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Summary. Carbamyl phosphate stimulates neutral salt transport in the in vitro gall- 
bladder. Acetyl phosphate also stimulates transport. In addition, the metabolic precursors 
of carbamyl phosphate, glutamine and bicarbonate ion, stimulate transport of fluid 
across the gallbladder mucosa. These data suggest that the effect of glutamine in stimulat- 
ing increases in transport is achieved via the synthesis of carbamyl phosphate which in 
turn reacts with the transport mechanism. Metabolic precursors of glutamine, glutamate 
plus a nitrogen source, when combined will produce an effect similar to glutamine alone. 
Fluid transport is also slowed by azaserine; thus, the stimulation effect appears to be 
restricted to glutamine. 

Bicarbonate ion, when present in the bathing medium of isolated rabbit 
gallbladders, will increase the rate of fluid transport (Diamond, 1964). In a 
companion manuscript, Martin (1974) has described the bicarbonate effect 
in the gallbladder in greater detail. The bicarbonate effect has been in- 
vestigated further under the assumption that carbon dioxide fixation was 
involved in the process. Some mechanisms of carbon dioxide fixation lead 
to metabolizable substrates which can restore metabolic activities (anaplerotic 
pathways, Mahler & Cordes, 1971). In addition, carbon dioxide fixation can 
also lead to the synthesis of carbamyl phosphate (NHzCOOPO3Hz), an 
intermediate which functions in the urea cycle and in pyrimidine synthesis. 
Not only bicarbonate ion stimulates fluid transport in the gallbladder, but 
also glutamine as well as carbamyl phosphate itself. Moreover, carbamyl 
phosphate can be formed in the rabbit gallbladder from bicarbonate ion 
and glutamine (Murphy & Martin, 1972). 

Carbamyl phosphate is formed from bicarbonate ion, a nitrogen source, 
and ATP (Jones, 1963; Grisolia & Raijman, 1964; Cohen, 1970); the 
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synthesis may be summarized as follows: 

NH~- + H C O ;  + 2 ATP --, NH2COOPO~- + 2 ADP + iP + 2 H § . 

The in vitro rabbit gallbladder provides an excellent preparation for the 
study of the relationship between energy-yielding processes and the coupling 
of this energy to the NaC1 pump. Transport is readily measured in the 
isolated rabbit gallbladder (Diamond, 1964) and the relationship of transport 
to overall energy utilization has been described previously (Martin & Dia- 
mond, 1966; Frederiksen & Leyssac, 1969). The present study was con- 
ducted to evaluate the effect of carbamyl phosphate, acetyl phosphate, 
glutamine, asparagine, and aspartate upon isotonic fluid transport. 

Materials and Methods 

Gallbladder preparations were made by procedures described by Diamond (1964) 
and Martin (1974), and the Qo2 was determined according to Martin and Diamond 
(1966). Carbamyl phosphate, acetyl phosphate, glutamine, aspartate and asparagine- 
containing solutions were made up in phosphate Ringer's solution immediately prior to 
each experiment. The composition of the solutions employed is described elsewhere 
(Martin, 1974). Experimental errors are quoted as standard errors (sE) of the mean if 
the confidence measures were derived from the t test. 

Results 

Effect of Carbamyl Phosphate on Fluid Transport 

A hypothesis that the bicarbonate effect results from endogenous 
carbamyl phosphate synthesis within the gallbladder mucosal cells requires 
that added carbamyl phosphate should increase fluid transport if the 
carbamyl phosphate is a permeant substance. That  this condition is met is 
shown by the following results: Gallbladders bathed in phosphate Ringer's 
solution (0 mM glucose, 0 mM HCO2) exposed to 1 m u  carbamyl phosphate 
transported fluid faster after the addition of the carbamyl phosphate. The 
average rate and standard error was 15.21 + 3.5 gliters of fluid/mg (drywt) hr 
prior to the addition of carbamyl phosphate and 19.16 + 3.39 afterwards. 
The t test was performed for paired variates (n = 11), thus, the effect of 
carbamyl phosphate was significant (p < 0.05) and the increase in fluid 
transport was 26 %. Carbamyl phosphate is a very unstable compound and 
it decomposes into cyanate ion and phosphate at pH 6 to 8 with a half time 
of 18 hr at room temperature (Allen & Jones, 1964). It is possible that for 
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Fig. 1. Effect of different concentrations of carbamyl phosphate upon fluid transport in 
the isolated rabbit gallbladder. The rate at each concentration is represented by the 
arithmetic mean, ~, -t-SE for the number of gallbladders indicated. Insert: Abscissa 
expanded 5 x to show low concentrations. Ordinate reduced by one-half, dw = dry weight 

such an unstable compound the decomposition products may be the stimu- 
latory components rather than the original compound. Experiments per- 
formed with carbamyl phosphate which had been stored at room temperature 
for various periods from a day to a week showed that 10 m ~  carbamyl 
phosphate was still effective for stimulation of transport after one day's 
time, but material which stood for a week at room temperature did not  
increase or decrease transport. 

Fig. 1 shows the rate of fluid transport as a function of the concentration 
of carbamyl phosphate for a total of nine gallbladders. In these experiments 
the concentration of carbamyl phosphate was increased from zero to 0.05, 
0.1, 0.5, 1.0, 2.0 mr~ in each of four gallbladders and to 1, 2, 5, and 10 mM 
in each of an additional five gallbladders. Increasing the concentration of 
carbamyl phosphate after the initial exposure to the compound does not 
produce additional increase in the rate of fluid transport. That is, there is 
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234 D.W. Martin and B. Murphy 

no significant increase in transport  between 0.05 and 10 mM in the same 
gallbladder. A rigorous analysis of the kinetic data is unjustified since the 
endogenous level of carbamyl phosphate and the permeability of the mem- 
branes to the exogenous carbamyl phosphate are both  unknown.  However, 
one can readily see that maximum transport  rates are achieved with con- 
centrations of carbamyl phosphate of less than 0.1 mM. 

Acetyl Phosphate 

Acetyl phosphate,  a substance of microbial origin, can interact with 
some of the same systems in which carbamyl phosphate and ATP can be 
established as reactants. Table 1 shows the response of three gallbladders to 
acetyl phosphate exposure. This substance was added to phosphate  Ringer's 
solution (0 mM HCO~ and 0 mM glucose) after control measurements were 
obtained. Although this data set is not  extensive, it is sufficient to show that 
acetyl phosphate will produce an effect similar to that  of carbamyl phosphate 
in a mammalian system (Table 1). 

The Relationship of Glutamine to Fluid Transport 

Glutamine addition at concentrations f rom 1 to 10 mM to gallbladders 
in phosphate Ringer's solution increases transport  an average of 58% 
(n = 18 for all experiments). At a concentration of 1 mM glutamine (n = 6) 
the rate of transport  was 24.5 _+ 6.1 rtliters/mg(dry wt)hr _+ SE while the rate 
without glutamine was 11.2 +_ 1.5 (n = 18). This effect was highly significant 
(iv < 0.01, t test). Fig. 2 shows the transport  rate as a function of the con- 
centration of glutamine. The data of 18 gallbladders are expressed in this 
figure. Four  gallbladders were used to describe the first port ion of the curve 
(0.05 to 1 raM). For  the remaining points, a gallbladder was exposed only 
once to a concentration of glutamine greater than zero. These effects of 
glutamine upon transport  are similar to those produced by carbamyl 

Table 1. The effect of acetyl phosphate on fluid transport of the in vitro gallbladder 

Exp. Fluid transport (Ixliters/mg (dry wt)hr) 

Control Acetyl Ratio 
phosphate (Exp./Control) 
(1 mi)  

$240 14.5 20.9 1.44 
8241 11.6 40.0 3.46 
$24 z 5,4 10.0 1.84 
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Fig. 2. Effect of glutamine upon fluid transport in the isolated rabbit gallbladder, The 
rate at each concentration is given as the arithmetic mean, ~, ___ sE for the number of 
gallbladders indicated. Insert: Abscissa expanded 5 x to show low concentrations. 

Ordinate reduced by one-half, dw = dry weight 

phosphate in that added glutamine significantly elevates the rate of trans- 
port, but there is no significant difference observed between any pair of 
concentrations after the stimulating effect has been achieved. The apparent 
depression at 5 and 10 mM is not statistically significant. However, maxi- 
mum stimulation occurs with concentrations of less than 0.1 mM glutamine. 

Glutamine Specificity 

The reaction bringing about the increase in transport of fluids with the 
addition of glutamine may be nonspecific. That is, other amino acids may 
bring about a similar result. Tables 2 and 3 illustrate that amino acids other 
than glutamine stimulate the gallbladder. Since the effect being assessed 
was a general one, i.e., any amino acid may provide the nitrogen source for 
glutamine synthesis, either aspartate or asparagine was added to individual 
16" 
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Table 2. The effect of 10 mM of amino acid metabolites, aspartate (asn), asparagine 
(asn 2) on fluid transport of the in vitro rabbit gallbladder 

Control Fluid transport 
(~tliters/mg (dry wt) hr; ~ • s~ (n)) 

0 mM amino acid 9.1 • (5) 
asn or asn z 15.5 • 3.1 

Experiments done in 0mM HCO~, no added substrates, p<0.02; asn or asn 2 
elevates transport rate; paired variates. For discussion of treatment see text .  

Table 3. The effect of 10 mN aspartate (asn) or asparagine (asn z) on fluid transport in 
gallbladders depleted of metabolites by storage at 4 ~ in 25 mM HCO~ without added 

substrate for 20 to 24 hr 

Control Fluid transport 
(gliters/mg (dry wt) hr, ~_  SE (n)) 

0 mM amino acid 20.7-t-3.8 (8) 
ash or ash z 8.8-t-2.6 (8) 

Transport measurements done at 38 ~ in the presence of glucose (11 raM) and in 
the absence of bicarbonate ion (0 mM HCO~-). p <0.05; treatment decreases transport; 
unpaired variates. For discussion of treatment see text.  

gallbladders. Table 2 shows that these amino acids do increase transport. 

Moreover, if these amino acids were simply nitrogen sources for subsequent 

glutamine synthesis the possibility exists that the depletion of metabolites 

by storage at 4 ~ for 20 to 24 hr would give a different result. Table 3 

shows that aspartate or asparagine added after this metabolite depletion 

procedure actually slows the transport rate, a result which demon- 

strates that the metabolite depletion procedure was effective in altering the 

necessary conditions for the amino acid utilization for the stimulation of 

transport. However, glutamine should still stimulate the gallbladder to 

increase transport if the effect is indeed specific. In two sets of experiments 

this idea was tested directly and in a third set an indirect test was done. 
Table 4 shows the glutamine effect on three individual gallbladders which 

had been exposed to aspartate, asparagine and glutamate. These gall- 

bladders had previously shown decreased transport resulting from the effects 

of added asparagine or aspartate. After a measurement without amino 
acids, the glutamine was added or the transport slowed with asparagine 
addition prior to the glutamine addition. The effect of glutamine on trans- 
port persists after these treatments. Glutamine utilization by systems re- 

quiring it may be inhibited by azaserine (Mahler & Cordes, 1971). A set of 
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Table 4. The effect of glutamine (gln 2) added to preparations previously exposed to an 
amino acid (asn, asn z, or glutamate (gin)) 

Exp. Fluid transport (~tliters/mg (dry wt) hr) 

0 mM 1 mM 10 mM 1 mM Ra t io  
amino asn z gln 2 gin 2 b/a 
acid 

$28~ 2.6 a 7 .9b 3.0 
$282 1.4 a 7.0 b 5.3 
$283 12.7 8.35 a 9.1 b 1.1 

Preparations were depleted of metabolites as in Table 3. Conditions of measurement 
were 11 mM glucose with 25 mM HCO~. The ratio was obtained by dividing the rate in 
gin 2 (b) by the rate (a) immediately preceding the addition of gln 2. 

$281 &282 were previously exposed to asn, asn 2, and gln. $283 had not been previously 
exposed to amino acids prior to the exposure to the 1 mM asn 2 indicated here. 

Table 5. Effect of azaserine and glutamine (gln 2) upon fluid transport in metabolite- 
depleted gallbladders 

Exp. Fluid transport (~tliters/mg (dry wt) hr) 

0 mM 3 mU % 3 mM % 
azaserine, azaserine change azaserine, change 
0 rnM gln z 1 mM gln 2 

$3o o 8.2 5.7 - 30 4.9 - 14 
Sao 1 8.9 6.0 -- 32 5.4 - 10 
$3o 2 10.9 9.7 - 11 8.7 - 10 
83o 3 22.7 15.6 - 31 12.7 - 18 

Gallbladders were successively exposed to the azaserine, then azaserine + glutamine. 
Glucose (11 raM), 0 mM HCO~'. 

exper iments  was done  to test the effect of  azaserine and  g lu tamine  to 

metabol i te -deple ted  gal lbladders  (Table  5). These results show tha t  azaser ine  

slows t r anspor t  and  tha t  added  g lu tamine  is ineffective when  the azaser ine 

is present .  G lu t amine  synthesis requires  g lu tamate  and  a n i t rogen source. 

In  a th i rd  set of exper iments  individual  metabol i t e -dep le ted  gal lbladders  

were exposed to ei ther g lu tamate  or  asparagine  (ni t rogen source)  and  then 

to g lu tamate  and  asparagine  combined .  In  these exper iments  the first  ex- 

posure  to an amino  acid was a l te rnated  between g lu tamate  and  asparag ine  

for  the different gallbladders.  Tab le  6 shows tha t  g lu tamate  in c o m b i n a t i o n  

with a n i t rogen source  results in an increase in t ranspor t .  Thus,  me tabo l i c  

precursors  of  g lu tamine  when  combined  will  give an  effect identical  to tha t  

of  glutamine.  G l u t a m a t e  (gin) a lone  does no t  increase t r anspo r t  [0 mM gln, 
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Table 6. The effect of glutamate (gin) or asparagine (asn 2) on fluid transport in the rabbit 
gallbladder followed by glutamate plus asparagine 

Amino acid Fluid transport 
(gliters/mg (dry wt) hr, ~ • SE (n)) 

ash 2 or gln 9.5 • 3.2 (5) 
asn 2 and gln 14.4+ 3.5 

Metabolite-depleted gallbladders as in Table 3. Glucose (11 mM), without bicarbo- 
nate ion. p <0.05; asn ~ or gln v s .  asn 2 and gln; paired variates. 

no added substrate, transport was 9.4 + 1.3( _+ sE), 10 mM gln, transport was 
9.8 +_ 0.7 gliters/mg(dry wt)hr, n = 12]. In the metabolite-depleted gallblad- 
ders it slows transport as do the other amino acids (Table 4). Thus, the 
glutamine effect can be blocked by withholding the appropriate metabolic 
precursors or by the addition of azaserine. 

The relationship of the metabolites, glutamine and carbamyl phosphate, 
was also tested with respect to their capacity to affect the metabolism of 
the gallbladder. Carbamyl phosphate had no effect upon oxygen consump- 
tion. With the carbamyl phosphate present the average Qo2 (gliters 02 mg-  1 
hr -  1) was 6.7 +_ 0.7 ( +_ SE, n -- 6) and the average of the paired controls was 
7.1 +_ 0.7. Glutamine depressed the Qo2, as the average for the paired control 
was 7.5 + 0.6, and with glutamine present the average Qo2 was 6.7 +_ 0.6 
(n = 6, t test for paired variates, p < 0.05). This result represents a 10% 
depression in the oxygen consumption of the gallbladder. Clearly, glutamine 
cannot be regarded as having its effect on transport by way of a direct 
entry into the tricarboxylic acid cycle (TCA) to support metabolism. 

Discussion 

The fact that carbamyl phosphate and acetyl phosphate can stimulate 
transport is not particularly surprising in view of the data available regarding 
the effects of these two compounds upon the (Na + + K+)-activated ATPase 
systems studied by others (Bond, Bader & Post, 1971). However, the demon- 
stration that the metabolic precursors of carbamyl phosphate, bicarbonate 
ion and glutamine, enhance transport allows the speculation that carbamyl 
phosphate may have a physiological role in transport. The biosynthesis of 
earbamyl phosphate requires a nitrogen source. The ornithine cycle car- 
bamyl phosphate synthetase (CP synthetase I) utilizes ammonia or amino 
nitrogen from transaminase reactions and it requires the co-factor N-aeetyl- 



Gallbladder Salt Pump Stimulation 239 

glutamate (Jones, 1963; Cohen, 1970). In pyrimidine synthesis the amide 
nitrogen of glutamine provides the nitrogen source for carbamyl phosphate. 
Ammonia can also provide the required nitrogen for CP synthetase II, but 
glutamine is regarded as the physiological substrate as it is effective in much 
lower concentrations (Cohen, 1970). The distinction in substrate and co- 
factor requirements distinguishes these two carbamyl phosphate synthetase 
enzymes (Tatibana & Ito, 1969; Cohen, 1970). Bovine and rabbit gall- 
bladder mucosae do not contain CP synthetase I, but they have a carbamyl 
phosphate synthetase which is similar to CP synthetase II in that it utilizes 
glutamine and is sensitive to azaserine (Murphy & Martin, 1972). If the 
concentrations of endogenous glutamine and intracellular bicarbonate could 
be influenced, either one or the other could be rate-limiting and thereby 
function as a control over the rate of fluid transport. Unfortunately, it is 
difficult to directly test which of these two substrates could be limiting in an 
experimental test as the intracellular bicarbonate ion is a function of cellular 
respiration as well as pH and carbonic anhydrase activity. Since respiration 
is a constant feature of cells doing biological work, it would be tempting to 
assume that the intracellular distribution of bicarbonate could be expected 
to be uniform if carbonic anhydrase were present. However, there is no 
unequivocal way of controlling the intracellular bicarbonate ion concen- 
tration. 

Just as there is no certain method of knowing the intracellular bi- 
carbonate concentration, the endogenous concentration of glutamine is also 
difficult to estimate. In demonstrating the specificity of this system to 
glutamine, we provide evidence which suggests that glutamine may be 
readily synthesized for this reaction by the presence of glutamate and 
general sources of nitrogen. The glutamate of course may take its origin 
from the amination of ~-keto glutarate. The amino acid pool is apparently 
limiting for the synthesis and subsequent utilization of glutamine in the 
increase of fluid transport. The fact that the amino acid pool is limiting in 
the metabolite-depleted gallbladder is indicated by the data of Tables 3 and 4, 
which show that transport is slowed by exogenous amino acid, whereas the 
tests prior to the depletion procedure show an increase in transport (Table 2). 
The fact that glutamine, or a metabolic precursor of it (Tables 4 and 6), does 
increase transport after the depletion procedure shows that glutamine is 
limiting. The depletion procedure then renders the gallbladder nonresponsive 
to the exogenous amino acids used except glutamine. A reasonable con- 
clusion is that the increase in transport observed with glutamine is specific 
and is glutamine-limiting. The glutamine effect is also blocked with the 
presence of azaserine (Table 5). Bicarbonate on the other hand does not 
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exhibit any analogous limiting phenomenon as the addition of bicarbonate 
ion to metabolite-depleted gallbladders produces an increase in transport 
(Martin, 1974, Table 4). Thus, the fundamental effects of glutamine and 
bicarbonate ion may be independent of one another. 

The direct effect of carbamyl phosphate in stimulating active fluid 
transport in the gallbladder can be compared to the effects of other high 
energy phosphorylated compounds (ATP, p-nitrophenylphosphate, acetyl 
phosphate) upon the (Na++ K+)-activated ATPase associated with the 
gallbladder and other tissues. The transport enzyme (ATP phospho- 
hydrolase, EC 3.6.1.3.) occurs in many tissues and is characterized by the 
hydrolysis of a phosphate from ATP in two steps. Na + and Mg ++ must be 
present in the first step for the formation of the phosphorylenzyme and the 
hydrolysis of a phosphoenzyme occurs in the presence of potassium (Post 
et al., 1969). The (Na + + K+)-dependent enzyme was recently described for 
the gallbladders of rabbits and guinea pigs; it requires Mg + + and is ouabain- 
sensitive (Van Os & Slegers, 1971). They report that the enzyme activity 
correlates well with the transport activity of the gallbladder and they regard 
this enzyme as being linked to the transport phenomena of the gallbladder. 
In the guinea pig kidney the (Na++ K+)-activated ATPase will utilize 
acetyl phosphate as a substrate (Bond et al., 1971). The acetyl phosphate 
apparently behaves as a competitive inhibitor to ATP. Carbamyl phosphate 
has been documented to be a substitute for ATP in the K+-dependent 
phosphatase activity obtained from guinea pig brain microsomes (Izumi, 
Nagai & Yoshida, 1966). This phosphatase enzyme was shown to be identical 
with the transport ATPase by these workers. The substrate specificity was 
greatest for ATP, then carbamyl phosphate, and followed by p-nitrophenyl- 
phosphate and acetyl phosphate, in that order. In addition, the potassium 
sensitivity was greatest for carbamyl phosphate as opposed to acetyl phos- 
phate. These mammalian systems, rabbit and guinea pig gallbladder, guinea 
pig kidney and brain are probably sufficiently similar to warrant regarding 
them as being representative of a general biochemical pattern. In contrast 
to these systems, acetyl phosphate is not an effective alternate substrate for 
ATP in the extrusion of Na + from the squid axon (Brinley & Mullins, 1968). 
Our results demonstrating that carbamyl phosphate increases fluid transport 
might be linked to the effect of the carbamyl phosphate upon the (Na + + K+) - 
activated ATPase present in the gallbladder tissue. As yet, we have no direct 
evidence that this is actually the case as carbamyl phosphate is yet to be 
tested upon gallbladder ATPase by us. However, the finding that acetyl 
phosphate also stimulates transport in the gallbladder supports the idea 
that the (Na § + K+)-activated ATPase is the system which is affected. 
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Kaye, Maenza and Lane (1966) demonstrated that cell renewal occurs 
in the rabbit gallbladder. This of course means that pyrimidine synthesis 
occurs in the tissue and one could expect to find CP synthetase II. However, 
new cells appear very slowly and the regions performing transport appear to 
have only mature cells. We regard the participation of the pathway for the 
biosynthesis of pyrimidines to be an unlikely event to be coupled to transport 
phenomena, and we tentatively consider these CP synthetase phenomena to 
be independent of one another. However, adequate characterization of the 
transport-associated CP synthetase is required. 

Carbamyl phosphate formed by the pyrimidine biosynthesis pathway 
could be utilized by the transport system if the activity of that pathway 
were to exceed its normal demands. That is, carbamyl phosphate synthesized 
as a consequence of increased glutamine availability would spill over into 
other channels of high energy phosphate utilization. A model for such a 
mechanism can be found in the carbamyl phosphate metabolism of Neuro- 
spora (Davis, 1972). Wild type Neurospora synthesize carbamyl phosphate 
via two distinct pathways to provide arginine and pyrimidines. Mutant 
forms exhibit the property of metabolizing carbamyl phosphate provided by 
the alternate path if the enzymes are lacking for the normal pathway. 
Normally the carbamyl phosphate appears to be channelled within its own 
pathway and only in high concentrations does the overflow to the second 
path occur (Davis, 1972). A similar phenomenon may occur in the gall- 
bladder in that the glutamine stimulation may provide an excess of carbamyl 
phosphate which spills over and is utilized by the transport system. ARhough 
the utilization of carbamyl phosphate to drive transport would be meta- 
bolically inefficient since carbamyl phosphate synthesis requires two moles 
of ATP, it may provide an energy source for transport parallel to the 
mitochondrial source by the mechanism proposed above. This notion as- 
sumes that the ATP for the CP synthetase originates from glycolysis, an 
assumption which is reasonable as the CP synthetase system is also an 
extramitochondrial system (Murphy & Martin, 1972). 

Glutamine stimulation of the transport system in the gallbladder may 
then be a consequence of increased carbamyl phosphate synthesis. The bi- 
carbonate effect may also contribute to this effect, but since glutamine 
absence is not limiting to the bicarbonate effect, it is likely that these effects 
are independent of one another. The bicarbonate ion appears to affect basic 
metabolic events leading to the mobilization of energy for transport (Martin, 
1974). 
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