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INTRODUCTION

Luminal absorption ofnutritionally useful organic solutes coupled with the

transport of these solutes to the circulatory system is a central function of the

gastrointestinal system. Most investigations related to nutritional physiology, specifically

those characterizing absorptive processes, have been conducted on mammals (Maginniss,

1977). However, the physiology of the crustacean gastrointestinal tract has been the

subject of several studies within the past three decades (Maginniss, 1977; Brick, 1975;

Ahearn & Maginniss, 1977).

The crustacean digestive system consists ofthree major divisions: foregut,

midgut, and hindgut (Figure 1). Both the foregut and hindgut are lined with a chitinous

cuticle. The midgut includes the hepatopancreas, intestine, and anterior and posterior

caeca and is not chitinized (Podesta, 1982). The intestine is the tubular portion of the

midgut, is thin-walled, and is richly supplied with blood from the abdominal artery

(Podesta, 1982). This tissue is lined with a single type of columnar epithelial cell with a

microvillar apical border and a basal nucleus (Pillai, 1960; Hootman & Conte, 1974).

Based upon histological evidence, the primary absorptive role of the crustacean digestive

system has been attributed to the hepatopancreas, and the secondary absorptive role to the

intestine, while little nutrient uptake occurs in the chitinized regions of the foregut and

hindgut (Yonge, 1924, 1936; van Weel, 1955).

Studies investigating transmural transport, the rate at which a molecule crosses a

complex tissue such as the vertebrate intestine, began in the 1960's with the work of

Schultz and Zalusky (1965). In these experiments, the short-circuit electrophysiological

technique (Ussing & Zerahn, 1951) was applied as an aid in the quantification of

7



midgut
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Figure 1. The digestive system of the lobster. The highlighted portion of the

diagram represents the area of the intestine (midgut) that was excised from the animal

and used in the described experiments. (Pearce, V. et aI., 1987).
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transepithelial ion transport. In more recent years direct measurements of transport of

radioactive ions or labeled organic solutes have been used in addition to the original

electrical measurement techniques utilized earlier. In a direct approach, a sheet of

intestine is placed between two halves of a Lucite chamber while being stretched over an

opening that allows the passage of a radiolabeled solute from one side ofthe tissue to the

other. This chamber is connected to two reservoirs, one at each end. One reservoir

contains a physiological saline with a known amount ofradiotracer, while the saline in

the other reservoir is initially without radioactivity. When the tissue is mounted in place

between the two chambers, samples from the initially non-radioactive compartment can

be taken sequentially over time. These samples will have an increasing radioactive

content as the radiolabeled solute passes from the initially highly labeled compartment,

through the membrane partition, and into the initially unlabelled compartment of the

system. Early investigations using the short-circuit method were conducted using rabbit

ileum (Schultz & Curran, 1970) to investigate transmural transport of sodium and

chloride ions. Previously, Schultz and Zalusky (1965) had shown that amino acids

stimulate transepithelial sodium transport across small intestine preparations of the rabbit.

These early electrophysiological results have been recently confirmed utilizing

radioisotopes of sodium, chloride, and amino acids.

Amino acid transport in the invertebrate gut is an aspect of physiology that has yet

to be explored in great detail. During the 1970's, transmural transport in the intestine of

crustaceans was investigated using the perfusion method (Maginniss, 1977), whereby the

isolated intestine, after removal from the animal, is ligated to plastic tubes, and perfused,

using a peristaltic pump, with a saline containing a radioactive substance. The perfused
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tube preparation allows for the determination of unidirectional transmural fluxes of

selected solutes (Maginniss, 1977; Brick, 1976; Ahearn & Maginniss, 1977; Wyban et

aI., 1980). It has been nearly two decades since Wyban, Ahearn and Maginniss (1980)

studied transmural fluxes of alanine and glucose in the intestine of the freshwater prawn

Macrobrachium rosenbergii. A similar study using the perfusion technique was

conducted investigating transmural glucose flux through the intestine of the blue crab

Callinectes sapidus (Chu, 1986). In the aforementioned studies, the nutrients measured

were labeled with a radioisotope. Wyban et al. (1980) showed that the net transmural

transport of glucose in invertebrates was only four percent of that in mammals,

presumably due to the slower metabolic rate of the invertebrates. In addition, reduced

intestinal absorption by the crustacean also resulted from the fact that in invertebrates, the

majority of nutrients are first absorbed in the hepatopancreas before they enter the more

posterior intestine where final absorption occurs prior to defecation (Factor, 1995).

While studies have been conducted investigating amino acid absorption III

invertebrates, little research has been conducted exploring the effects of heavy metals on

transmural flux of amino acids through any invertebrate intestine. In fact, the most

detailed studies of such effects have been conducted on vertebrates. Zinc is a trace metal

and has several known biological roles involving activation and regulation of enzymes

that control a variety of functions in animal cells (prasad, 1979; Vallee & Falchuck,

1993). Furthermore, zinc has been shown to activate transport proteins involved in

transport of amino acids across cellular membranes by changing the transporter's affinity

for the substance (Giroux & Henkin, 1972; Wapnir et aI., 1983; Wapnir & Stiel, 1986).

The specific mechanism by which the metal increases the binding affinity of the carrier
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proteins for specific substrates is uncertain, and may vary with each transport system

(Monteilh-Zoller et aI., 1999).

It has been demonstrated that in rat erythrocytes, L-histidine enhances the

transport of zinc (Aiken et aI., 1992). These experiments also indicated that histidine

uptake in rat erythrocyte is partially sodium dependent and shows inhibition by leucine.

These observations suggest the involvement of the L-system carrier which is capable of

transporting histidine with the participation of sodium ions. Similar effects have been

shown to occur in the rat intestine (Wapnir et aI., 1983). Other work has been conducted

testing zinc absorption in rats and the effects of amino acids (histidine, cysteine,

tryptophan and proline) on this process (Wapnir & Stiel, 1986). This study determined

that histidine assisted in the transport of zinc in the jejunem and ileum of the rat. Further

evidence shows that metals stimulate amino acid transport in crustacean hepatopancreatic

cells. Monteilh-Zoller, Zonno, Storelli, and Ahearn (1999) showed that zinc doubled the

transmembrane transfer of L-proline in lobster hepatopancreatic brush border membrane

vesicles. The enhanced uptake of the amino acid in the presence of the metal was found

to be due to increased 3H-L-proline maximal transport velocity (i.e. Jmax), rather than due

to a change in binding affinity (i.e. Kt) induced by the metal. The L-proline transport

occurred by way of a specific transport protein, the IMINO system. These studies

indicate that zinc and histidine form a complex that is transported together. It is thus

postulated that zinc enhances the transport ofhistidine.

In this study, the effect of zinc on the transmural flux ofL-histidine across the

intestine of the Atlantic lobster (Homarus americanus) was investigated. Previous

studies ofamino acid transport involved alanine, a non-essential amino acid, which was
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largely metabolized by the tissue (Wyban, Ahearn & Maginniss, 1980). However, in this

study, L-histidine, an essential amino acid for the growth oflobsters and other

crustaceans, was the nutrient considered (Factor, 1995). Experiments support the

hypothesis that the uptake of L-histidine is increased in the presence of zinc (Ahearn,

H.R.H. et aI, 2000; Liou & Ellory, 1990). The first portion of this project determined the

net transmural flux of 3H-L-histidine at five different concentrations, in the presence and

absence of a defined zinc concentration. Unidirectional transepithelial transport was

measured across the intestine as a function of time. These measurements established that

transport is likely carrier-mediated, as a saturation of a carrier molecule will limit

transport. The second portion of the described research studied the influence ofvarying

the concentration ofzinc at a constant concentration of 100 ~M L-histidine. The

concentrations of zinc ranged from 5 ~M to 250 ~M. The optimal concentrations of zinc,

which produced maximal carrier-mediated activation, were determined to be between

25 ~M and 50 ~M.

The method of study was based upon procedures described by Maginniss (1977)

(Figure 2.). A section of intestine dissected from a live lobster was mounted on blunt

ended syringe needles in a Lucite chamber containing a bath of physiological saline. A

perfusion pump passed a solution of 3H-L-histidine and/or other amino acids and zinc

through the intestine at a rate of 50 ~l per minute and into a waste container. Samples

were taken from the serosal bathing medium at ten-minute intervals. Scintillation cocktail

was added to each sample, and the amount of radioactivity contained in each sample

(counts/min) was determined. Transport rates were calculated from the linear phase of

each time curve by regression analysis. These values were converted into pmoles of L-
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histidine transported per cm2 tissue, and the results plotted against time (minutes) to

determine the rate of transport.

In addition to the experiments incorporating zinc and 3H-L-histidine, trials adding

concentrations of25, 50, 100, and 250 JlM CaCh to a solution of 100 JlM

L-histidine and 25 JlM zinc were conducted to determine if the salt had an effect on the

transport of the amino acid in the presence of the metal. It has been shown that Ca2+

passes across the apical membrane via the same pathway as Zn2
+ (Hogstrand et aI., 1996;

Rodriguez-Yoldi et aI., 1995). Furthermore, studies indicate that the addition of L

leucine significantly reduced the uptake of 3H-L-histidine in polychaetes (whole animal)

(Ahearn, H.R.H., et aI., 2000) and human erythrocytes (Liou & Ellory, 1990), suggesting

that the two amino acids share the same transporter. Additional experiments were

conducted as a part of this study to determine if a similar effect occurs in intestinal

epithelia of Homarus americanus.

These studies were anticipated to provide a first look as to whether luminal heavy

metals ingested with dietary components have a direct effect on nutrient absorption by

the gastrointestinal tract of crustaceans, specifically H americanus. As previously

mentioned, metals, at very low concentrations, act as activators of many intracellular

enzyme systems in most organisms. It may be true that dietary metals at similar low

concentrations provide a regulatory role for nutrient transport of peptides as well. One of

the goals of this project was to characterize such a regulatory role of metals in the

invertebrate intestine.

Results suggest that zinc significantly increases the transmural transport of 3H_L_

histidine in the mucosal to serosal direction, particularly at the concentrations of 25 JlM
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and 50 J.lM. Furthermore, L-Ieucine does not appear to affect the transport of L-histidine,

while calcium appears to reduce the transport of the amino acid in the presence ofzinc.
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MATERIALS AND METHODS

Live Atlantic lobsters (Homarus americanus) were obtained from commercial

dealers in Honolulu and stored in a filtered seawater tank: at 1DoC for up to ten days prior

to experimentation. The lobsters were in the intermolt stage and weighed between 454

681grams. A control physiological saline at a pH of 7.2 and osmotic pressure of 1000

mosmol/kg containing 467 mM NaCl, lOmM KCI, 30mM HEPES

(N-2-hydroxyethylpiperazine-N'-2-ethane-sulfonic acid), and 50 mM mannitol was used.

This solution omitted ions that could potentially interfere with the transport system being

investigated. Experiments were conducted at saline temperatures ranging

from 23°C-25°C.

The intestine (average length 5.62 cm and diameter 0.1 cm; average of22

preparations) was excised from a live lobster and transferred to a shallow dish of control

medium. Intestinal contents were gently flushed out by inserting a blunt-ended 18-gauge

needle into the anterior end of the preparation and perfused using a 5 cc syringe until its

contents were removed. The intestine was then ligated onto blunt-ended, 18-gauge

syringe needles, which were placed at opposite ends of a V-shaped Lucite chamber

(Maginniss, 1977) (Figure 2.). The chamber contained 15 ml of control saline, serosal

bathing medium, into which was suspended the lobster intestine, ensuring that the

preparation remained moist. The preparation was then perfused with an experimental

saline containing histidine and/or metals and other amino acids at a flow rate of 50 Ill/min

utilizing an Instech perfusion pump.
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Figure 2. Experimental apparatus. The excised portion of the intestine ofHomarus

americanus was placed in a Lucite chamber containing a serosal bathing medium and

ligated onto blunt ended syringes. The tissue was perfused with an experimental solution

and eflluent was collected in an adjacent container. Samples were removed from the

serosal bathing medium within the chamber.
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The unidirectional transmural flux of 3H-L-histidine was measured in the mucosal

to serosal direction through separate trials by perfusing the intestine with concentrations

ofL-histidine containing ZnCh, L-Ieucine, and/or CaCho As the intestine was being

perfused, the serosal bathing medium was stirred and aerated with a Pasteur pipette. At

L-[2,5-3H]-histidine(1.89 TBq mmorl
) was obtained from Amersham Life Science (Elk

Grove, Illinois). A small amount of the labeled amino acid was added to the experimental

saline containing a specific concentration ofunlabeled histidine. As labeled histidine

molecules were transported from the lumen to the serosal side ofthe intestine, sampling

the serosal bathing medium in the Lucite chamber and establishing the amount of

radioactivity in each sample over time enabled the determination the rate of transport

ofL-histidine.

At ten-minute time intervals, beginning with time 0, duplicate 100 III samples

were taken from the saline bath in the Lucite chamber and its radioactivity was

determined. The volume removed was replaced with the control physiological saline

solution, to maintain the volume ofthe bath. Approximately two milliliters ofReady-Solv

scintillation cocktail was added to the 100 III sample and mixed by inverting the

scintillation vial.

For each experiment, the amount of radioactivity contained in each sample was

assessed using a Beckman scintillation counter. The radioactivity measured was

representative of 3H-L-histidine transported across the intestine wall into the saline bath.

The results of the duplicate samples were averaged and activity, which was recorded in

counts/ min per 100 Ill, was converted to pmol ofamino acid using the measured isotopic
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activity of the perfused solution. This value was divided by the surface area of the

intestine, which was calculated by considering the intestine as a cylinder.

Sample calculation:

Specific activity: 43119 cpmllOO l.tl = 4.3119 cpmlpmol
10000 pmolllOO III

At time 30 minutes, radioactivity equaled 617 cpml100 Ill. This value was divided by

specific activity.

617 cpml100 HI = 135.84 pmolllOO III
4.3119 cpmlpmol

Surface area of intestine:

Length= 4.8 cm

Radius = 0.05 cm

Surface Area= 2 (IIr2)h = 2 (II(0.05)2) (4.8) = 0.07536 cm2

135.84 pmol = 1802.55 pmoll cm2

0.07536 cm2

This quantity was then plotted against the time at which the sample was taken using

SigmaPlot (Jandel) software. Slopes of the lines drawn for each radioactive solution

were calculated, and this value was plotted against the concentration of the variable

substance being investigated in the perfusate, L-histidine, zinc, calcium or leucine. Using

a curve-fitting procedure in SigmaPlot, a curve with the equation y=ax/(b+x) was fit to

the plotted values. The curve was used to determine the maximal transport velocity

(Jmax). A number ofexperiments were conducted using various concentrations of

histidine and zinc in addition to leucine and CaCh.
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Kinetics ofTransmural 3H-L-Histidine Transport in the Absence ofZinc

This experiment investigated the kinetics of 3H-L-Histidine transport across the apical

membrane of the lobster intestine in the absence ofzinc. A solution of 10~ 3H_L_

histidine was perfused through the intestine preparation for a thirty-minute period during

which duplicate samples of 100 J.L1 each were taken from the serosal bath at ten-minute

intervals. In addition, duplicate 100 JlI samples of the perfusate were taken to determine

specific activity prior to the onset of the trial. After the first thirty-minute segment, the

perfusate was replaced with a solution of25 JlM 3H-L-histidine. Again, samples of the

perfusate saline were evaluated for radioactivity and samples from the radioactive saline

bath were taken every ten minutes for a total of thirty minutes. This method was

continued on the same tissue preparation using 3H-L-histidine solutions of 50 ~, 100

~, 250 JlM, and 500~ for a total time course of 180 minutes.

Kinetics of100 pM 3H-L-Histidine Transport in the Presence ofVaried

Concentrations ofZinc

While keeping the histidine concentration constant throughout the experiment, the

concentrations ofzinc were varied. A control solution of 100~ 3H-L-histidine,

containing no zinc was perfused through the intestine for thirty minutes. Duplicate 100

J..LL samples ofthe perfusate were measured for initial radioactivity, which was used in the

calculation of specific activity. Added samples were taken at ten-minute intervals over a

thirty minute period, at which point the solution was substituted with a mixture of 100

~ 3H-L-histidine and 50~ zinc chloride. The measurements were repeated for thirty

minutes, after which the solution was replaced with one of 100~ 3H-L-histidine and

100~ zinc. This procedure was continued, replacing the perfusate with a solution
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containing 100 !J.M zinc, and finally with an solution of 250 !J.M zinc, containing 100 !J.M

3H-L-histidine. The total duration of the experiment was 180 minutes, with samples being

collected at ten-minute intervals.

Kinetics ofTransmural Transport of 3H-L-Histidine in the Presence of

25 flM Zinc and 50 flM Zinc

The aforementioned procedure was repeated using solutions ofvaried 3H_L_

histidine concentrations, each with a constant concentration of25 !J.M zinc chloride.

Concentrations of 10 !J.M, 25 !J.M, 50 !J.M, 100 !J.M, 250 lJM and 500 lJM 3H-L-histidine

were each perfused through the intestinal preparation for thirty minutes, for a total of 180

minutes. Again, duplicate 100 !JL samples were taken from the serosal bathing medium

at ten-minute intervals and evaluated for radioactive content. Samples of each perfusate

were taken prior to the solution being passed through the intestine and used in later

calculations. The influence ofzinc on the kinetics oftransmuraI 3H-L-histidine was

repeated, utilizing 50 lJM zinc with the same varied concentration ofL-histidine.

Effect ofL- Leucine on Transmural Transport of100 flM 3H-L-Histidine

To investigate the effect ofthe amino acid leucine on the transmural transport of

histidine, an experiment was constructed varying the concentrations ofL-leucine

perfused through the intestine in the presence ofL-histidine. A solution of 100 lJM 3H_

L-Histidine was perfused through the preparation ofthe lobster intestine, in the absence

of leucine, for thirty minutes. Samples of each initial perfusate, prior to the start ofthe
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experiment, in addition to samples from the saline bath, were taken as described in

previous experiments. After the control period, the solution was replaced with one

containing 25~ ofL-leucine and 100~ 3H-L-histidine, and allowed to perfuse

through the intestine for an additional thirty minutes. This method was then repeated

with concentrations of 50, 100, 250 and 500 IJ.M L-leucine, each mixed with a solution of

100~ 3H-L-histidine. The perfusion of the intestine continued over a 180 minute

period with duplicate samples collected at ten minute intervals.

Effect ofCalcium on the Transmural Transport of100 pM 3H-L-Histidine in the

Presence of25 pM Zinc

Similar procedures to those used in the experiment investigating the effects ofL

leucine were used to study the effect of calcium on the transport ofhistidine in the

presence ofzinc. A constant solution of25~ zinc chloride and 100 JiM 3H-L-histidine

was perfused through the lobster intestine mounted in the Lucite chamber for the duration

of the trial. During the initial thirty minutes ofperfusion, calcium was not present. After

the control period, a solution ofzinc, histidine and 25 JiM CaCh was allowed to perfuse

through the intestine for an added thirty minutes, with samples being taken in duplicate

from the saline bath at ten-minute intervals. This perfusate solution was then replaced

with one containing 50 JiM CaCh for thirty minutes, followed by 100 JiM CaCh, and

finally 250 JiM CaCh, each for thirty minutes, for a total time course of 180 minutes.
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RESULTS

Unidirectional transepithelial transport of 3H-L-histidine was measured across the

intestine ofHomarus americanus in the mucosal to serosal direction as a function of

time. Transport rates were calculated according to the procedure described in the

methods section, and are reported in terms of the transport of amount of radioactivity

measured. Results indicated that the intestinal tissue was capable ofmaintaining

significant mucosal to serosal flux ofL-histidine. It should be noted that there is concern

with respect to the inconsistency ofthe data presented. Considerable variation was

present in the experimental preparation system. Furthermore, the intestinal preparations

may not have been given ample time to equilibrate and saturate the carrier molecule with

the L-histidine in all experiments, resulting in imprecise data. Due to this lack of

equilibration, data points representing transmural transport of 3H-L-histidine at the

beginning ofthe time courses, and at lower concentrations ofthe variables in each

experiment, may be inaccurate. However, at higher concentrations, it is likely that the

data for the rate oftransport is accurate as the system has had ample time to equilibrate

and was saturated.

For the research to be more complete, there would need to be an assessment of the

viability of the tissue, the efficiency of the aeration mechanism and finally more precise

regulation of temperature for the serosal bathing medium in the Lucite chamber. In

addition, a greater number ofexperimental trials would have to be conducted.
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Transmural Transport of3H-L-Histidine in the Absence ofZinc

The intestinal preparation was exposed to various concentrations ofL-histidine in

the standard medium to investigate the mucosal to serosal flux ofthe amino acid itself,

without the presence of additional substances. Using SigmaPlot (Jandel) graphing

software, the calculated transport rates (pmollcm2/min) were plotted against the

corresponding concentration of3H-L-histidine (~M). A hyberbolic curve having the

equation y=axl(b+x) was found to fit to the data points (Figure 3). Consequently,3H-L

histidine transmural transport kinetics appear to follow the Michaelis-Menten equation:

JH=Jmax[H]IKt+[H]

where JH is histidine transport in pmollcm2/min, Jmax is the apparent maximal influx rate,

Kt is the apparent affinity constant and is the concentration ofL-histidine at one-half the

maximal transport velocity, [H] is the external concentration ofL-histidine.

The data presented in Figure 3 illustrate that the transport system becomes

saturated when the concentration of3H-L-histidine reaches 100 ~M. Based on these

results, the concentration ofL-histidine was held constant at 100 ~M in subsequent

experiments. Furthermore, the maximal transport velocity (Jmax) was determined to be

21.64 pmollmin, based upon the hyperbolic curve fit to the data points. The affinity

constant (Kt ) ofthe carrier molecule was determined to be 10.02 ~M.
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Transmural Transport of 3H-L-Histidine(0,10,25,50,100,250,500 J.lM)
kross the Intestinal Epithelium of H. americanus
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Figure 3. The graph illustrates the transmural transport of the amino acid, L-histidine, in

the absence ofzinc, L-Ieucine, or calcium. The figure represents the average plot of 5

experiments, with each point representing the mean of the data. It appears from the data

that the transport carrier becomes saturated at 100 JlM of 3H-L-histidine. In addition,

maximal transport velocity (Jmax) was determined to be 21.64 pmol/min, based upon the

hyperbolic curve fit to the data points. The affinity constant (Kt) ofthe carrier molecule

was determined to be 10.02 JlM.
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Effect ofZinc on the Transmural Transport of100 pM 3H-L-Histidine

The concentration of 3H-L-histidine was maintained at 100 flM, while

concentrations of the zinc chloride in the perfusate were varied (Figure 4). Perfusate

solutions included concentrations ofzinc at 0,5, 10,25, 50, 100 and 250 11M. This

experiment was conducted in order to determine if the concentration ofzinc enhanced the

transport of the amino acid. Transmural transport of3H-L-histidine (pmollcm2/min) was

plotted against the concentrations ofzinc chloride (flM) using SigmaPlot graphing

software. A hyperbolic curve (y=ax/(b+x)) was fit to the data points (Figure 4). The

resulting curve appeared to fit the Michaelis-Menten kinetic model.

The curve suggests that the histidine transport reached saturation when the

concentrations ofzinc chloride were at approximately 25 flM and 50 flM. The maximal

transport velocity, 25.47 pmollcm2
, was within experimental error ofthat ofthe

concentrations of 3H-L-hisitidine transported in the absence ofzinc which had been

determined to be 21.64 pmollcm2
. The affinity constant in the presence of zinc was

calculated as 7.73 flM. This value ofKtrepresents binding affinity of the zinc molecule

and not that ofL-histidine. As the rate at zero JlM zinc chloride in the presence of 100

JlM L-histidine is inconsistent with data presented in Figure 3, it is assumed that true

equilibrium ofthe system was not achieved for initial data points. As a result, it is

uncertain that the low affinity constant for the zinc chloride is significant. It is clear from

Figure 4 that zinc chloride present at high concentrations has no adverse influence on the

transport of 100 JlM 3H-L-histidine.

25



Effect of Zinc (0, 5, 10 , 25, 50, 100, 250 J1M) in the Transmural Transport
of 100J1M 3H-L-Histidine Across the Intestinal Epithelium of H. americanus
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Figure 4. While keeping the concentration of3H-L-Histidine at a constant concentration

of 100 ~M, the system was perfused with varying concentrations ofzinc chloride (0,5,

10,25, 50, 100 and 250 ~M). The plot is based upon average data of five experiments.

The curve suggests that the histidine transport reached saturation when the concentrations

ofzinc chloride were at approximately 25 ~M and 50 ~M. The maximal transport

velocity, 25.47 pmoVcm2
, was within experimental error of that of the concentrations of

3H-L-hisitidine transported in the absence ofzinc which had been determined to be 21.64

pmoVcm2
. The affinity constant in the presence of zinc was calculated as 7.73 ~M.
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Effect of25 pM Zinc Chloride and 50 pM Zinc Chloride on the Transmural

Transport of3H-L-Histidine

While the concentrations of3H-L-histidine were varied (0, 10, 25, 50, 100, 250,

500 JlM), the concentration ofzinc chloride in the perfusate was maintained at 25 JlM for

the duration of the experiment. As in previous experiments the transport rates of 3H-L

histidine were plotted against the variable, in this case L-histidine. A hyperbolic curve

was fit to data points suggesting Michaelis-Menten kinetics (Figure 5). The value of

maximal transport velocity, 23.28 pmoVcm2
, was slightly larger that that of transmural

transport of3H-L-histidine in the absence ofzinc chloride (21.64 pmoVcm2
). In addition,

the affinity constant of the system was considerably larger, with a calculated value of

31.33 JlM, compared to the 10.02 JlM without zinc chloride, indicating a decreased

affinity ofthe carrier molecule for the amino acid.

This experiment was repeated using a concentration of 50 11M ofzinc chloride

rather than 25 11M. The data were graphed in the same manner and fit with a hyperbolic

curve (Figure 6). In the presence of 50 JlM zinc, the maximal transport velocity (Jmax)

was determined to be 27.32 pmoVcm2
. This value is larger than the maximal transport

velocity of3H-L-hisitidine in the presence of25 11M zinc (23.28 pmol/cm2
). It is also

considerably greater than the maximal transport velocity of3H-L-histidine transport in

the absence ofzinc which was calculated to be 21.64 pmoVcm2
. Based on the curve

(Figure 6) the affinity constant of the carrier molecule in the presence of 50 JlM zinc was

determined to be 25.62 JlM which is significantly less than that ofthe 25 JlM zinc

system. This value is greater than the affinity constant in the transport of 3H-L-histidine

in the absence ofthe metal, 10.02 JlM.
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Effect of 25 flM Zinc on Transmural Transport of
3H-L-Histidine (0, 10,25, 50, 100,250, 500 flM)
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Figure 5. The graph illustrates the effect of 25 IJM of zinc chloride on the transmural

transport ofvarious concentrations of 3H-L-histidine (0, 10,25,50, 100,250,500 IJM).

The data points plotted are the average data ofsix experiments. The value ofmaximal

transport velocity was calculated as 23.28 pmolfcm2
, and the affinity constant ofthe

system was determined to be 31.33 IJM.
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Effect of 50 ~M Zinc on Transmural Transport of
100 ~M 3H-L-Histidine (0, 10, 25, 50 , 100, 250, 500 ~M)
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Figure 6. The data points on this figure represent the average data of four experiments.

This graph illustrates the effect of 50 !JM ofzinc chloride of the transmural transport of

varied L-histidine concentrations (0, 10, 25, 50, 100, 250, 500 11M). In the presence of 50

11M zinc, the maximal transport velocity Ornax) was determined to be 27.32 pmol/cm2
.

Furthermore, the affinity constant of the carrier molecule in the presence of 50 11M zinc

was determined to be 25.62 11M.

These results suggest that the maximal transport velocity of 3H-L-histidine is

not greatly affected by the presence ofzinc. The binding affinity ofthe carrier molecule

is, however, affected in the presence of the metal. When no zinc is present, the affinity

constant, 10.02 11M, is much less that the affinity constants of the carrier molecule in the
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presence of25 ~M and 50 ~M zinc, 31.33 and 25.62 ~M respectively. A summary of

both experiments plotted together is presented in Figure 7.

Effect of 2511M and 50 llM Zinc on Transmural
Transport of 100 llM 3H-L-Histidine
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Figure 7. The results ofthe experiments for both 25 ~M zinc (Figure 5) and 50 ~M zinc

(Figure 6) are presented in Figure 7. Form the graph it would appear that there is a

higher rate of transmural transport of 3H-L-histidine in the presence of 50 ~M zinc.

However, both systems appear to begin saturating at the same point, 100 ~M L-histidine.
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Effect ofL-Leucine on the Transmural Transport of3H-L-Histidine

While keeping the concentration of3H-L-histidine in the perfusate at 100 11M

throughout the duration of the experiment, the concentrations ofL-leucine in the

perfusate were varied. The initial thirty minutes ofthe trial perfused the intestine solely

with 100 11M 3H-L-histidine followed by solutions containing 25, 50, 100, 250, and 500

11M L-Ieucine. Transmural transport rates of 3H-L-histidine at each concentration ofL

leucine were determined and plotted against the corresponding concentration ofL-leucine

using SigmaPlot graphing software. Using the curvefit function ofthe software, a

hyperbolic curve was fit to the data points, suggesting the data again fit Michaelis

Menten kinetics (Figure 8).

Based on these data, the maximal transport velocity (Jmax) was determined to be

36.44 pmol/cm2
, and affinity constant {Kt) was 4.76 11M. The transport velocity was

clearly larger than that of ~-L-histidinealone (Figure 3). In addition, the affinity

constant for leucine (4.76 J.lM) was surprisingly lower than that ofthe transmuraI 3H-L

histidine transport (10.02~) (Figure 3). These data imply that L-Ieucine enhances the

transport ofL-histidine. It may do so by lowering the Km value for L-histidine. To prove

that this possibility is indeed true, the effect ofa saturating concentration of leucine (i.e.

100~ ofleucine) should be tested, as the concentrations ofL-histidine is varied; as was

carried out in zinc chloride experiments. In addition, a study of leucine transport

independent ofhistidine would be of interest.
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Effect of Leucine on the Transport of 100 J.1M 3H-L-Histidine
in the presence of 25 J.1M Zinc
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Figure 8. As the concentration of3H-L-histidine in the perfusate was held constant at 100

11M, and the concentration ofzinc chloride was held at 25 11M, various concentrations of

L-Ieucine were added to the system (0, 25, 50, 100, 250, and 500 11M). Based on these

data, the maximal transport velocity (Jrnax) was determined to be 36.44 pmol/cm2
, and

affinity constant (Kt) was 4.76 11M. The data presented represent an average of three

experiments.
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Effect ofCalcium Chloride on the Transmural Transport of'H-L-Histidine in the

Presence of25 JiM Zinc Chloride

The effect ofcalcium on the transmural transport ofL-histidine was tested by

adding various concentrations ofcalcium chloride to the perfusate which contained

100 liM 3H-L-histidine and 25 liM zinc chloride. Initially, the preparation was perfused

with a solution containing only 100 liM 3H-L-histidine and 25 liM zinc chloride, which

was then followed by perfusates of25, 50, 100, and 250 liM CaCho As in prior

experiments, the transmural transport rate of3H-L-histidine was calculated for each

concentration ofcalcium. These quantities were plotted against the corresponding

concentration ofcalcium. Excluding the first point plotted, which may be questioned, it

is difficult to assign a hyperbolic curve form to the data plot. A case may be made for the

fit of a linear plot, with a maximal rate ofL-histidine transport being less that that in the

absence ofCaCh (Figure 9). The shape of the curve plotted in Figure 9 indicates that

calcium is inhibiting the transport of 3H-L-histidine in the presence ofzinc.

While the maximal transport velocity of21.77 pmolfcm2 was similar to those

values calculated for 3H-L-histidine transport in the absence and presence ofzinc, the

value of the affinity constant was quite high, at 35.53 liM. This value indicates that

calcium is inhibiting the transport of3H-L-histidine in the presence ofzinc.
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Effect of Calcium on the Transmural Transport of 100 f.1M 3H-L-Histidine
in the presence of 25 f.1M Zinc
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Figure 9. The concentration of the histidine was maintained constant at 100 J.1M, and the

concentration ofzinc at 25 J.1M, while varying concentrations ofcalcium chloride (0, 25,

50, 100, 250 J.1M ) were perfused through the intestine. The data points represent the

average oftwo experiments. The data do not fit well to a hyperbolic curve, and a case

might be made for the fit of a linear plot. For these data, the maximal transport velocity

(Jmax) was determined to be 21.77 pmol/cm2
, ant the affinity constant (Km) was 35.53

J.1M.
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Data were further analyzed, comparing the rate of transport and binding affinity

of the L-histidine molecule in the absence of zinc chloride, and its presence ofzinc at 25

11M and 50 11M (Table 1).

Table 1. Transmural Transport of 3H-L-Histidine in the Presence of Zinc Chloride

3H-L-Histiditte Transport

ZnCh (flM) 0 25 50

J max (pmollcmz
) 21.6 23.3 27.3

Km(flM) 10 31.3 25.6

With respect to the values of transport rate (Jrnax), there is not a significant

difference among the values at the two different zinc chloride concentrations. There are,

however, noticeable differences among the values of binding affinity (Krn) for each

concentration ofzinc. With the measured binding affinity being greatest in the presence

of 25 11M zinc.

The rates of transport for L-histidine at equilibration of the system were

compared for each experimental parameter used in this study. Two different

concentrations of the variable substances were selected and are presented in Table 2. In

the experimental preparation where the transport of L-histidine is being reported (Figure

3) in the absence of other factors, the transport rates that are listed in the table are those at

100 11M and 250 11M L-histidine.

Table 2. Transmural Transport of 3H-L-Histidine at Equilibration of System

Experimental Preparation Transmural Transport of Transmural Transport of
of Intestine 3H-L-Histidine at 100 ,..,M 3H-L-Histidine at 250 ,..,M

of Variable Substance of Variable Substance
(pmollcm2

) (pmol/cm2
)

L-Histidine (no Zinc) 19.5 ±4 19.8±3
(variable substance was L-histidine)

25,..,M Zinc 15.6±2 19.1±1
(variable substance was L-histidine)

50,..,MZinc 25.3±8 26.0±8
(variable substance was L-histidine)

L-Leucine 37.7±21 32.9±19
(variable substance was L-Ieucine)

Calcium 11.9±1 21.1±9
(variable substauce was calcium)
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From the data presented in Table 2, it is evident that the rate of transport of

3H-L-histidine at 250 j.1M L-histidine was increased in the presence of 50 j.1M zinc from

19.8 ±3 to 26.0±8. The rate of transport also increased in the presence ofL-leucine.

Both calcium and 25 j.1M zinc appeared to suppress the rate oftransport ofthe L

histidine.
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DISCUSSION

While there is considerable variation in the data, it is evident that the intestinal

epithelium of Homarus americanus transports 3H-L-histidine from the lumen of the

intestine to the serosal side of the tissue. It is clear from the results of the experiments

that the transport ofL-histidine is via a carrier-mediated transporter. This is indicated by

the saturation kinetics seen in the transport ofL-histidine (Figure 3) where the system is

saturated at 100 J!M L-histidine.

Amino acids are transported by three major processes: simple diffusion,

facilitated diffusion, and active transport (Stevens et aI., 1984). It is possible that the

histidine molecule simply passes through the gap junctions between the cells. This may

be particularly true as the tissue loses viability over time. Facilitated transport of 3H_L_

histidine involves the amino acid being taken up from the gut via a carrier across the

brush-border membrane of the luminal side of the intestinal tissue. The molecule then

diffuses through the cytoplasm and exits the cell through the serosal side of the tissue via

the basolateral membrane. Active transport of an amino acid occurs as a consequence of

the polarity of brush border epithelium (Stevens et aI., 1984) or an energy dependent

process. Amino acids are transported across the plasma membranes by a multiplicity of

carriers (Stevens et aI., 1984; Liou, 1990).

Data presented in Figure 3 indicate that a 3H-L-histidine transport system reaches

saturation when the concentration ofL-histidine reached 100 J!M. This suggests a carrier

mechanism is present and transporting the amino acid, and is saturated at this

concentration. There are three major transport routes by which molecules may enter the
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intestinal membrane: nonsaturable simple diffusion, Na+-independent carriers, and Na+

dependent carriers (Stevens et aI., 1984).

Ofthe Na+-independent carrier systems, there are two prime carrier systems found

in the brush border membrane, the L-system and y+ system. The L-system transporter

can be found in all eukaryotic cell types and transports neutral amino acids. The y+

transporters tend to carry cationic and some neutral amino acids (Stevens et aI., 1984).

The most common Na+-dependent carrier in brush border membranes is the Neutral

Brush Border (NBB) system. This transporter carries neutral amino acids, particularly

zwitterions at pH 7.5 (Stevens et aI., 1984).

It has been determined in previous studies in both vertebrates and invertebrates

(Liou, 1990; Stevens et aI., 1984) that in most animal cells, L-histidine is transported

across the cell membrane by a combination of two Na+-independent carrier processes, the

Land y+ systems (Stevens et aI., 1984). Due to the variability in the data presented in

this experiment, the presence of these systems in the intestinal epithelium of the lobster

cannot be confirmed, though there is not firm evidence for metal dependency for

histidine transport.

L-histidine is 90-95% zwitterionic at pH 7.2 (Ahearn, H.R.H. et aI., 2000), the pH

ofthe physiological saline used in this experiment. In an experiment investigating the

uptake ofL-histidine in polychaetes, it was determined that the use of the y+ system by L

histidine at a pH of7.2 would be minimal (Ahearn, H.R.H. et aI., 2000). It may be

assumed then that most of the amino acid influx measured in the lobster intestine took

place largely through a Na+-independent carrier system resembling the L-system.
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As the experimental transport system appeared to saturate at a L-histidine

concentration of 100 p,M (Figure 3), this concentration of the amino acid was used in

subsequent experimental trials. Based on data presented in Table One, it seems that zinc

does not significantly stimulate the influx of 3H-L-histidine. The Jrnax value at a

concentration of 0 p,M zinc chloride was 21.6 pmol/cm2
, while this value was only

slightly higher at higher concentrations ofzinc chloride with a Jrnax of 23.3 pmollcm2 at a

zinc chloride concentration of25 p,M (Figure 5) and 27.3 pmollcm2 at 50 p,M (Figure 6)

zinc chloride. Due to the variability of the experimental system, these values are too close

to state that there is significant increase in uptake ofL-histidine in the presence of zinc.

It does however indicate a lack ofmajor influence ofzinc on histidine transport.

When comparing the effects of these two concentrations of zinc chloride

(Figure 7) at 100 p,M of L-histidine, it appears that the value of Jrnax for 50 p,M ofzinc

chloride (25.3±8 pmollcm2
) is higher than that of25 p,M ofzinc chloride (15.6±2

pmol/cm2
) (Table 1). This indicates that the maximal influx rate of L-histidine may be

slightly greater in the presence of a greater concentration ofzinc. Zinc has been shown to

activate transport proteins involved in transport of amino acid through cellular

membranes by changing the transporter's affinity for substances (Girouz & Henkin,

1972; Wapnir et aI., 1983, 1986). Aiken, Hom and Saunders (1992) found histidine to

promote the net uptake of 65Zn2+ into rat erythrocytes. This study suggested that zinc

may be transported as a metal-amino acid complex on a transporter that normally carries

histidine alone. The transporter is stimulated to increase uptake of the amino acid when it

is complexed with the metal. Zinc has been found to combine with one or two histidine
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molecules on solution (Hom, 1995). It has been suggested that an L-system carrier is a

likely candidate for the transport of this complex (Liou, 1990).

L-Ieucine has been shown to be the preferred substrate for both y+ and L-systems

carriers (Liou & Ellory, 1993). In addition, it has also been demonstrated in rat

erythrocytes (Aiken et aI., 1992) and polychaetes (Ahearn, H.R.H. et aI., 2000) that L

histidine uptake is inhibited by L-Ieucine. It was thought that when solutions ofL

leucine were combined with a solution containing 100 J!M 3H-L-histidine, less L

histidine would be transported across the lobster intestinal tissue. This would be

indicated by less tritium activity in the serosal bathing medium. Furthermore, the

maximal transport velocity (Jrnax) of L-histidine in the leucine system (Figure 8) would be

less than that of the preparation without L-Ieucine (Figure 3). However, it is illustrated in

Table 2 that this is not what was observed. The maximal transport velocity was

calculated to be 37.7±21.0 pmol/cm2 in the presence ofL-leucine, while the Jrnax value for

the system in the absence ofL-leucine was less, with a value of 15.6±2 pmol/cm2
• There

is a great amount of error in the calculated Jrnax value for the L-Ieucine preparation (Table

2) as well as on the graph which illustrates the data from the preparations (Figure 8).

In an investigation of the transport ofL-histidine in polychaetes (Ahearn,

H.R.H. et aI., 2000) it was found that the overall effect of calcium was to reduce 3H_L_

histidine transport. The L-transporter that was found to transport the amino acid in the

worm contains cation regulatory site that could be occupied by calcium (Ahearn, H.R.H.,

et ai. 2000). It has been suggested that there is a shared transport site for zinc and

calcium in apical gill tissue (Hogstrand et aI.,1996) and intestinal tissue of the rabbit

(Rodriguez-Yoldi et aI., 1995). It is possible that rather than binding directly to the
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histidine molecule and being transported as a metal-amino acid complex, zinc may bind

directly to the membrane transporter. If so, when a significant concentration of calcium

ions are added to the system, calcium could compete with zinc for the divalent cation

binding site.

Data presented in Figure 9, L-histidine transport as a function of calcium

concentration, do not appear to fit a hyperbolic curve for histidine transport as seen in

previous experiments. A case may be made for the fit of a linear plot, with a maximal

rate ofL-histidine transport being less that that in the absence ofCaCh (Figure 5). The

shape of the curve plotted in Figure 9 indicates that calcium is inhibiting the transport of

3H-L-histidine in the presence ofzinc. While the maximal transport velocity of21.77

pmol/cm2 was similar to those values calculated for 3H-L-histidine transport in the

absence and presence of zinc, the value of the affinity constant was quite high, at 35.53

11M. This value indicates that calcium is inhibiting the transport of 3H-L-histidine in the

presence of zinc. The mechanism for the effect of calcium on the transport of L-histidine

cannot be determined by the data.

For the research to be more complete, there would need to be assured of the

viability of the tissue during the experimental procedure as well as assurance of an

adequate an aeration mechanism and temperature regulation for the serosal bathing

medium in the Lucite chamber. In addition, a greater number ofexperimental trials

should have been conducted.
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