrations of 16 - 34 mmol r1 in haemolymph of C. tentans (Firling, 1977), -40 

mmol r 1 inS. venustum (Gordon and Bailey, 1974), and -50 mmol r 1 in C. 

erythrocephala (Evans and Crossley, 1974). 

The EC50 for stimulatiCin ofRhodnius MTs by glutamine is 1.3 mmol r 1 (Fig. 4), 

which is below the haemolyrnph level of2.5 mmol r 1 (Gringorten, 1979). Haemolymph 

levels ofproline at various times after the blood meal range from 14- 21 mmol r 1 in 5th 

instars (Barrett & Friend, 1975) and 19-30 mmol r1 in adults (Barrett & Friend, 1975). 

Taken together, then, our n~sults suggest that physiologically relevant levels of amino 

acids stimulate MT fluid st:cretion in both the rescue and pre-incubation protocols. Our 

data thus indicate a physiologically important role for amino acids in the long term 

(minutes to hours) regulation of tubule secretion rate. 

Haemolymph concentrations of lysine are in the range of 0.18 - 1.8 mmol r 1 in adult 

females and 0.7-2.4 mmol r1 in 5th instars (Barret, 1974; Barret and Friend, 1975). 

Concentrations of 1 - 2 mrrol r1 lysine were associated with minimal inhibition (Fig. 4), 

suggesting that the effects of lysine are probably pharmacological. The effects of cysteine 
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also appear to be primarily pharmacological. The EC50 for inhibition ofRhodnius MTs by 

cysteine (Fig. 6) is approximately 6 -fold higher than the haemolymph concentration of 

0.2 mmol r1 (Barrett and Friend, 1975), and there was no significant inhibitory effect of 

0.25 mmol r1 cysteine. Given that haemolymph concentrations ofthe inhibitory amino 

acids are normally well below the EC5ovalues for inhibition ofMTs in vitro, it is 

tempting to speculate that the regulatory processes which control haemolymph amino 

acids may be designed, in part, to avoid inhibition ofMT secretion and consequent 

impairment ofhaemolymph ion and osmoregulation. 

Effects ofamino acids on Rhodnius MTs 

Stimulation of fluid secretion in the pre-incubation experiments, outlasted the 

duration of exposure ofRhodnius MTs to glutamine by> 2 hours indicating that 

glutamine per se is not transported into the lumen. The increase in secretion rate does not 

reflect therefore a flow of osmotically obliged water in response to transepithelial 

glutamine transport. This· sin contrast to the finding that- 10% of the secretion rate of 

isolated Schistocerca tubules was osmotically coupled to transepithelial proline transport 

(Chamberlin and Phillips, l982). It is also unlikely that the increased secretion rate seen 

when Rhodnius MTs are stimulated after pre-incubation in glutamine can be explained as 

an osmotic consequence of release of glutamine or its metabolites following their 

sequestration within the tubule during pre-incubation. Rhodnius tubules secrete a volume 

of near iso-osmotic fluid equivalent to their own cell volume every 15s when stimulated 

with serotonin (Maddrell, 1991). It is therefore improbable that sufficient levels of 

glutamine or its metabolite5 could be sequestered to explain the dramatic and prolonged 
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increases in secretion rate. Amino acids do not act to draw significant volumes of fluid 

into the lumen by osmosis, because amino acid concentrations in the fluid secreted by 5­

HT-stimulated tubules are typically <2% of those in the bathing saline (Maddrell and 

Gardiner, 1980). Consistent with this view is the finding from both rescue and pre­

incubation experiments that the sum ofthe concentrations ofNa+ and K+ in the secreted 

fluid ([Na+] + [K+]- 180 mmol r 1
) does not change in response to glutamine (Figs. 8, 9). 

If secreted fluid osmolality was maintained and the increase in fluid secretion rate of up 

to 7-fold was an osmotic C•)nsequence of glutamine transfer into the lumen then we 

would expect to see a corresponding decline in the sum of the concentrations ofNa+ and 

K+, the major cations in the secreted fluid. 

In the rescue experiments, secretion rates peak approximately 30 minutes after 

stimulation with 5-HT, the:1 gradually decline to a stable plateau value. The run down is 

not due to depletion ofmetabolic substrates in the bathing saline, since addition of more 

glucose does not restore se:.:retion rates. There is no change in the concentrations ofNa+ 

and K+ in the secreted fluicl during this run down (Fig. 8). This indicates that the drop in 

secretion rate is not simply due to the tubules reverting back to an unstimulated state due 

to a lack of 5-HT, since un:;timulated tubules secrete a high K+ and low Na + fluid 

(Maddrell, 1991 ). Furthemtore, the run down is associated with a gradual acidification of 

the lumen (Fig. 1 0). At maximal secretion rates, Rhodnius tubules secreted a near neutral 

fluid, whereas 60 min after stimulation, the pH of the secreted fluid has dropped to -6.4. 

The addition of glutamine to the bathing solution during the run down process appears to 

prevent or mitigate further 1cidification, and is also associated with an increase in 

secreted fluid Na+ concentration of approximately 30 mmol r 1 and a nearly equimolar 
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decrease inK+ concentration (Fig. 8). In the pre-incubation protocol as well, glutamine 

increased secretion and secreted fluid Na+ concentration and decreased secreted fluid K+ 

(Fig. 9). Moreover, tubuk~s pre-incubated in glutamine secreted fluid 0.7 pH units more 

alkaline than control tubules pre-incubated in glutamine free Rhodnius saline (Fig. 10). 

These results suggest that glutamine is not simply acting as a metabolite for the tubules or 

as a significant contributor to secreted fluid osmolality but is instead having specific 

effects on apical ion transporters. If the presence of glutamine augments apical Na+/H+ 

exchange, for example luminal pH and sodium concentrations would increase, as 

observed. Glutamine has ·Jeen shown to stimulate an apical Na+/H+ exchanger in piglet 

ileum (Rhoads et al, 1997). 

The rundown of secretion rate in the absence of glutamine does not appear to reflect a 

decline in intracellular levels of cAMP. Previous studies have shown that inhibition of 

fluid secretion with exogenous cGMP (0.5 mmol r1
; Quinlan and O'Donnell, 1998) is 

associated with an increa:;e in [K+] and a decrease in [Na+] in the secreted fluid. These 

effects on secretion rate and on cation concentrations are reversed by addition of 1 mmol 

r 1 cAMP. By contrast, ccncentrations ofNa+ and K+ in secreted fluid do not change as 

secretion rates decline in amino acid-free saline (Fig. 8), and addition of cAMP does not 

restore secretion rate. 

Effects ofamino acids on Drosophila MTs 

Drosophila MTs were stimulated by either glutamine or methionine in both 

continuous exposure and pre-incubation protocols. Tyrosine, alanine, and phenylalanine 

were stimulatory but onl:r in continuous exposure experiments. The effects of glutamine 
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and methionine thus outla~;t the duration of exposure and may thus act through a different 

mechanism to stimulate fluid secretion. 

In particular there appear to be important differences in the effects of tyrosine versus 

glutamine on Drosophila tubules. Firstly, the effects of glutamine and tyrosine appear to 

be independent since the addition of a saturating concentration of glutamine (20 mmol r1
) 

to tubules first stimulated with 0.5 mmol r1 tyrosine results in a further increase in fluid 

secretion rate (-15%). Secondly, glutamine effects were apparent in both Na+ replete and 

Na+ free saline, whereas tyrosine had no stimulatory effect when tubules were bathed in 

Na+ free saline. It is also vrorth noting that the addition of tyrosine has previously been 

shown to be required for characteristic oscillations in transepithelial potential in 

Drosophila MTs (Blumenthal, 2001) suggesting that tyrosine may play a pivotal 

physiological role in this epithelium. 

Species Differences 

Glutamine stimulates secretion by tubules ofboth species and in all three 

protocols. However, there may be differences in the mechanism of stimulation. Secreted 

fluid Na+ increases and thct ofK+ decreases in Rhodnius tubules in the presence of 

glutamine, whereas there is no change in secreted fluid Na+ or K+ when glutamine is 

added to the saline bathing Drosophila tubules. 

For other amino acids, there are different effects in the two species. In the pre­

incubation experiments, thne were more amino acids that were stimulatory (11) for 

Rhodnius tubules than for those ofDrosophila (2). Five amino acids, including cysteine, 

inhibited Rhodnius tubules, whereas only cysteine inhibited Drosophila tubules. 
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Methionine stimulated tubules ofDrosophila but not those ofRhodnius. In contrast to the 

stimulatory nature oftyrm:ine for Drosophila tubules, it appears to have a slight 

inhibitory effect for Rhodnius MTs. Lysine and arginine, which inhibited Rhodnius MTs, 

had no effect on Drosophila tubules. Differences in inhibition by amino acids such as 

lysine, arginine and cysteine between the two species and in different protocols may 

relate to differences in rates of uptake and loss of each amino acid. 

How do amino acids modulate Malpighian tubule ion transport? 

Given the differences : n the effects of different amino acids on fluid secretion by 

tubules ofRhodnius and Drosophila, it seems likely that there is more than one 

mechanism by which amino acids modulate transepithelial ion transport. Although full 

analysis of such mechanisms is beyond the scope of this paper, it is possible to rule out a 

number of possibilities. A~ noted above, it is unlikely that stimulatory amino acids such 

as glutamine act as important osmolytes in driving transepithelial fluid secretion. In 

addition, stimulation by glutamine does not appear to reflect an important role for 

glutamine in metabolic energy production. For Drosophila MTs, glutamine has been 

shown to support fluid secretion in the absence of glucose at a rate of 66% of that ofMTs 

running in control saline. This suggests that glutamine may play a limited role as a 

metabolite in Drosophila ·:ubules. By contrast, glutamine is not a good metabolic 

substrate for Rhodnius Mr~s; tubules secreting in saline with glutamine and no glucose 

secrete at a rate of only 10% - 15% of those of the controls. Previous studies indicate that 

Rhodnius tubules do not metabolize amino acids at significant rates (Maddrell and 

Gardiner, 1980). Our experiments using inhibitors of glutamine metabolism confirm and 
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extend this conclusion. M<)reover, pre-incubation experiments for tubules of both species 

clearly show that the effects of glutamine are still apparent for more than an hour after the 

tubules have been transferred to an amino acid free saline. 

Free amino acids such as glutamine and proline play important roles as 

compatible osmolytes in the regulation of cell volume. Isolation of tubules in amino acid 

free saline may thus comp ~omise cell volume regulation as amino acids are gradually lost 

from the cells. Under these circumstances, the slowing of transepithelial ion transport 

may be protective of cell f mction, in that further loss of intracellular osmolytes may well 

also be slowed. Changes in cell hydration i.e in cell volume, can acts as important 

regulators of cell function, and changes in cell volume through the effects ofhormones 

and amino acids can thus alter cell function (e.g. Haussinger, 1996). In particular, 

changes in cell volume car: alter mitogen activated protein (MAP) kinases and related 

kinases such as stress-acth ated protein kinase (SAPK; Haussinger, 1996). Future studies 

will address in detail the cdlular mechanisms involved in modulation of ion transport by 

insect Malpighian tubules. 

The mechanisms by which high concentrations of certain amino acids inhibit fluid 

secretion may relate to their physicochemical properties. Lysine and arginine are not 

compatible osmolytes, and accumulation ofhigh intracellular levels in response to 

elevated bathing saline concentrations may perturb the functioning ofproteins required 

for rapid ion transport and Juid secretion. High intracellular levels ofcysteine may 

perturb intracellular redox :;tatus. Cysteine is a thiol containing amino acid and a rate­

limiting precursor of glutathione, but can also exert effects on cell function independent 

of effects on intracellular g utathione levels (Noda et al., 2002; Hildebrandt et al., 2002). 
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Chapter 3 


Inhibition of the SAPK/JNK pathway blocks the stimulatory effects of glutamine on 

fluid secretion by the Malpighian tubules of Rhodnius prolixus. 
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Abstract 

Physiological levels of amino acids such as glutamine, glutamate, aspartate and 

proline are known to augment fluid secretion and ion transport by isolated Malpighian 

tubules (MTs) ofRhodnius pro/ixus. Here we examine the proposal that glutamine 

results in cell volume changes, and some form of osmosensor is then coupled to 

activation of specific kina5es to produce the observed increases in fluid secretion. This 

study shows that the glutamine dependent increase in MT fluid secretion is blocked by 

two inhibitors of the stres~, activated protein kinase (SAPK) pathway, SP600125 and 

dicumoral. Inhibitors of other kinases (PKA, PKC, PKG, PI-3, p38, ERK and MEK), did 

not block glutamine's effects on fluid secretion rate. Alterations in cytoskeletal structure 

appear not to be required because cytoskeletal disrupting agents did not block the 

glutamine dependent increase in fluid secretion, nor was the increase dependent upon 

protein synthesis. Results of this study are the first to suggest a role for the SAPK 

pathway in the control of fluid secretion rates by insect Malpighian tubules. 
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Introduction 

Previous studies have shown that amino acids can modulate the secretion of ions 

and water by isolated Malpighian tubules (MTs) ofRhodnius prolixus and Drosophila 

melanogaster (Hazel et al., 2002). Secretion rates ofRhodnius tubules in amino acid-free 

saline increase after addit1 on of serotonin to a peak value, then slowly decline to a stable 

plateau. Addition of amino acids such as glutamine, glutamate or aspartate to such 

tubules increases secretion rates dramatically relative to controls in amino acid free 

saline, and these increases are sustained for 1 -2 h (Hazel et al., 2002). As well, secreted 

fluid pH and Na + concentration increase and K+ concentration decreases in response to 

glutamine suggesting that glutamine augments specific ion transporters. The effects of 

amino acids far outlast the duration of exposure to them. Pre-incubation of unstimulated 

tubules in saline containing amino acids such as glutamine for - 2hrs followed by 

stimulation with serotonin in amino acid free saline results in secretion rates up to 3.5 

fold higher than those of tubules pre-incubated in amino acid free saline for 60-90 

minutes. Amino acids do :1ot appear to be preferred metabolites, nor do they act to draw 

significant amounts ofwater into the lumen by osmosis (Hazel et al., 2002). Most cells 

accumulate substantial corcentrations of intracellular amino acids (Haussinger et al., 

2001), and it has been shown previously that amino acids act as intracellular compatible 

osmolytes (Yancey et al., 1982). We have hypothesized therefore that amino acids may 

be acting as compatible osmolytes to maintain cell homeostasis and thus to sustain fluid 

secretion. 

Accumulation or loss of compatible organic osmolytes through cotransport 

systems in the basolateral membrane is a convenient device used by most cells to 
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counteract osmotic stress and to restore their conserved osmolality (Haussinger, 1996). In 

particular, glutamine is an important compatible osmolyte engaged in the role of cell 

volume control as a respor:se to cell shrinkage (Fumarola et al., 2001). Amino acid 

transport systems A and N, both act in aNa+ dependent manner to transport neutral 

amino acids, in particular glutamine, to counteract cell shrinkage due to hyperosmotic 

shock (Dall'asta et al., 1999, Haussinger et al., 2001). Furthermore, other amino acid 

substrates for system A, such as glycine and alanine, also produce heptaocyte swelling, 

which is additive to the swdling induced by glutamine (Haussinger et al., 2001). 

However, not all amino acids are compatible osmolytes and some contribute little 

towards cell volume regulation (Haussinger, 1996). Leucine and phenylalanine, for 

example, act as potent inhibitors of proteolysis, but exert little effect on cell volume 

(Hauusinger, 1996). Arginine is a strong perturbant of enzyme function (Yancey, et al 

1982). 

In this paper we examine further the hypothesis that amino acids modulate fluid 

secretion in Rhodnius MTs through their effects on cell volume regulation. Specifically, 

we suggest that the gradual run down of fluid secretion rates in the absence of amino 

acids in the saline bathing i:;olated MTs reflects the loss of intracellular amino acids and 

consequent cell shrinkage. Studies of other systems suggest that the effects of amino 

acids on cell volume regularion are mediated through the actions of specific kinases or 

through alterations in the cytoskeleton. We have therefore examined the role of such 

pathways in mediating the effects of glutamine on fluid secretion rates ofRhodnius MTs. 

We have not directly measured cell volume because the complex basal infoldings and 

extensive apical microvilli (O'Donnell et al., 1985) confound cell volume measurements 
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of the secretory upper MTs by optical measurements (i.e measurements of inside and 

outside tubule diameters). Cell volume measurements of the lower tubules which are 

non-secretory, have been ;lccomplished by such optical methods (O'Donnell and 

Mandalzys, 1988; Arenstfin et al., 1995). 

Members of the mitogen activated protein kinase (MAPK) family are involved in 

various cellular processes, including transmission of extracellular signals into 

intracellular responses (Kim et al., 2001; Pearson et al., 2001). There are three major 

subfamilies ofMAPKs :extracellular-signal regulated kinases (ERK.s), stress-activated 

protein kinase/c-Jun-terminal kinase (SAPK/JNK) and the p38 subgroup (Kultz and 

Burg, 1998). Members of all three subfamilies are known to be activated by osmotic 

stress (Kultz and Burg, 1998). For example, renal epithelial cells show marked activation 

of JNKs in response to hypo-osmotic shock (Niisato et al., 1999). Both glutamine and 

hypo-osmolarity induced cell swelling activate ERK.s and p38 MAPK in rat hepatocytes 

(Haussinger et al., 2001). The JNK pathway is also responsible for activation ofNa+/H+ 

exchange during recovery from hypertonic stress in Xenopus oocytes (Goss et al., 2001 ). 

Protein kinases A and C (PKA, PKC) are also known to modulate MT ion 

transporters. In Locusta MTs fluid secretion rate and monovalent cation composition of 

secreted fluid are altered in response to inhibitors ofPKA and PKC (Al-Fifi et al., 1998). 

PKC is also implicated in cell volume regulation of insect Malpighian tubules. PKC 

activation in response to hyper-osmotic shock involves elements ofthe cytoskeleton in 

MTs ofRhodnius prolixus (Caruso-Neves et al., 2001). 

In many cell types .. elements of the cytoskeleton are known to modulate the 

functioning of membrane transporters in the basolateral membrane and thus influence the 
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flux of osmolytes which contribute to cell volume regulation. For example, microtubule 

disrupting agents inhibit h)th regulatory volume decrease (RVD) in mammalian 

leukocytes (Downey et aL 1995) and regulatory volume increase (RVI) in rat 

hepatocytes (Haussinger er al., 1994). Disruption ofthe microfilament network is also 

known to block RVD in ctltured mice fibrosarcoma cells (Comet et al., 1998). 

This paper examines the mechanism by which glutamine stimulates fluid 

secretion by Rhodnius MT ~. Given the role of glutamine as an important intracellular 

osmolyte and the importan::e of specific kinases and the cytoskeleton in cell volume 

regulation, we have examined whether kinase inhibitors and cytoskeletal disrupting 

agents modulate the resporse of the tubules to glutamine. 
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Materials and Methods 

Experimental Animals 

Rhodnius prolixuj were maintained in the Department ofBiology at McMaster 

University at 25-28°C and 60% relative humidity. Insects were fed periodically on 

rabbits and third, fourth nd fifth instars were used 3 -30 days after their blood meal. All 

secretion assays were canied out at room temperature (20-25°C) 

Experimental Protocols 

Malpighian tubule5 (MTs) were dissected out under Rhodnius saline containing in 

(mmol r1
) 129 NaCI, 8.6 KCl, 8.5 MgC}z, 2.0 CaC}z, 10.2 NaHC03, 4.3 NaH2P04, 8.6 

Hepes and 20.0 glucose at pH of7.0. In some experiments the concentration ofKCl was 

reduced to 4 mmol r 1 by equimolar replacement with NaCI. 

For secretion assays, the fluid secreting upper segment ofthe MTs were isolated 

and transferred to 1 00 1-1L jroplets ofRhodnius saline which were held under paraffin oil 

in depressions cut into the base of a Sylgard-lined Petri dish. The cut end of the tubules 

was pulled out of the drop .et and wrapped around a metal pin that had been pushed into 

the Sylgard base. For all experiments, tubules were stimulated to secrete with the 

addition of 1o-5 mmol r1 serotonin (5-hydroxytryptamine, 5-HT). Secreted fluid droplets 

that formed on the cut end of the tubule were pulled off at 15 min intervals with a glass 

probe and allowed to settle to the bottom of the Petri dish. The diameter (d) of the 

droplets was measured using an ocular micrometer and the droplet volume calculated as 

(nd3)/6. Secretion rates wc:re calculated by dividing secreted droplet volume by the time 
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over which it formed. For all secretion assays, one of two experimental protocols was 

followed as outlined below. 

For all secretion assays, one of two experimental protocols was followed: 

Rescue: Isolated Rhodniu:~ tubules were set up for a Ramsay secretion assay immediately 

after isolation. The drug of interest was present in the bathing droplet from t = 60 mins at 

the given concentration. MTs were stimulated with serotonin at t = 0 mins in amino acid 

free saline and secretion rates were measured for 1-2 hours. After secretion rates had 

decreased to a stable low value, approximately 15% of the maximal stimulated rate, 20 

mmol r1 glutamine from a stock solution was added to the bathing droplets and secretion 

rate was then measured for an additional 1-2 hours. In some experiments, tubules were 

bathed in 4 K saline because the decline in secretion rate is more rapid (refer to Hazel et 

al., 2002). 

Pre-incubation: UnstimulHted tubules were bathed in saline with 20 mmol r1 glutamine 

and the drug of interest pn:sent at a given concentration for 2 hours before being 

transferred to an amino acid free saline and set up in a secretion assay. Rhodnius tubules 

were then stimulated with 5-HT and secretion rates were measured for 1-2 hours. 
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Chemicals 

Anisomycin, cycloheximide, cytochalasin B, tunicamycin, colchicine, 

wortmannin, cherlerytherine, and staurosporine (Sigma Chemical Corporation) and 

SP600125, U-0126, PD-98059 and SB-20350 (Biomol) were dissolved in Rhodnius 

saline at their given concentrations. 

Genistein, and dicumaro:, (Sigma) and SB-202190 and LY294002 (Biomol) were first 

dissolved in DMSO. The final concentration ofDMSO in the bathing droplet during the 

secretion assay was always :S 1%. Previous studies have shown that at concentrations of 

DMSO in the bathing droplet :S I% has no effect on fluid secretion in Rhodnius tubules 

(Ianowski and O'Donnell, 2001). 

Statistical analysis on all data was performed using Student's t-test on the original 

mean data. 
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Results 

Effects ofinhibitors ofpre tein synthesis and cytoskeletal integrity on sustained fluid 

secretion 

An example of a secn~tion assay using the rescue protocol is shown in figure 1. Fluid 

secretion rates of41
h instar Rhodnius MTs bathed in 4 K saline and stimulated with 5-HT 

declined from a peak valu~ of- 40 nl min-1 to - 5 nl/min within 60 minutes. Secretion 

rates increased to- 25 nl/min after addition of20mM glutamine at t = 60 mins. By 

contrast, secretion rates of tubules bathed in glutamine free saline continued to decline 

slowly. The presence of :OuM colchicine (which depolymerizes microtubules and 

inhibits tubuline polymeri:~ation; Alberts et al, 200X) throughout the course of the 

experiment had no effect on the glutamine-dependent increase in fluid secretion rate. 

An example of a secrelion assay using the pre-incubation protocol is shown in figure 

2. Unstimulated tubules were bathed in 8.6 K saline containing 1 OOuM cycloheximide, 

an inhibitor of protein synthesis, or 20mM glutamine or 20 mM glutamine and 

cycloheximide. Secretion rates were not measured for the two hour pre-incubation 

period. All tubules were t~ansferred to glutamine free saline and stimulated with 5-HT at 

t = 120 mins. Cyclohexirr,ide was also present after stimulation for those tubules pre­

incubated in cycloheximide. Secretion rates of tubules pre-incubated in saline containing 

glutamine were approximately 3-4 fold higher than those of tubules pre-incubated in 

glutamine-free saline. There was no difference in the secretion rates of tubules pre­

incubated in saline containing glutamine and cycloheximide relative to those pre­

incubated in saline containing glutamine but no cycloheximide. 



80 

Figure 1. Time course of the effects of glutamine and 10 J..tmol r1 colchicine on 

secretion rates ofRhcdnius tubules set up in a rescue experiment. Closed squares 

represent control tubules exposed to 20 mmol r1 glutamine at t = 60 (n = 6), closed 

triangles represent tubules exposed to 10 J.!IDOl r1 colchicine at t = 0 and 20 mmol r1 

glutamine at t = 60 (n = 6), and the closed circles represent tubules running in Rhodnius 

saline (n = 6) (± S.E.M). Asterisks represent significant (P < 0.05) increases in secretion 

rate relative to the controls. 
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Figure 2. Time cc,urse of the effects of glutamine and 100 ~-tmol r1 cycloheximide on 

secretion rates of Rhodnius tubules set up in a pre-incubation experiment. Closed squares 

represent control tubules pre-incubated in 20 mmol r1 glutamine (n = 8), closed triangles 

represent tubules pre-ncubated in 100 IJ.mol r 1 cycloheximide and 20 mmol r 1 glutamine 

(n = 7). Closed circles represent tubules pre-incubated in Rhodnius saline (n = 4) and 

closed diamonds represent tubules pre-incubated in Rhodnius saline and 100 IJ.mOl r 1 

cycloheximide (n = 5) (± S.E.M). 
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Figure 3 summarizes the results of experiments examining the effects of drugs which 

either block protein synthesis or interfere with cytoskeletal integrity. At concentrations 

known to interfere with protein synthesis in other cells, neither anisomycin (which blocks 

the peptidyl transferase reaction on ribosomes) nor cycloheximide (which blocks the 

translocation reaction on 1ibosomes; Alberts et al., 2002) interfered with the stimulation 

of fluid secretion by glutamine in either the pre-incubation or rescue protocol. Nor did 

agents which interefere wth cytoskeletal integrity, block the stimulatory effect of 

glutamine in experiments using either protocol. Cytochalasin B disrupts actin filaments 

and prevents actin polymerization, whereas nocodazole, like colchicine, binds 

microtubule subunits and prevents their polymerization (Alberts et al., 2002). Each drug 

was applied at concentrati,)ns known to be effective in other eukaryotic systems (Said 

and Terenzi, 1983; Caurso-Neves et al., 2001) 

Effects ofkinase inhibitor~ on glutamine-dependent recovery offluid secretion rates. 

In experiments using the rescue protocol, 20 umol r 1 SP600125, an inhibitor of 

JNK MAP kinase activaticn, inhibited the glutamine dependent stimulation of fluid 

secretion by- 90% (Fig. 4). A plot of percent inhibition as a function ofSP600125 

concentration revealed tha: the concentration for half maximal inhibition of the response 

to glutamine (Ki) was 7.5 umol r1 (Fig. 4 inset). 

Fig. 5 summarizes the effects ofvarious kinase inhibitors on the glutamine 

dependent recovery of fluid secretion rates in the rescue protocol. The data are presented 

as a percent of the corresponding control value for tubules exposed to glutamine but no 

inhibitor. Only SP600125 :md dicumoral (5 umol r1
) significantly reduced the glutamine 
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Figure 3. Surrmary graph representing Rhodnius tubules running in the rescue 

protocol and exposed to various protein synthesis inhibitors and cytoskeletal disrupting 

agents. The agents and concentrations used are listed below their respective bars, and the 

bars are represented as a percent of the glutamine dependent recovery of fluid secretion 

(n ~ 6 for all). A recCivery of 100% is equal to that of control tubules running in saline 

without any inhibiton; or disrupting agents. (± S.E.M) 
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Figure 4(a). Tme course of the effects of glutamine and 20 ~mol r1 SP600125 

(SAPK inhibitor) on ~ ecretion rates ofRhodnius tubules set up in a rescue experiment. 

Closed squares represent control tubules running in Rhodnius saline and exposed to 20 

mmol r1 glutamine at t = 60 (n = 14). Closed triangles represent tubules running in 

Rhodnius saline with W ~mol r 1 SP600125 and 20 mmol r 1 glutamine was added at t = 

60 (n = 12) (± S.E.M). SP600125 was able to block the glutamine dependent increase in 

fluid secretion. Figur,~ 4(b) is a dose response curve for SP600125. N ~ 7 for each point. 
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Figure 5. Summary graph representing Rhodnius tubules running in the rescue 

protocol and exposed to various kinase inhibitors. The agents and concentrations used are 

listed below their respective bars, and the bars(± S.E.M.) are represented as a percent of 

the glutamine dependent recovery of fluid secretion (n 2: 6 for all). A recovery of 1 00% 

is equal to that of control tubules running in saline without any inhibitors or disrupting 

agents. The two inhibitors of the SAPK pathway (SP600125 and dicumoral) were the 

only kinase inhibitors to block the glutamine dependent increase in fluid secretion. 
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shown). Like SP600125, d.cumarol is a specific inhibitor of JNK MAP kinase activation. 

The IC50 for SAPK inhibition by dicumarol in human embryonic kidney cells is in the 

range of 19- 33 umoll-1 (Cross et al., 1999), although concentrations as high as 200 

umol r1 are used in human leukemia cells (Me Gee et al., 2002). 

Wortmannin is a ftngal metabolite that inhibits phosphatidylinositol 3 (PI-3) 

kinase. The typical concentration for effective inhibition is 1 umol r1 (e.g. Low et al., 

1997). There was no effect of2 umol r 1 wortmannin on the glutamine dependent 

recovery of fluid secretion rate. Although recovery was partially blocked by 20 umol r 1 

wortmannin, this concentration is more than 10 fold above that commonly used. L Y­

294002 is also a specific inhibitor ofPI-3 kinase (IC50 = 1.4 umol n; Vlahos et al., 

1994). Fluid secretion by isolated Rhodnius MTs was completely inhibited by 86 umol r 
1 or 16 umol r 1 LY-2940( 12 before addition of glutamine (data not shown). However, at 

1.6 umol r1 L Y -294002 did not reduce fluid secretion nor did it block the glutamine 

dependent recovery. 

U-0126 is a potent MEK inhibitor, and completely blocks ERK activation in 

Xenopus oocytes at 50 umol r 1 (Gosset al., 2001). Moreover, in endothelial cells, 10 

umol r1 blocks MAPK a<tivation (Kawaguchi et al., 2002; Brandes et al., 2002). , U­

0126 at 10 umol r1did not block the glutamine-dependent recovery of fluid secretion rate. 

SB-202190 is a potent and selective p38 MAP kinase inhibitor that does not 

inhibit ERK, other members of the MAP kinase family or their upstream activators. It is 

effective at concentrations as low as 2.5 umol r1 (Singh, R.P. et al., 1999). Although fluid 

secretion before addition of glutamine was completely abolished by 60 umol r1 SB­
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202190, neither fluid secretion rate before addition of glutamine nor the glutamine­

dependent recovery was affected by the drug at 6 umol r1 (Fig. 5). 

Staurosporine is a non-selective kinase inhibitor. It inhibits PKA (Ki - 7 nmol r 
1
), PKG (Ki = 8.5 nmol r 1>and PKC (Ki = 0.7 nmol r 1

; Tamaoki et al., 1986; Matsumoto 

et al., 1989). Chelerythrine is known to inhibit PKC (lc 50 = 0.66 umol r1
; Herbert et al., 

1990). In Drosophila MT:;, fluid secretion is unaffected by either 1 umol r1 staurosporine 

or 5 umol r 1 chelerythrine (Linton and O'Donnell, 2000). Fluid secretion by Rhodnius 

MTs was partially inhibited by either drug at 10 umol r1 before addition of glutamine 

(data not shown), but then: was no effect of either drug at 1 umol r1 on fluid secretion 

rate before addition of glu1amine or on the glutamine-dependent recovery. 

Glutamine-dependent recovery of fluid secretion rate was not blocked by 

genistein, a tyrosine kinase inhibitor, at either 230 or 23 umol r 1
. Nor did 25 umol r 1 

PD-98059 (an inhibitor ofMEK activation) or 10 umol r 1 SB-203580 (a p38 MAPK 

inhibitor) block glutamine--dependent recovery. The concentrations used for each drug 

are similar to those used in other studies. For example, genistein atl 00 umol r 1
, PD­

98059 at 50 umol r1 and SB-203580 atlO umol r1 block the simulation of glutamine 

uptake induced by hypo-o~motic swelling in rat adipocytes (Ritchie et al., 2001). 
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Discussion 

The results are consistent with a role for SAP kinases in mediating the glutamine 

dependent increase of fluid secretion rate in Rhodnius MTs. Other kinases, protein 

synthesis, and alterations in cytoskeletal structure appear not to be involved. 

Modulation offluid secretion by glutamine does not require protein synthesis 

The effects of cyclt)heximide and anisomycin indicate that the glutamine 

dependent stimulation of fluid secretion does not require protein synthesis. Uptake of 

glutamine and consequent cell swelling is also independent of protein synthesis in rat 

hepatocytes. Glutamine is taken up in the latter cells via theNa+-dependent amino acid 

system N which works in a cycloheximide independent manner. The accumulation of the 

amino acid inside the cells, together with the cotransported Na+ creates an osmotic 

gradient and water flux into the cell (Haussinger et al., 2001). By contrast, active protein 

synthesis is required for proline uptake by amino acid transport system A in vascular 

endothelial cells; uptake is completely prevented by cycloheximide (Dall'asta et al., 

1999). 

Cytoskeletal disrupting agents do not block the effects ofglutamine on fluid secretion 

None ofthe cytoskdetal disrupting agents used (cytocholasin B, colchicine or 

nocodazole) significantly reduced the stimulatory effect of glutamine on fluid secretion in 

either the rescue or pre-incubation protocol. By contrast, cytoskeletal elements mediate 

the inhibition ofNa+IK+IATPase activity by protein kinase C when Rhodnius prolixus 

MTs are osmotically shod ed by increasing bathing saline osmolality from 320 to 420 
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mOsrnlkg (Caruso-Neves et al., 2001). In rat hepatocytes, the stimulation ofbile 

excretion and inhibition of proteolysis in response to glutamine induced cell swelling are 

also sensitive to disruption ofmicrotubules (Haussinger et al., 2001). 

Effects ofglutamine on flu ;d secretion are not blocked by inhibitors ofPKA and PKC 

Neither staurosporine, a general phosphokinase inhibitor, nor chelerythrine 

chloride, an inhibitor of phosphokinase C, had any effect on the glutamine-dependent 

recovery of fluid secretion. Fluid secretion by Locusta MTs is inhibited by both 

chelerythrine (IC5o= 3 umol r1
) and staurosporine (IC50 ~1 umol r1 

), consistent with 

involvement of both PKA and PKC. Although Rhodnius tubules can be stimulated to 

secrete at high rates by either 5-HT or its second messenger cAMP (Maddrell et al., 

1992), secretion rates decline after stimulation in the absence of glutamine, and this 

decline can not be reversed with the addition of further cAMP or 5-HT (Hazel et al., 

2002), suggesting that the ~ffects of glutamine are not mediated by PKA. Results of 

experiments using protein kinase inhibitors provide further support for this view. 

Staurosporine slightly inhibits fluid secretion rates of 5-HT stimulated tubules, but the 

glutamine dependent increase in fluid secretion is not blocked. This suggests that the 

effects of glutamine are net mediated by PKA even though this enzyme mediates the 

actions of diuretic factors. 
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Involvement ofmitogen activated protein kinases on glutamine stimulated fluid secretion 

SP600125 and dicoumoral, both inhibitors of the SAPK/JNK pathway 

significantly reduced the !~lutamine dependent recovery of fluid secretion rates. JNK is a 

member of the SAPK family that is activated by inflammatory cytokines, bacterial 

endotoxins, UV radiation, hypoxia and osmotic shock (Bennett et al., 2001). SP600125 

is a reversible ATP-competitive inhibitor with more than 20-fold selectivity for inhibition 

of JNK phosphorylation rdative to other kinases (Bennett et al., 2001). Our IC50 value of 

7.5 umol r1 is in agreement with previous findings for this drug in other intact cells (IC50 

= 7 umol r 1
; Bennett et al., 2001). The JNK inhibitor dicumarol also suppresses the 

activation of JNK and phosphorylation of c-Jun, but does not affect the phosphorylation 

or activation ofMAPK p38 (Krause et al., 2001). We found that dicumoral inhibited the 

glutamine-dependent recovery of fluid secretion at 5 umol r1 somewhat below the 

concentrations used for 50% inhibition of SAPK in human embryonic kidney cells (19-33 

umol r 1
; Cross et al., 1995). SAPK appear not to be active during the run down of 

secretion rate because there was no change in the rate ofthe run down when compared to 

controls. 

Our results do not mggest involvement of either p38 MAPK and/or ERKs in the 

glutamine-dependent reco·v-ery of fluid secretion. Neither U-0126 nor PD98059, both 

potent ERK inhibitors, significantly blocked the glutamine recovery at concentration at or 

above those found to be effective in other cell types. Similarly, SB203580, an inhibitor 

of p3 8 MAPK, had no effect on the glutamine recovery. Glutamine is known to activate 

both ERKs and JNKs in mammalian intestinal cells (Rhoads et al., 1997). 
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We think it unlikely that PI3 kinase plays an important role in mediating the 

effects of glutamine on Rl. odnius tubules. The specific inhibitor L Y -294002 had no 

effect on the glutamine de:Jendent recovery of fluid secretion rates and wortmannin 

inhibited secretion only at concentrations more than 10 fold normally employed, 

suggesting non-specific actions. 

Summary 

Many cells swell a:; an osmotic consequence due to the uptake of glutamine into 

the cytosol. Changes in CEll volume associated with altered cell glutamine concentrations 

appear to be important signals for regulation of metabolic process in skeletal muscle. 

Volume induced changes in amino acid transport appear to involve phosphotidosol 3 

kinase (PI3). In intestinal cells, glutamine is known to activate both ERK.s and JNKs. In 

rat hepatocytes, glutamine activates both ERK.s and p38 MAPKs. Our studies suggest 

that the effects of glutamine in increased fluid secretion in Rhodnius MTs may be 

mediated through SAP kinases. Given the important role of glutamine as a cell osmolyte, 

we speculate that glutamine results in cell volume changes in Rhodnius tubule cells and 

that some form of osmosensor is then coupled to activation of the SAP kinase pathway 

resulting in the observed increases in fluid secretion. Further studies are required to 

determine whether dicumoral and SP600125 block the uptake of glutamine or whether 

they are blocking its effect; after it has achieved a significant intracellular concentration. 

In the presence of glutamine, Na+ flux is increased at the expensive ofK+ (Hazel et al., 

2002). This finding suggests that SAPK may alter the rate of entry ofNa+ into the cells or 

the transporter selectivity for Na+ over K+. Although glutamine was the most effective at 

restoring fluid secretion rate, glutamate, proline and aspartate also supported the increase 
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in fluid secretion in the re:;cue protocol (Hazel et al., 2002). The role of SAPK/JNK 

inhibitors on the stimulatory effects of the other amino acids will be examined, to 

determine whether the SAPK inhibitors are specific to glutamine or if they block other 

amino acids. 

This is the first stuiy to examine the role of the SAPK pathway on mediating the 

effects of fluid secretion in Malpighian tubules of insects. Fluid secretion in insects is 

known to integrate a number of inputs including PKA (Linton and O'Donnell, 2000); 

(Al-Fifi et al., 1998) and PKC (Caruso-Neves et al., 2001; Al-Fifi et al., 1998). Future 

work will help to further examine the role ofMAP kinases, in particular the SAPK 

pathway, in mediating the stimulatory effects of amino acids on fluid secretion and ion 

transport in the Malpighian tubules ofRhodnius prolixus. 
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Chapter 4 

Discussion: Amino Acid, and Malpighian Tubules Ion Transport 

This was the first :;tudy of its kind to show the importance of amino acids on fluid 

secretion and ion transport in isolated Malpighian tubules ofRhodnius prolixus and 

Drosophila melanogaster Chapter 3 touched on the mechanisms through which the 

glutamine dependent incn:ase in fluid secretion is working, but more work is required to 

further elucidate this phen omen on. The exact site of SAPK activation and how it 

mediates fluid secretion i~ still unknown. Our evidence for the presence of SAPK is 

primarily pharmacological. A biochemical approach, incorporating Western blotting and 

appropriate commercially available SAPK antibodies might be used to confirm the 

presence of SAPK and to determine its activation state in Rhodnius tubules in the 

presence or absence of glutamine. 

In rescue experimtmts, glutamine brings about an increase not only in fluid 

secretion rate, but in secreted fluid Na+ concentration and pH. Since SAPK inhibitors 

block the glutamine dependent increase in fluid secretion, it will be of interest to 

determine if they block the associated changes in ion activity. The increase in secreted 

fluid Na+ could reflect either increased Na+ entry through the basolateral Na+:K+:2Cr 

cotransporter, or an incre.:se in Na+/H+ as opposed to K+/H+ activity in the apical 

membrane. The increased flux of protons through apical alkali cation!H+ exchangers may 

explain the increase in secreted fluid pH. It is worth noting that stimulation of the Na+/H+ 

exchanger (NHE) and activation of various MAPKs (ERK, p38, and SAPK) in cultured 

mammalian cells (U937) in response to hyperosmolar stress are parallel but not 
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independent events (Gilli~ et al., 2001). Kinase inhibition does not block osmotic 

activation ofNHE, and th::: kinetics ofNHE activation by hyperosmolarity appear to 

precede SAPK activation. Correspondingly, hyperosmotic activation ofNHE persists in 

cells lacking an upstream a.ctivator protein of SAPK. By extension, it remains to be 

determined whether the increase in secreted fluid Na+ in response to glutamine is 

dependent upon SAPK activation or represents a parallel event. 

The relatively slow time course ofboth the run down and the glutamine­

dependent recovery of fluid secretion is intriguing. Tubules reach maximal secretion 

rates within -15 minutes cfstimulation with 5-HT, whereas the run down requires 

typically 60-90 minutes in 8.6K saline to reach a plateau rate of secretion, and the 

recovery after addition of glutamine requires more than 60 minutes to reach peak values. 

It is important to point out that tubules in amino acid free saline run down at the same 

rate in the presence or absence ofSP600125 and dicumoral. This suggests that the SAPK 

pathway is already inactive prior to the addition of 5-HT at the start of the experiment. 

One possible explanation for this finding is that the events downstream of SAPK 

activation or inactivation have a much slower time course than that of changes in SAPK 

activity itself. This might ~xplain why tubules in amino acid-free saline run down at the 

same rate in the presence cr absence ofSP600125. Typically it required 30-45 minutes to 

dissect the tubules and set llp a secretion assay. Possibly the SAPK pathway is inactivated 

by the absence of glutamine over this period, even prior to stimulation with 5-HT. It will 

therefore be of interest in f llture experiments to examine the effects of SP600 125 on 

secretion rates of tubules which are maintained in glutamine-replete saline throughout the 

process of dissection and the secretion assay. This would permit a better estimate of the 
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time course of SAPK inactivation by inhibitors, as opposed to the time course of 

inactivation of the targets of SAPK action. For example, enzymes or membrane proteins 

phosphorylated by SAPK may be dephosphorylated (presumably by the action of 

endogenous phosphatases:1 at relatively slow rates after SAPK inhibition. 

It will also be of interest to determine ifthe pronounced stimulation of fluid 

secretion by other amino acids (glutamate, proline and aspartate) is also blocked by the 

SAPK inhibitors SP600125 and dicumoral. Further studies are also required to determine 

whether the SAPK inhibitors block the uptake of glutamine or whether they are blocking 

its effects after it has achit:ved a significant intracellular concentration. The use of 

radio labelled glutamine WI 11 allow us to determine the rate of glutamine accumulation 

and its steady state intracellular concentration. 

My studies have shown clear modulation ofMT fluid secretion and ion transport 

by amino acids in two species. It would be of interesting to test other species in other 

orders, such as the lepidopteran Manduca sexta or the coeleopteran Tenebrio molitor, 

both of which can be studi ~d using Ramsay assays. Such studies will allow us to see if 

the stimulatory effects of Elutamine are conserved across a greater taxonomic range. 

Lepidoptera are of particular interest because their haemolyrnph has a high level ofK+ 

and a negligible level(< 1 mmol r 1
) ofNa+. Given that Manduca tubules secrete fluid 

which is effectively Na+-free, will there still be stimulation of fluid secretion by 

glutamine, or is the stimulation a necessary correlate ofthe increase in Na+ flux? 

It will also be usefiJ to test other rapidly secreting epithelia like the insect salivary 

gland and midgut to see if ;ecretion rates are also augmented by various amino acids. The 

salivary glands ofblowflie; are blind-ended tubules which can be set up readily in a 
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Ramsay assay and stimulated with 5-HT. Midgut ion transport can be assayed through 

measurements of short-circuit in micro-Ussing chambers. 

In summary, the further analysis of the effects of glutamine and other amino acids 

on Malpighian tubules and other epithelia promises to provide new insights into the 

fundamental mechanisms of insect epithelial ion transport and its control. 
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