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Abstract The intestine of the American lobster,

Homarus americanus, was isolated and perfused in

vitro with a physiological saline, based on the ion

composition of the blood, to characterize the mecha-

nisms responsible for transmural transport of zinc and

how the amino acid, L-histidine, affects the net

movement of the metal across the tissue. Previous

studies with this preparation, focusing on the charac-

teristics of unidirectional mucosa to serosa (M to S)

fluxes of 65Zn2+ and 3H-L-histidine, indicated the

presence of a brush border co-transport process

responsible for simultaneously transferring the metal

and amino acid across this tissue as an apparent bis-

complex (Zn-[His]2) using a PEPT-1-like dipeptide

carrier mechanism. In addition, both zinc and L-his-

tidine were also transferred toward the blood by

separate transporters that were independent of the

other substrate. The focus of the present study was to

characterize the serosa to mucosa (S to M) flux of
65Zn2+ under a variety of conditions, and use these

values in conjunction with those from the previous

study, to assess the direction and magnitude of net

metal movement across the tissue. Transmural S to M

transport of 65Zn2+ was markedly reduced with the

addition of the serosal inhibitors ouabain (32%), ex-

cess K+ (25%), excess Ca2+ (30%), Cu2+ (38%),

nifedipine (21%), and vanadate (53%). In contrast,

this flux was markedly stimulated with the serosal

addition of ATP (24%) and excess Na+ (28%). These

results suggest that S to M fluxes of zinc occurred by

the combination of the basolateral Na/Ca exchanger

(NCX), where zinc replaced calcium, and a basolat-

eral nifedipine-sensitive calcium channel. Transmural

M to S 65Zn2+ fluxes (5–100 lM) were threefold

greater than S to M metal transport, and the addition

of luminal L-histidine doubled the net M to S zinc flux

over its rate in the absence of the amino acid. The

results of this paper and those in its predecessor

indicate that zinc transport by the lobster intestine is

absorptive and significantly enhanced by luminal

amino acids.
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Introduction

The intestine and hepatopancreas in crustaceans are

the main sites of nutrient and mineral absorption and

specific transport proteins involved in transferring

dietary elements to the blood are found on both the

apical and basolateral membranes of the epithelial

cells that line both organs. Essential metals in the diet

of crustaceans, such as zinc, copper, and iron, are

involved in important physiological processes such as

acting as co-factors for a multitude of enzymatic

activities and for being involved in the oxygen

Communicated by I.D. Hume.

E. M. Conrad � G. A. Ahearn (&)
Department of Biology, University of North Florida,
4567 St. Johns Bluff Road, South,
Jacksonville, FL 32224, USA
e-mail: gahearn@unf.edu

123

J Comp Physiol B (2007) 177:297–307

DOI 10.1007/s00360-006-0129-0



transporting function of hemocyanin. Zinc has a vital

role in growth and development, immune reactions,

and in reproductive status of many animals (Ham-

bridge 2000; Bury et al. 2003) and must be supplied in

the diet. Organismic cellular uptake processes for this

metal occur by carrier mechanisms of the ZTL and

ZIP gene families (Gaither and Eide 2001a, b; Cragg

et al. 2002), through the relatively nonspecific metal

DMT-1 transporter (Gunshin et al. 1997), or through

calcium channels or calcium carrier proteins (Ahearn

et al. 1994; Ahearn and Zhuang 1996; Bury et al.

2003). In the last 10 years additional zinc transport

systems have been described that involve the appar-

ent coupling of the metal with certain amino acids

such as L-histidine and L-cysteine (Horn et al. 1995;

Horn and Thomas 1996; Glover and Hogstrand 2002a,

b; Glover et al. 2003). These studies suggest that zinc

forms bis-complexes (Zn-[His]2) in solution with these

amino acids and the complex itself is transported as a

unit across cellular membranes. The identity of

this amino acid-dependent zinc transport system was

unclear until recently.

Recent work with the perfused lobster (Homarus

americanus) intestine investigated the nature of the

coupling between transmural mucosa to serosa (M to

S) fluxes of 65Zn2+ and 3H-L-histidine (Conrad and

Ahearn 2005). This study established that the metal

and the amino acid, when present together in the

luminal perfusate, were translocated across the tissue

apparently as a bis-complex using a PEPT-1-like

dipeptide transport system previously characterized

in the lobster hepatopancreas (Thamotharan and

Ahearn 1996). In addition to this co-transport system

involving metal and amino acid, each substrate was

also able to employ independent brush border trans-

port systems that accommodated their transmural

fluxes without the association of their co-substrate.

However, as a result of the shared co-transport

mechanism, the unidirectional M to S flux of the

metal was doubled and that of the amino acid tripled

over their respective independent movements across

the intestine.

The present investigation is a continuation of this

previous study focusing on the transmural serosa to

mucosa (S to M) fluxes of radiolabeled zinc. In addi-

tion, this study integrates the present results with those

of the previous piece of work to establish the direction

and magnitude of net zinc flux across the tissue and the

role of L-histidine in stimulating this metal transfer

process. Results support the notion that intestinal

absorption of both zinc and L-histidine are markedly

stimulated by the presence of their co-substrates in the

luminal perfusate.

Materials and methods

Live American lobsters (H. americanus; 0.5 kg each)

were purchased from a local commercial dealer and

maintained in filtered seawater holding tanks at 15�C

until needed for the experiments. Lobsters were fed

frozen mussel meat several times a week while being

maintained.

A physiological saline solution was developed in

conjunction with the salt composition and osmolarity

of lobster hemolymph. This medium included the fol-

lowing salt concentrations (mM): NaCl, 415; CaCl2, 25;

KCl, 10.0; NaH2PO4 · 2H2O, 1.0; NaHCO3, 4.0;

Na2SO4, 8.4; HEPES, 30. The osmotic pressure of this

incubation medium was ~950 mOsmoles/kg and the

pH of the solution was adjusted to 7.1 for experimental

conditions.

In vitro transmural transports of L-histidine and Zn2+

were examined using a simple perfusion apparatus as

described in detail previously (Ahearn and Hadley

1977a, b; Ahearn and Maginniss 1977; Brick and Ahearn

1978; Wyban et al. 1980; Chu 1986). Briefly, intact

intestines were flushed of contents and mounted with

surgical thread on blunted 18–20 gauge stainless steel

needles in a lucite chamber containing the incubation

medium (30 ml) which served as the serosal medium.

This solution was also perfused through the intestines as

the mucosal medium using a peristaltic pump (Instech

Laboratories Inc., Plymouth meeting, PA, USA) at a

flow rate of 380 ll/min for periods of time up to 180 min.

Previous studies using other crustacean species have

shown intestinal viability under conditions used in this

investigation for up to 5 h of continuous perfusion

(Ahearn and Hadley 1977a, b; Ahearn and Maginniss

1977; Chu 1986). Variable concentrations of L-histidine

and Zn2+ were added to the mucosal medium as needed.

Experiments were conducted at 23�C.

Transmural mucosal to serosal (M to S) transport

(previous study)

Characteristics of transmural M to S transport of 65Zn2+

across perfused lobster intestine were previously

investigated (Conrad and Ahearn 2005) and some of the

resulting data from this early study are present here to

compare with S to M transport of the metal. In this

previous study an intestine was perfused with the

mucosal medium for 10–20 min before experimentation

to allow for the steady state appearance of isotope in the

serosal compartment and to inspect for correct mount-

ing in the perfusion chamber. Experimental mucosal

solutions containing L[2,5]3H-histidine (Amersham

Biomedicals, Piscataway, NJ, USA) or 65ZnCl2 (Oak
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Ridge National Laboratory, Oak Ridge, TN, USA)

were next perfused through the intestine at pH 7.1.

Triplicate 200 ll samples were removed from the se-

rosal bath, added to scintillation cocktail, and counted

for radioactivity in a Beckman LS6500 scintillation

counter. Unidirectional transmural M to S flux rates

were determined over 30 min periods with bath samples

taken every 5 min. Intestinal surface area (cm2) was

computed on each preparation using the equation for

determining the area of a cylinder:

A ¼ 2prl;

where A is the total area in cm2, r is intestinal radius,

and l is the length of the preparation between the two

surgical thread ties. The rate of radioactivity increase

in the serosal bathing medium was used to calculate the

transmural M to S transport rate of the isotope under

the conditions of each experiment.

Transmural serosal to mucosal (S to M) transport

(present study)

In the present series of experiments, that examined

transport in the S to M direction, the intestine was

placed in the serosal medium that contained radio-

actively labeled 65Zn2+ and a variety of unlabeled

test solutes with perfusate passing through the

intestine using the peristaltic pump at the constant

rate of three drops per minute. Radiolabeled samples

coming out of the intestine in the perfusate were

collected every minute for 60–120 min with tarred

scintillation tubes. After an additional weighing of

these vials with their fluid content, 5 ml of Scinti-

Vase was added to the tube, which was then sent

through the Beckman LSC500 scintillation counter to

reveal the radioactivity present in each sample.

Unidirectional S to M fluxes were determined at

each serosal zinc concentration by collecting radio-

active perfusate each minute for either 30 or 60 min.

Flux rates were estimated from the average of these

samples after computing intestinal surface area as

described previously. These flux rates were expressed

as pmoles/cm2/min.

Each of the experiments was subjected to statistical

tests with analysis of variance (ANOVA). Transmural

transport kinetics of 65Zn2+ were fitted to Michaelis–

Menten functions using Sigma Plot software (Jandel

Scientific, San Rafael, CA, USA). Results are reported

as representative experiments that were repeated three

times producing qualitatively similar results. Data

points on individual figures represent mean values

from at least three replicates ± SEM.

Results

Factors affecting serosal to mucosal flux of 65Zn2+

Extended time course of S to M flux of 65Zn2+

Transepithelial S to M transport of 20 lM 65Zn2+ for

180 min of continuous perfusion was conducted to

establish that steady-state S to M isotopic zinc flux was

constant over 180 min of incubation. Figure 1 indicates

that after an initial 30 min pre-incubation period (not

shown) three consecutive 60-min periods of 1-min S to

M 65Zn2+ flux measurements were not significantly

different from one another (P > 0.05). The overall

mean rate of effluent appearance of 65Zn2+ over

180 min was 0.60 ± 0.01 pmol/cm2/min, with an overall

change throughout the collection period of <5%.

Effects of serosal drugs on S to M flux of 65Zn2+

To test the hypothesis that serosal zinc was directly or

indirectly using an ATPase for S to M transport, the

effects of two drugs, 50 lM vanadate and 500 lM

ATP, were added individually to the serosal medium

followed by sequential 1-min S to M measurements of

20 lM 65Zn2+ transport over a 60-min incubation per-

iod. As the left panel of Fig. 2 shows, following a 60-

min control S to M transport interval resulting in a
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Fig. 1 Effect of 20 lM serosal 65Zn2+ on the transmural S to M
flux of the metal by perfused lobster intestine over an extended
incubation period. Columns indicate mean values for 1-min
perfusate collections over three sequential 60-min incubation
intervals with their associated standard errors and number of
collections (n-values). The overall mean flux value, its standard
error, and sample size for the entire 180-min perfusate period is
displayed at the top of the figure. There were no significant
differences between the three 60-min collection intervals
(P > 0.05)
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unidirectional 65Zn2+ flux of 0.27 ± 0.01 pmol/cm2/min

(n = 44), addition of vanadate to the serosal medium

resulted in a highly significant (P < 0.01) reduction in S

to M transport of the radiolabeled metal to

0.13 ± 0.004 pmol/cm2/min (n = 58). In contrast, as

shown in the right panel of Fig. 2, when 500 lM ATP

was added to the serosal bath the control S to M flux of

0.17 ± 0.002 pmol/cm2/min (n = 27) was significantly

(P < 0.02) increased to 0.22 ± 0.004 pmol/cm2/min

(n = 22).

Since it appeared that an ATPase transporter may

be at least partially responsible for S to M 65Zn2+

transport, the drug ouabain was used to assess whether

the basolateral 3Na+/2K+-ATPase might be a likely

primary active transport process involved in moving

the metal across the epithelium. Figure 3 shows the

results of serosal addition of 100 lM ouabain on uni-

directional flux of 20 lM 65Zn2+. In the presence of the

drug, S to M zinc transport was significantly (P < 0.01)

reduced from 0.56 ± 0.01 (n = 44)(control) to

0.38 ± 0.01 pmol/cm2/min (n = 34)(ouabain). In addi-

tion, when the calcium channel blocker, nifedipine

(100 lM), was added to the serosal medium along with

100 lM ouabain, the S to M transport of radiolabeled

zinc was further significantly (P < 0.01) reduced to

0.26 ± 0.01 pmol/cm2/min (n = 28). Because of their

differential specificities, these results suggest that

ouabain and nifedipine may affect different membrane

proteins responsible for the transfer of zinc across the

epithelium.

Effects of serosal divalent and monovalent cations

on S to M 65Zn2+ transport

To access whether the transmural transport of 65Zn2+

across lobster intestine was influenced by increasing

serosal calcium ion concentration from its normal

value of 25 to 50 mM, an experiment was conducted

examining the time course of S to M 20 lM 65Zn2+

transport in the presence of these two calcium con-

centrations. As the left panel of Fig. 4 shows, the

control zinc transport rate across the intestine in the

control calcium condition was 0.10 ± 0.001 pmol/cm2/

min (n = 40) and was decreased 30% to 0.07 ±

0.001 pmol/cm2/min (n = 40) when the calcium

concentration was doubled in the serosal bathing

medium.

An additional experiment of this nature was per-

formed examining whether the addition of 50 lM

cupric ions to the serosal solution would affect the S to

M flux of 65Zn2+. As displayed in the right panel of
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Fig. 2 Effect of serosal 50 lM vanadate (left panel) or 500 lM
ATP (right panel) on the time course of transmural S to M
transport of 20 lM 65Zn2+. Unidirectional fluxes were deter-
mined from the mean ± SEM (n number of perfusate collec-

tions) of sequential 1-min perfusate collections over each 60-min
perfusion period in the respective conditions. Values displayed
on figure are in pmol/cm2/min
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Fig. 3 Effect of serosal 100 lM ouabain or 100 lM ouabain plus
100 lM nifedipine on the time course of transmural S to M
transport of 20 lM 65Zn2+. Unidirectional fluxes were deter-
mined as described in Fig. 2
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Fig. 4, control S to M flux of 20 lM 65Zn2+ without

serosal Cu2+ was 0.38 ± 0.03 pmol/cm2/min (n = 20)

and was reduced by 38% to 0.23 pmol/cm2/min

(n = 23) in the presence of the metal in the serosal

incubation medium. Since both an increase in serosal

calcium and the presence of copper in this medium

significantly decreased the S to M flux of 65Zn2+, it can

be inferred that the three divalent cations likely use a

similar transport system and compete for it when

present together on the serosal surface of the intestine.

The effects of altering the serosal concentrations of

potassium and sodium on the S to M flux of 20 lM
65Zn2+ is shown in the left and right panels, respec-

tively, of Fig. 5. Zinc transport in the presence of

control potassium concentration (10 mM) was

0.12 ± 0.003 pmol/cm2/min (n = 19) and this was sig-

nificantly (P < 0.01) decreased to 0.09 ± 0.003 pmol/

cm2/min (n = 20) when potassium was elevated to

20 mM. Additional increases in serosal potassium

concentration to 50 or 100 mM did not further reduce

the S to M flux of the radiolabeled metal. When

100 mM potassium and 436 mM sodium were used in

the serosal solution as a control condition the S to M

flux of 20 lM 65Zn2+ was 0.12 ± 0.002 pmol/cm2/min

(n = 38) (Fig. 5, right panel). Increasing the serosal

sodium concentration to 600 mM significantly

(P < 0.01) elevated the S to M metal flux to

0.16 ± 0.001 pmol/cm2/min (n = 30). These data sug-

gest that while the divalent cations calcium and copper

were uniformly inhibitory to transmural 65Zn2+ trans-

port, the monovalent cations potassium and sodium

had dissimilar effects on metal transfer with the former

being inhibitory and the latter stimulatory.

Components of net transmural zinc transport

Results from the present investigation examining the

nature of transepithelial S to M 65Zn2+ transport were

combined with selected data from a previous study

(Conrad and Ahearn 2005) emphasizing M to S
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Fig. 4 Effect of serosal 50 mM calcium (left panel) or 50 lM copper on the time course of transmural S to M transport of 20 lM
65Zn2+. Unidirectional fluxes were determined as described in Fig. 2

160140120100806040200
80.0

01.0

21.0

41.0

61.0

81.0

02.0

22.0

42.0

62.0
02,lortnoC µ KMm001htiwnZM +

02 µ KMm001htiwnZM + aNMm006dna +

160140120100806040200
60.0

80.0

01.0

21.0

41.0

61.0

81.0

02.0
KMm01,lortnoC +

KMm02 +

KMm05 +

KMm001 +

)91=n(300.0±121.0

)02=n(300.0±790.0

)02=n(200.0±201.0

)02=n(200.0±001.0

)83=n(200.0±511.0

)03=n(300.0±951.0S
 t

o
 M

 6
5 Z

n2
+ 

tr
an

sp
o

rt
 

Time (minutes)

(p
m

o
l/c

m
2 

m
in

-1
) 

Fig. 5 Effect of excess potassium (left panel) or excess potassium and excess sodium (right panel) on the time course of transmural S to
M transport of 20 lM 65Zn2+. Unidirectional fluxes were determined as described in Fig. 2
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transport of the metal under a variety of experimental

conditions to ascertain the direction and magnitude of

net zinc flux across the tissue and to identify the pos-

sible mechanisms responsible for this transfer. Figure 6

describes the components of transepithelial transport

of 65Zn2+ across perfused lobster intestine over a con-

centration range of 0–100 lM zinc (pooled data from

three animals). Unidirectional transepithelial fluxes of

zinc in each direction were measured as pmol/cm2/min

and were obtained using 30-min time course incuba-

tions at each zinc concentration. When measuring M to

S fluxes of 65Zn2+ these time courses were performed

by perfusing an intestine with radiolabeled zinc at the

proper concentration over 30 min and sampling the

serosal bath for the appearance of isotope every 5 min

(Conrad and Ahearn 2005). A regression analysis of

the serosal accumulation of labeled zinc over this 30-

min period was performed using Sigma Plot software

to obtain the flux rate under the conditions chosen. The

slopes of the resulting regression lines at each con-

centration were obtained as pmol/cm2/min and are

presented in Fig. 6 along with respective associated

standard errors. When measuring S to M fluxes of
65Zn2+, the radioactivity was added to the serosal

medium as described previously in this paper, and the

radiolabeled perfusate was collected in thirty 1-min

intervals. The means and standard errors of these

perfusate samples at each zinc concentration are dis-

played on Fig. 6.

As shown in Fig. 6, the movement of zinc across

lobster intestine in either direction was a hyperbolic

function of either luminal or serosal zinc concentration

and both M to S and S to M fluxes followed the

Michaelis–Menten equation:

JZn ¼ Jmax½Zn�= KZn þ ½Zn�ð Þ;

where JZn is the M to S, or S to M, flux of radiolabeled

zinc in the presence or absence of luminal L-histidine

(20 lM), Jmax is the apparent maximal transmural

transport rate, KZn is an apparent affinity constant of

the respective transport systems for the metal, and [Zn]

is the luminal, or serosal, zinc concentration. As shown

in this figure, M to S flux of the metal exceeded that in

the opposite direction in the absence of luminal L-his-

tidine. Addition of 20 lM L-histidine to the luminal

perfusate significantly (P < 0.01) enhanced M to S flux

of 65Zn2+ compared to that in the absence of the amino

acid. Transepithelial transport kinetic constants and

their standard errors determined for 65Zn2+ fluxes

across the tissue in the presence and absence of amino

acid are presented in Table 1. As seen from this table,

L-histidine significantly (P < 0.01) increased the maxi-

mal M to S transport velocity (Jmax) of the radiolabeled

metal compared to its rate in the absence of the amino

acid.

Effect of luminal L-histidine on net transmural zinc

transport

Zinc transport values displayed in Fig. 6 and Table 1

were used to estimate the effect of luminal L-histidine

on the net M to S flux of 65Zn2+ across the perfused

intestine. Figure 7 shows the results of subtracting S to

M zinc flux from M to S transport of the metal in the

presence and absence of L-histidine. In the absence of

the amino acid, net M to S transepithelial of zinc was a

linear function of zinc concentration, suggesting that

lobster intestine is an absorptive organ for this partic-

ular metal in the absence of any stimulating organic

molecules. However, when 20 lM L-histidine was ad-

ded to the luminal perfusate, the net metal flux was

markedly enhanced. At 20 lM zinc, the amino acid

stimulated net M to S metal flux by over a factor of 10.

Discussion

Experiments reported in the present investigation

concerning the nature of transepithelial S to M fluxes
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Fig. 6 Components of transmural 65Zn2+ transport across per-
fused lobster intestine in the presence and absence of luminal
20 lM L-histidine. Mucosal to serosal and serosal to mucosal
fluxes of 65Zn2+ were measured as functions of their respective
cis substrate concentrations over 30-min incubations at each
metal concentration. Readings were taken every 5-min during M
to S fluxes and every 1-min for S to M fluxes. Slopes of the 30-
min M to S uptake curve were used to determine fluxes toward
the blood, while S to M fluxes toward the lumen at each
concentration were assembled from the mean ± SEM of 1-min
perfusate collections over the 30-min incubation. Vertical lines on
figure are SEM values of the respective means at each zinc
concentration. Curves through data were drawn using Sigma Plot
software and the Michaelis–Menten equation for carrier trans-
port
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of 65Zn2+ across the intestine of the American lobster,

H. americanus, support and extend previously pub-

lished information about the characteristics of M to S

fluxes of this metal (Conrad and Ahearn 2005). In

previous work we disclosed the presence of two dis-

similar carrier-mediated transport processes on the

intestinal brush border membrane that transferred zinc

from the intestinal lumen to the epithelial cytosol: (1) a

cotransport mechanism responsible for the simulta-

neous transmembrane transfer of two L-histidine mol-

ecules for each zinc ion by way of a PEPT-1-like

peptide transporter; and (2) a metal-specific carrier

process of an unidentified nature shared by Cu2+, but

not by the amino acid. Transepithelial M to S transport

of 20 lM 65Zn2+ was doubled by the addition of 20 lM

L-histidine to the luminal perfusate and transmural M

to S flux of 20 lM 3H-L-histidine was increased three-

fold when 20 lM zinc was added to the mucosal sur-

face along with the amino acid. It was suggested in this

paper that metal transport by the PEPT-1-like trans-

porter occurred because zinc associated with two L-

histidine molecules in solution in a bis complex that

was recognized by the dipeptide carrier process as an

acceptable molecular mimic of the normal peptide

substrate. This notion was strengthened by the signifi-

cant (P < 0.01) inhibition of transmural M to S trans-

port of 14C-glycyl-sarcosine by L-histidine only when

zinc was also present so that bis complexes could be

formed. Finally, M to S flux of 3H-L-histidine in the

presence of zinc was significantly (P < 0.01) stimulated

when the luminal pH was decreased from pH 7.1 to 6.1,

a phenomenon expected by the action of the proton-

dependent PEPT-1 carrier process (Liang et al. 1995;

Thamotharan and Ahearn 1996; Adibi 1997; Verri

et al. 2000; Zhou et al. 2000). While this paper provided

detailed information about the M to S fluxes of both
65Zn2+ and 3H-L-histidine, little was presented that

discussed the nature or extent of the S to M move-

ments of either substrate, nor the effect that S to M

fluxes might have on net transfers of these materials.

The results of the present paper, therefore, shed light

on the unidirectional movements of one of these sub-

strates (zinc) toward the lumen from the blood and the

present data are used in combination with those pre-

viously published to identify the direction and magni-

tude of its net flux. Tentative identities of transport

proteins and channels involved in S to M 65Zn2+

transport in this paper were obtained through the use

of selective drugs and ions which have known effects

on ion transport agents in other biological systems.

The hepatopancreas and the intestine of crustaceans

are derived from the same embryonic tissue (endo-

derm) and their cells likely share a number of similar

physiological properties. In lobster hepatopancreatic

epithelium calcium ion is transferred across the baso-

lateral membrane via a high affinity Ca2+-ATPase

(Kt = 65.3 ± 14.4 nM Ca2+), a low affinity 3Na+/1Ca+

antiporter (14.6 ± 5.0 lM Ca2+), and a verapamil-sen-

sitive cation channel (Ahearn and Zhuang 1996;

Zhuang and Ahearn 1998). A similar basolateral cal-

cium transport arrangement was also reported in

crayfish (Wheatly et al. 1999, 2002) and crab epithelial

cells (Flick et al. 1994). Previous work with lobster

hepatopancreatic basolateral membrane vesicles

showed that calcium was a competitive inhibitor of zinc

transport via both the Ca2+-ATPase (Ki = 205 nM

Ca2+) and 3Na+/1Ca+ exchanger (Ki = 2.47 lM Ca2+)

(Capo et al. 2005). Therefore, interactions of metals

with known transport systems transferring substances

other than heavy metals across basolateral cell

Table 1 Effect of luminal 20 lM L-histidine on the unidirec-
tional transepithelial fluxes of 65Zn2+ across perfused lobster
intestine

Transmural zinc flux Km (lM) Jmax (pmol/cm2/min)

M to S + 20 lM
L-histidine

47.8 ± 13.6a 1.18 ± 0.15a

M to S 83.6 ± 19.3a 0.83 ± 0.10a

S to M 28.0 ± 8.8 0.29 ± 0.04

a From Conrad and Ahearn (2005). Values are mean ± SEM of
pooled data from three animals of the computed constants using
Sigma Plot curve fitting software. Zinc fluxes at each [Zn] were
used to estimate these constants as described in the text
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Fig. 7 Effect of luminal 20 lM L-histidine on the magnitude of
net M to S transport of 65Zn2+ across perfused lobster intestine.
Net flux values at each concentration of zinc were calculated
from numbers shown on Fig. 6 by subtracting S to M flux from M
to S flux of the metal in the presence and absence of luminal L-
histidine. In both instances a significant (P < 0.01) net flux was
toward to blood and was linear in the absence of luminal L-
histidine and hyperbolic in the presence of the amino acid
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membranes in crustacean gastrointestinal organs have

been established.

Several lines of evidence from the present inves-

tigation suggest that S to M transport of 65Zn2+

across lobster intestine occurred via the use of the

electrogenic basolateral Na/Ca antiporter and via a

basolateral divalent cation channel. In addition, a

number of experiments presented here suggest an

indirect coupling between the electrogenic 3Na+/2K+-

ATPase and the electrogenic Na/Ca antiporter in

facilitating the transfer of 65Zn2+ across the basolat-

eral pole of intestinal epithelial cells. Figures 2 and 3

show that both vanadate and ouabain significantly

reduced S to M fluxes of 65Zn2+ across lobster

intestine, while serosal ATP stimulated metal transfer

in this direction. All three of these compounds are

known to influence the 3Na+/2K+-ATPase of cells in

a number of animals. An inhibition of this trans-

porter by vanadate and ouabain would not only re-

duce monovalent cation exchange across the

basolateral membrane, but would also depolarize the

membrane potential as well. A reduction in the

magnitude of the membrane potential would reduce

the operation of electrogenic transporters that re-

spond to it. Likewise a stimulation of the Na-pump

by exogenous ATP would have the effect of hyper-

polarizing the membrane potential and stimulating

co-localized electrogenic systems. The inhibition of S

to M 65Zn2+ transport in the presence of vanadate

and ouabain, and its stimulation by ATP suggests

that the electrogenic 3Na+/2K+-ATPase was linked to

an electrogenic exchange of Na+ and 65Zn2+ by way

of the basolateral Na/Ca exchanger (NCX).

Support for the enhancement of Na+/65Zn2+ ex-

change by stimulation of the 3Na+/2K+-ATPase is

provided by the results in Fig. 5 showing that increased

serosal sodium concentration accelerated the S to M

flux of 65Zn2+ across the tissue. Stimulation by in-

creased serosal sodium would occur in this scenario as

a result of enhanced movement of this monovalent

cation across the epithelial basolateral membrane into

the cytosol through a previously described basolateral

sodium channel (Duerr and Ahearn 1996) and its

accelerated efflux back into the serosal medium

through the electrogenic 3Na+/2K+-ATPase trans-

porter, hyperpolarizing the membrane potential as a

result. The same monovalent cation channel may also

be responsible for the inhibitory effect seen on S to M
65Zn2+ transport when serosal potassium was doubled

from 10 to 20 mM (Fig. 5). Enhanced influx of potas-

sium across the basolateral cell pole would have the

effect of depolarizing the membrane potential estab-

lished by the 3Na+/2K+-ATPase and reducing the

magnitude of the driving force responsible for elec-

trogenic Na/65Zn2+ exchange.

Figure 4 shows the clear inhibitory effect of both

serosal calcium and copper on S to M 65Zn2+ transfer

across the perfused intestine. The most reasonable

explanation of this phenomenon is that all three diva-

lent cations, zinc, calcium, and copper share a common

binding site on the electrogenic NCX and compete for

it when present together in the incubation medium.

This suggestion is supported by the previous work with

lobster hepatopancreas cited above indicating that

calcium acted as a competitive inhibitor of 65Zn2+

transport in basolateral membrane vesicles (Capo et al.

2005).

The second route of 65Zn2+ uptake into the intesti-

nal epithelium from the serosal medium that is sug-

gested by the results of this study is the use of a

basolateral divalent cation channel that is inhibited by

the drug, nifedipine (Fig. 3). Previous studies with

invertebrate gastrointestinal epithelial plasma mem-

branes (Zhuang et al. 1995) showed the presence of

nifedipine-sensitive calcium channels as an important

factor regulating the exchange of calcium between the

environment and cytoplasm, and therefore the partial

inhibition of 65Zn2+ transport across the lobster intes-

tine in the present study in the presence of this drug

strongly suggests that the S to M flux of the metal

across this organ took place through this type of cal-

cium channel as well as by way of the electrogenic

NCX. However, the clearly hyperbolic curve shown for

unidirectional S to M transport of 65Zn2+ in Fig. 6,

without any apparent diffusional component, argues

for a minimal role of a calcium channel in movement of

zinc from blood to lumen across the intestine.

The models presented as Figs. 8 and 9 summarize

the characteristics of M to S and S to M unidirectional

transepithelial 65Zn2+ transport across lobster intestine

incorporating data from our previous publication

(Conrad and Ahearn 2005) and the results of the

present investigation. These models assume that the

rate-limiting steps in transmural transport in either

direction are regulated by the cis membrane transport

systems. These models incorporate two examples of

molecular mimicry as it relates to the movement of

zinc across the intestine of this animal. In the first in-

stance, zinc is transported by apparent molecular

mimicry across the brush border in conjunction with

the amino acid L-histidine after forming bis complexes

in solution between the metal and amino acid (Fig. 8).

In this instance the unidirectional transmural transport

of both substrates are accelerated as a result of this

phenomenon. The second case of molecular mimicry is

associated with the S to M flux of zinc through the
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basolateral electrogenic NCX where the divalent metal

mimics the binding of calcium on the serosal face of

this transporter and is transported through the cell to

the lumen as a result. A significant fraction of the

individual unidirectional transmural fluxes of zinc

takes place as a result of mimicking other substrates

and usurping their transporters. Other instances of

molecular mimicry have also been described for dif-

ferent substrates and for other organisms (Zalups and

Lash 1997; Ballatori 2002; Bridges and Zalups 2005),

and its occurrence in nature may be far more widely

distributed than previously considered.

The transmural transport of zinc from lumen to

blood (Fig. 8) also takes place by way of an unde-

scribed metal transport protein that is independent of

amino acids, and may either represent a calcium

transporter as previously described (Ahearn et al. 1994;

Ahearn and Zhuang 1996; Zhuang and Ahearn 1996), a

more metal-specific carrier such as the promiscuous

DCT1 (Gunshin et al. 1997), or a more zinc-specific

system such as a member of the ZnT or Zip transport

families (Gaither and Eide 2001a, b; Luizzi and

Cousins 2004). Because Cu2+, but not Cu+, was able to

inhibit M to S flux of 65Zn2+ (Conrad and Ahearn

2005), the amino acid-independent metal transporter

described in Fig. 8 is likely a divalent cation carrier,

but its breadth of substrate acceptance is still unclear.

Both nifedipine-sensitive (Zhuang et al. 1995) and

verapamil-sensitive (Wheatly et al. 2002; Ahearn et al.

2004) plasma membrane calcium channels have been

described for invertebrate epithelial cells and appear to

be involved in the transmural transport of calcium

either toward the gastrointestinal tract lumen or to the

blood depending upon the organismic calcium need. In

the present investigation, a small, but significant de-

crease in S to M 65Zn2+ transport in the presence of

100 lM nifedipine argues for the presence of this type

of calcium channel in lobster intestine and its use

during transepithelial transport by the metal, zinc. The

models in Figs. 8 and 9 do not indicate the relative

magnitudes of the carrier or channel transport com-

ponents of either unidirectional flux, and in fact, they

may vary according to physiological need.

Unidirectional 65Zn2+ fluxes shown in Figs. 8 and 9

were used to determine the direction and magnitude of

net transmural zinc transport across the tissue in the

presence and absence of luminal L-histidine. Data
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displayed in Figs. 6 and 7 describe the effects of

luminal L-histidine on the unidirectional M to S flux of
65Zn2+ and on the net flux of the metal. While the data

clearly show that in the absence of the amino acid there

was a small, but significant net flux of metal across the

tissue toward the serosal compartment, addition of

only 20 lM L-histidine to the lumen markedly in-

creased the magnitude of zinc transfer across the tissue

to the blood at all concentrations of metal examined.

As suggested by our earlier publication (Conrad and

Ahearn 2005), the presence of the metal in the lumen

also highly stimulated the M to S flux of the amino acid

and presumably its net flux was also enhanced under

these conditions as well. The physiological processes

described in this paper and in our previous publication

therefore show that through the use of molecular

mimicry and cotransport at the luminal membrane of

the lobster intestinal epithelium enhanced uptake of

both an essential dietary metal and an essential amino

acid are produced. Important implications for organ-

ismic nutrition are clear from these results: essential

dietary elements may be delivered faster to the blood

of organisms if their individual transports can be sup-

plemented through cotransport involving the use of

molecular mimicry.
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