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SUMMARY

1. The net flux of 45Ca from lumen to blood side across the isolated and
short-circuited Cecropia midgut was 1-9 ± 0-2 /iequiv. cm~2 h - 1 in 8 mM Ca
and the flux ratio was as high as 56 to 1.

2. The calcium influx was depressed by anoxia; 73 % after 30 min.
3. The kinetics of Ca transport were anomalous; the apparent K^ varied

with Ca concentration from < 0-2 to > 5-6 mM Ca and the apparent Vmax
varied from < 1-3 to > 3-3 /lequiv. cm""2 h"1.

4. The calcium influx showed a delay before the tracer steady state was
attained, indicating the existence in the transport route of a calcium pool
equivalent to 5-7 /*equiv/g. wet weight of midgut tissue.

5. High calcium (16 mM) depressed the short-circuit current and
potassium transport from blood to lumen side across the midgut.

6. Calcium depressed magnesium transport, from lumen to blood side
across the midgut, and magnesium depressed the calcium transport.

7. Ca transport by the midgut does not regulate the Ca level in the
haemolymph in vivo; it merely aids the diffusion of calcium down its
electrochemical gradient. However, Ca transport may assist the uptake of the
nutrients from the midgut contents.

INTRODUCTION

The isolated Cecropia midgut produces a large short-circuit current, /gc (of the
order of 20/iequiv. cm~2 h""1), which is mainly carried by potassium moving from blood
to lumen side (Harvey & Nedergaard, 1964; see review by Harvey and Zerahn, 1972).
It has, however, been difficult to determine whether only potassium is actively
transported because the electrical properties of the midgut make it one of the most
difficult of tissues to short-circuit accurately (Harvey, Haskell & Zerahn, 1967; Wood,
1972, 1977). As refinements in short-circuiting techniques were made, the ratio be-
tween the net flux of potassium and the short-circuit current increased from 83 %
(Harvey & Nedergaard, 1964) to virtually 100% (Wood, 1972; Harvey & Zehran,
1972) suggesting that potassium was the only ion that is transported by the midgut.
However, when account was taken of the long isotopic mixing time for potassium
transport and the correspondingly long equilibration time to attain both isotopic and
tissue steady state (Wood, 1972; Harvey & Wood, 1972,1973; Wood & Harvey, 1975),
the ratio between the net fluxes of potassium in the steady state and the short-circuit
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current increased to 120%, indicating that some additional ion was actively trans-
ported by the midgut. Although sodium and the other alkali metal ions are actively
transported (when the concentrations of calcium and potassium are sufficiently low)
they are not required for potassium transport by the isolated midgut and can be
omitted during in vitro measurements (see Harvey & Zerahn, 1972).

The distribution of ions in vivo suggests that other ions might be actively trans-
ported in vitro and could account for the discrepancy between net K flux and Iso. Thus
the active K transport - demonstrated in vitro acts in vivo to maintain potassium at a
low level in the haemolymph (23 mM/1) so as to oppose the large electrochemical
gradient driving K into the haemolymph, the midgut contents having a K level of
284 mM/1 and being 100 mV positive with respect to the haemolymph (Harvey,
Wood, Quatrale & Jungreis, 1975). Although sodium is present in vivo (< 2 mM/1)
its active transport would be inhibited by the high potassium and calcium levels in
haemolymph. The other alkali metal ions are virtually absent in vivo. Bicarbonate
transport toward the lumen may be responsible for the K flux//80 discrepancy
because bicarbonate is some 10 times more concentrated in midgut contents than in
blood (Turbeck & Foder, 1970). Alternatively, hydrogen transport toward the blood
may be involved because hydrogen ions are more than 1000 times more concentrated in
blood than in contents (Nedergaard & Harvey, 1968).

Recently the unidirectional fluxes of magnesium were studied, using 28Mg, and an
active transport of this cation from lumen to blood side was demonstrated (Wood,
Jungreis & Harvey, 1975). This Mg transport accounts for approximately one third
of the discrepancy between the net flux of K and the short-circuit current. Ironically,
the in vivo distribution of Mg provided no reason to suspect this transport process.
Although there is a chemical gradient for Mg across the midgut in vivo (70 m-equiv./l
in the haemolymph versus 18 m-equiv./l in the midgut contents) it is more than
offset by the electrical gradient of 100 mV (Harvey et al. 1975). The existence of this
'unnecessary' Mg pump emphasizes the weakness of attempts to deduce active trans-
port systems from in vivo distributions of ions, a weakness which was further empha-
sized by our analysis of calcium distributions in vivo.

Like that for potassium, the electrochemical gradient for calcium in vivo is toward
the blood (the [Ca] of contents being 38 m-equiv./l and of haemolymph 14 m-equiv./l).
The midgut contents are 100 mV positive with respect to the blood. Active Ca trans-
port toward the lumen would oppose this electrochemical gradient and could account
for the in vivo distribution, but would not account for the discrepancy in the K flux//gc,
nor would it explain why the concentration of calcium in the contents is less than in
leaves (319 m-equiv./l) or hindgut contents (124 m-equiv./l). However, active calcium
transport by the midgut toward the blood could augment passive transport down this
gradient and account for the in vitro K flux/7S0 discrepancy. Active calcium transport
by some other tissue toward the hindgut lumen (see Discussion) could then account
for the in vivo calcium distribution.

Unidirectional fluxes of ^Ca across the isolated, short-circuited, midgut have
provided direct evidence for active calcium transport from lumen to blood side. This
transport accounts for most, if not all, of the discrepancy between net K flux and short-
circuit current. Some kinetic properties of this transepithelial calcium transport and
its relationship to potassium and magnesium transport are described in this paper.
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MATERIALS AND METHODS

Larvae of Hyalophora cecropia (L.) were reared on a synthetic diet (Riddiford,
1968) or on wild black cherry leaves. Midguts were isolated from fifth instar larvae
using the procedure of Nedergaard & Harvey (1968), except that the larvae were
chilled under ice at o °C for 1 h and not under frozen carbon dioxide. The isolated
midgut was mounted as a flat sheet in a chamber (Wood, 1977) similar in design to
that of Ussing & Zerahn (1951), except that the tissue was tied over a flange with
loops of cotton thread by the method developed by Wood et al. (1969; see also Forte
et al., 1965), which accommodates the delicate nature of the midgut tissue and pre-
sumably avoids 'edge damage' (Helman & Miller, 1973). Both sides of the midgut
were bathed in a solution containing 32 mM-KCl, 5 mM Tris base and 1-5 mM-HCl
(pH = 8-3), 166 mM sucrose and specified amounts of CaCl2. The midguts were
continuously short-circuited by a three-bridge system using an automatic voltage
clamp as previously described (Wood, 1977), while the short-circuit current was
monitored with a Triplett ammeter and recorded on a Servoscribe recorder. The use of
the three-bridge system compensates for the voltage drop in the bathing solution, but
leads to 'over short-circuiting' of the tissue (by an amount proportional to the thick-
ness of the tissue) the error being less than 10 % with the midgut (Wood, 1977). More-
over, since the lumen side is negative with respect to the blood side by this small
amount, ' over short-circuiting' the tissue opposes the net flux of calcium from lumen
to blood side and the net fluxes of calcium (the amount of active Ca transport) are
underestimated. 46Ca and 42K, obtained from New England Nuclear, and ^Mg,
obtained from Brookhaven National Laboratory, were added to the appropriate side
of the chamber (12 ml in volume) in 5 /<Ci amounts. Samples, 1 ml in volume, were
removed from the cold side at iomin intervals. Standards, o-i ml in volume, were
removed from the hot side and made up to 1 ml. 46Ca was counted after adding 12 ml
of Packard Insta gel in a Packard scintillation counter (Model 3380). 42K and 28Mg,
when used, were counted in the liquid scintillation counter before adding cocktail by
the Cerenkov effect and 4BCa in the same samples was subsequently counted by add-
ing cocktail after the 42K or 28Mg had decayed 15 half lives.

RESULTS

The initial unidirectional calcium flux showed a long delay before a tracer steady
state was attained, whereas the subsequent unidirectional flux showed a long wash-
out before a tracer steady state was attained (Fig. 1). The unidirectional fluxes were,
therefore, calculated as the mean steady-state value during the second hour" of each
determination. Moreover, the order in which fluxes were measured was alternated
because it was found that simply rinsing the midgut with fresh bathing solution had
an unpredictable effect on the fluxes. In one experiment (1 April 1975) for example,
the radiocalcium flux from blood to lumen side jumped from 0-03 to 0-91 /tequiv.
cm^h" 1 after a rinse at 120 min. The results of the typical experiment and 19
others are summarized in Table 1. The 45Ca flux from lumen to blood side was always
greater (by as much as 160 times) than the flux in the opposite direction in each of
the 20 paired determinations and hereafter will be called the influx. Moreover, the Ca
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Fig. i. A typical experiment (20 February 1975) in which the two unidirectional fluxes of "Ca
in 8 mM Ca were determined sequentially and plotted on the same scale as the short-circuit
current (/B0) smooth curve to allow direct comparison. "Ca was added to the lumen side at 5
min and samples were taken from the blood side at 10 min intervals for 120 min. The time
course of the "Ca-measured-Ca flux from lumen to blood side JLB is shown by the open
circles. At 120 min the lumen side then blood side were rinsed with fresh non-radioactive
bathing solution for 1 min each (R). "Ca was added to the blood side at 125 min
and samples were taken from the lumen side at 10 min intervals for the next 120 min.
The time course of the "Ca-measured-Ca flux from blood to lumen side (J§1) is shown by
the closed circles. The initial unidirectional flux shows a long delay of about 45 min before a
tracer steady state is attained, whereas the subsequent unidirectional flux shows a long
washout of about 60 min before a tracer steady state is attained. The mean value of J^i
from 60 to 120 min is 3-1 /iequiv. cm"' h"1 and the mean value of J$£ from 180 to 240 min
is 0-5/tequiv. cm"ah~1; therefore, the net flux of Ca from lumen to blood side for this
experiment is 2-6 /tequiv. cm"2 h"1. (The short-circuit current produced by the midgut
is directed so that either a cation is actively transported toward the lumen side or an anion
toward the blood side. Since calcium and magnesium are actively transported toward the
blood side this transport subtracts from the measured short-circuit current. Such fluxes of
calcium and magnesium from lumen to blood have been plotted in the first quadrant in Figs 1,
2, s» 6 and 7 for convenience rather than in the fourth quadrant.)

influx is inhibited by anoxia (Fig. 2) but this inhibition requires much longer to appear
than that of the short-circuit current (K transport). This oxygen-dependent net
movement of calcium under short-circuit conditions is direct evidence that calcium
is actively transported from lumen to blood side across the isolated midgut.

The kinetics of Ca transport by the midgut are anomalous, the apparent K^
increasing with the Ca concentration. The concentration velocity relationship (Fig. 3)
is not a rectangular hyperbola and it shows no sign of saturation. The Lineweaver-
Burk plot of the results accelerates negatively (Fig. 4) and is reminiscent of curves
which are characteristic of homotropic effects between enzymes and their substrates.
The apparent K^ from the lowest two Ca concentrations tested is 0-2 mM Ca and
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Fig. 2. The effects of anoxia on Ca transport and the short-circuit current (30 June 1975; leaf-
fed). The "Ca-measured-Ca influx (open circles) in 4 mM Ca was measured for 90 min with
100% oxygen and was 2-2/tequiv. cm"! h"1 at 90 min. At this time the stirring gas was
changed within seconds to 100 % pre-purified nitrogen and the Ca influx was depressed by 1 -6
/iequiv. cm"' h~l to o-6 /tequiv. cm"a h"1 (73 %) after 30 min, approaching the measured
level of the efflux (see Table 1), such that J"£t approached zero. At 120 min. 100% oxygen
was restored and the Ca influx recovered slightly to o-8 /tequiv. cm"1 h"1 (36 % of its value
at 90 min). However, the simultaneous /,„ (smooth curve) was depressed by 26-2 /iequiv. cm"'
h"1 (100%) after 30 min in 100% nitrogen and recovered to only about 44% of its projected
time course in 100% oxygen (dotted line).

the apparent Fm a x is 1-3 /tequiv. cm-2 h"1, while the corresponding values from the
highest two concentrations are 5-6 mM and 3-3 /tequiv. cm~2 h - 1 respectively.
Unfortunately, the range of Ca concentrations over which the Ca kinetics can be
studied is limited; concentrations below 1 mM cause the midgut to become very
leaky to K, whereas those above 8 mM severely inhibit the short-circuit current and
K transport (see below).

Ca transport is independent of K transport, as shown by the greatly different time
courses of the Ca influx and the 7SC (Fig. 5). But whether Ca transport directly
requires K cannot be tested, since the short-circuit current is inhibited irreversibly by
K-free bathing solutions. However, both the short-circuit current and K transport are
inhibited by high concentrations of Ca (Fig. 6). Since K transport is inhibited by Ca
the depression in the short-circuit current upon the addition of Ca cannot be used as
an indirect measure of Ca transport.

The effects of Mg on Ca transport were studied because magnesium is also actively
transported from lumen to blood side of the isolated midgut (Wood et al., 1975). Ca
transport is depressed upon the addition of 16 mM Mg (Fig. 7). However, Mg trans-
port is depressed more by Ca than vice versa (Table 2). As the Ca concentration is
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Table i. Unidirectional fluxes of calcium (/tequiv. cmr2 h'1) measured with i6Ca at
several [Ca] (WM) across the isolated, short-circuited midgut of Hyalophora cecropia

Date
[Ca] (1975)

16 10 Feb.
12 Feb.
13 Feb.*
14 Feb.

Mean + S.E.M.

8 20 Feb.
21 Feb.
24 Feb.
25 Feb.

Mean + S.E.M.

4 26 Feb.
27 Feb.
28 Feb.

3 Mar.

Mean ± S.E.M.

1 4 Mar. — 1
4 Mar. — 2
9 Mar.

13 Mar.*

Mean + S.E.M.

O-I 5 Mar.
14 Mar.
16 Mar.
18 Mar.

Mean + S.E.M.

Wet wt
(mg)

37
94
42
52

47
29
30
19

58
34
46
54

30
31
58
39

27
64

25

2ndh

251
2-28

308

262

1-90

176

130
1 84

0-42
0-25

4th h
297

280

170

i-66

1-46

i-45

119
1-04

0-64

o-6o

2ndh

0 1 8

0 1 3

0-03

0-03

O-O2

O-O4

o-oi
O-04

o-oo

o-oo

4th h

0-64
i-86

0-52

o-73

0-29

o-54

0-15
152

0-04
0-05

•/£*MLB)

279
187
0-41
267

2-45 ±0-29

2-56
165
1 89
163

1 93 ± 0 2 2

1-44
1-22
1 41

i-42±o-o8

119
I-OI
116
0-32

1-12 + 0-05

0-64
039
0-19
o-6o
0-46 + 0-10

• Values not used in calculation of mean + S.E.M. because J^t are atypical following rinse (see text).

increased the Ca influx increases but the Mg influx, measured both by isotope and by
the depression in the short-circuit current, A/sc, decreases. Moreover, there is poor
agreement between the isotropically measured Mg influx and the depression in the
short-circuit current whereas in the previous study (Wood et at, 1975) the Mg
influx agreed well with the depression in short-circuit current in Ca-free bathing
solutions. Obviously the interaction between Ca and Mg transport is complex.

DISCUSSION

Active calcium transport from lumen to blood side across the isolated midgut is
demonstrated by the net flux of calcium under short-circuit conditions (Fig. 1, Table
1), the influx being oxygen dependent (Fig. 2). This Ca transport occurs in a bathing
solution containing, in addition to Ca, only K, Tris, Cl and sucrose at pH = 8*3 with
100% oxygen as the stirring gas. The Ca transport is present in midguts isolated
throughout the feeding, fifth instar but is greatly reduced in those isolated during the
moult from fourth to fifth instar (three experiments) and could not be demonstrated
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Fig. 3. Concentration-velocity relationship between the net flux of Ca from lumen to blood side
(./St.) and the concentration of Ca in the bathing solutions taken from Table i. The curve
through the open hexagons was fitted by inspection and the bars are ± one S.E.M. The curve
is not a rectangular hyperbola and shows no sign of saturation at 16 mM Ca.

in those isolated 36 h after gut evacuation (two experiments). The kinetics of Ca trans-
port are anomalous (Figs. 3, 4), behaving as though a homotropic effect were occur-
ring, although it may never be possible to ascribe a specific mechanism to net flux data.

Ca transport is independent of K transport (Fig. 5) showing little or no decay. This
result implies that the decay in the short circuit current is caused by a decay in the K
pump specifically and not by a generalized decay in the tissue. High Ca (16 HIM) inhibits
K transport (Fig. 6). High intracellular Ca may cause the epithelial cells to become
uncoupled electrically (Rose & Loewenstein, 1971), thereby reducing the effective size
of the K pool. High intracellular Ca could interfere directly with the K pump or its
required energy production. It is more likely that high Ca limits the entry of K into
the cellular K pool, thereby slowing down the K pump, since even low Ca (5 mM)
inhibits Na transport by limiting the entry of Na into the cellular pool awaiting
transport by the alkali metal ion pump (Harvey & Wood, 1972). In this case less
energy would be used by the K pump and more energy would be available for Ca
transport and could account for the anomalous kinetics of Ca transport (Figs. 3, 4).

Indeed, Ca transport has a much slower response to anoxia than K transport (Fig.
2), suggesting that the Ca pump has a much higher affinity for a shared energy sub-
strate, such as ATP, than does the K pump. However, this simple suggestion is ruled
out by the faster recovery of the K pump compared to the Ca pump when oxygen is
restored (Harvey & Wood, unpublished data). This rapid loss of K transport followed
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Fig. 4. Lineweaver-Burk plot of the concentration-velocity relationship between the net flux
of Ca from lumen to blood side (J%%i) and the concentration of Ca in the bathing solutions.
The resulting curve is not a straight line and the possible explanations for this result are
discussed in the text. An approximation of the limiting apparent Kjf was obtained by connect-
ing the points corresponding to the two lowest Ca concentrations tested and was found to be
about o-2 mM Ca. The limiting apparent Fmax approaches infinity.

by a slower loss of Ca transport in nitrogen and the rapid recovery of K transport
followed by a slower recovery of Ca transport in oxygen, at the very least suggests that
K transport is more directly coupled to electron transport than is Ca transport. Sup-
porting this suggestion Mandel, Moffet & Jobsis (1975) have found a strong correla-
tion between the redox state of cytochrome b5 (see Shappirio & Williams, 1957) and K
transport.

Ca transport interacts with Mg transport (Fig. 7, Table 2) in a way suggesting that
they compete for the same ion pump, but with Ca having a much higher affinity
(K ,̂ = 0-2 mM for Ca compared to K^ = 34 mM for Mg). However, the interaction
could be due to competition for availability of a common energy substrate by separate
pumps as suggested for Ca and K above. Finally, high Ca could limit the entry of Mg
into a cellular pool thereby reducing Mg transport. A further complication is that the
^Mg-measured-Mg influx does not account for the depression in the 7SC upon the
addition of Mg to the bathing solution in the presence of Ca whereas in Ca-free solu-
tions the measured net flux of Mg agreed with the 78C depression from 1 to 8 mM Mg
(Wood et al. 1975). The present findings suggest that Ca, Mg and K interact in a very
complicated fashion, possibly by turning on yet another ion pump.
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Fig. 5. The independence of Ca transport in 8 mM Ca and the short-circuit current (14 April
1975). After a tracer steady state was attained, the 46Ca-measured-Ca influx (/LB> open circles)
declined by only 0-3 /tequiv. cm"2 h~J (11 %) from 90 to 240 min, whereas the simultaneous
IK declined 11 -o /tequiv. cm"2 h"1 (71%) over the same time period. In a separate experiment
(1 May 197s) the "Ca-measured-Ca efflux (Jm.- closed circles) was found to be constant from
90 to 240 min. Therefore, Ca transport is independent of the JK (and K transport). Moreover,
the size of the Ca pool (5?*) corresponding to the delay in the attainment of the tracer influx
steady state (J"= 2-8 /tequiv. cm"2 h"1, a. = 3-2 h"1) is o-88/iequiv. Cacrn"2 (5-7 (tequiv.
Ca/g wet weight or about 80% of the estimated tissue Ca).

Ca transport in vivo has not been demonstrated because neither the activities of Ca
in the midgut contents and haemolymph nor the pH optimum of the Ca pump have
been determined. However, if the midgut Ca pump operates in the same direction'in
vivo as it does in vitro then it cannot be regulating the Ca level in the haemolymph
since Ca transport from lumen to blood would only augment the diffusion of Ca
down its electrochemical gradient into the haemolymph. This accelerated movement
of calcium into the haemolymph would account for the drastic reduction of the Ca
level from leaves to midgut contents. Obviously some other tissue would have to
regulate the Ca level in haemolymph, a possible candidate being the Malpighian
tubules which empty into the hindgut where high Ca levels are found again (Quatrale,
1966). The puzzle presented by this 'unnecessary' Ca pump is added to the similar
one presented by the 'unnecessary' Mg pump. Possibly both Mg and Ca transport
are involved in nutrient uptake, substituting for the now classical role of Na transport
in vertebrate nutrient uptake by this virtually Na-free, plant-eating insect. Before
considering this prospect it seems worthwhile to compare Ca transport by the midgut
with that in vertebrate intestine.

Ca transport by the vertebrate intestine has been recognized and studied for many years
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Fig. 6. The effects of Ca on K transport (6 March 1975). The midgut was initially
bathed in 1 DIM Ca, changed to 16 mM Ca at 120 min and returned to 1 mM Ca at 1S0 min.
The J80 (smooth curve) was depressed by 8-6/tequiv. cm"! h"1 (51%) after 60 min in
16 mM Ca and recovered by only about 38 % when 1 mM Ca was restored. The 46Ca-measured-
Ca influx (open circles) in 16 mM Ca was only 1-5 /tequiv. cm"1 h"1 and cannot account for
the severe depression in the /„.. The simultaneous "K-measured-K influx (JBL, open squares)
in 32 mM K followed the same time course as that of the /,0 after the tracer steady state was
attained during the first 120 min period in 1 mM Ca. In 16 mM Ca the K influx was depressed
by 5-8 /tequiv. cm"' h""1 after 60 min. When 1 mM Ca was restored, the K influx remained
greater than the J,c. In a separate, but similar experiment (8 March 1975), the "K-measured-K
efflux (./LB, closed square) in 32 mM K was small (< n /iequiv. cm"'h"') during the first
120 min in 1 mM Ca. dropped to 0-4 /iequiv. cm"1 h"1 when 16 mM Ca was added, and in-
creased greatly to 2-2 /tequiv. cm"' h"1 when 1 mM Ca was returned. During the first 120
min in 1 mM Ca, the IK was carried almost entirely by the net flux of K. When 16 mM Ca was
added, the In, the K influx, and the K efflux were depressed, while the Ca influx was increased
and the /,,, was then carried by the net flux of K plus the (negative) net flux of Ca. Finally, when
1 mM Ca was restored, the IK, the K influx and K efflux were increased and the /,„ was again
carried almost entirely by the net flux of K. In summary, high Ca (16 mM) inhibits K transport,
and the depression of the IK is not a measure of net Ca transport.

(see review by Harrison & Harrison, 1974). The similarities of Ca transport in vertebrate
intestine and insect midgut are striking. Ca transport by the rat duodenum has a simi-
larly low apparent K^ of 1-25 mM and an apparent Vmax of 0-71 /jequiv. cm"2 h"1

(Walling & Rothman, 1969). The Ca transport by duodenum requires Na with an opti-
mal concentration at about 50 mM. Although Ca transport by the rat ileum has the
same Na optimum, this segment does not require Na and is inhibited by high Na
(Harrison & Harrison, 1974). The effects of Na on Ca **ansport by the midgut have
not been tested but Ca transport occurs in the absence 01 added Na in vitro and only
low levels of Na are found in vivo (Harvey et al. 1975). Ca transport in vertebrate
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Fig. 7. The effects of Mg on Ca transport (12 March I975( —2)). The midgut was initially
bathed in a solution containing o Mg, then changed to 16 HIM Mg, and finally returned to o Mg.
The /,0 (smooth curve) was depressed by 3-4 /tequiv. cm"1 h"1 after 90 min in 16 mM Mg.
The S8Mg-measured-Mg influx (7"li open triangles) after the tracer steady state was attained
was 2-2 /tequiv. cm"2 h"1 at 180 min. The "Ca-measured-Ca influx (7LB> open circles) in
8 mM Ca and o mM Mg was 2-o /wquiv. cm~a h~l at 90 min. When 16 mM Mg was added, the
Ca influx was depressed 0-7 /fequiv. cm"1 h"1 (34%) after 90 min. When omMMg was
returned the Ca-influx recovered slightly (70 % of its value at 90 min), but it is very difficult
to predict what the Ca influx would have been if Mg had not been added. Therefore, Mg de-
presses Ca transport, but not necessarily by competing for the same pump.

Table 2. Effects of adding 16 OTM Mg on Ca influx, J s c and Mg influx (jiequiv. cm~% h
at 3 [Ca] (MM) across the isolated, short-circuited Midgut of Hyalophora cecropia

[Ca]

i

8

16

Date
(i975)

7 Apr.

12 Mar.(—1)
12 Mar.( —2)

17 Feb.
11 Mar.

Wet wt
(mg)

56

49
47

29
103

(oMg)

1-04

i-57
2-01
380
284

°7S
119
i-34
2-69
2-46

(+ i6Mg)

5-97

373
336
5-22
1-49

2-16
2 1 6
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intestine is depressed by increasing Mg levels and vice versa (Schachter & Rosen,
1959; Lifshitz, Harrison & Harrison, 1967) as is Ca transport by the midgut (Table 2)
but it is not known whether or not there is a common transport system for Ca and Mg
(Harrison & Harrison, 1974). Ca transport in the chick ileum is greatly enhanced by
vitamin D3 fed to the donor animal several hours before the ileum is isolated (Adams
& Norman, 1970). Diet-fed Cecropia larvae have an absolute requirement for high
levels of cholesterol (26 HIM) (Riddiford, 1968). Part of this high cholesterol require-
ment is elimated by uniform dispersion of cholesterol in the diet, but cholesterol,
which is not sythesized by silkworms, is a precursor in ecdysone synthesis (see review,
by Svoboda, Kaplanis, Robbins & Thompson, 1975) accounting for the dietary re-
quirement. Nevertheless, one can speculate that cholesterol stimulates Ca transport
in Cecropia. Supporting this speculation is the observation that larvae fed with
excess cholesterol have a higher rate of Ca transport than leaf-fed larvae (Wood &
Harvey, unpublished data; compare Fig. 2 with 4 mM Ca in Table 1). However, cellu-
lose phosphate reduces Ca transport in mammalian intestine (Dent, Harper & Parfitt,
1964) suggesting that the lower Ca transport by midguts isolated from leaf-fed larvae
may be due to a lower level of induction of Ca transport reflecting the reduction in the
activity of Ca by cellulose phosphate in their midgut contents. In this case the inhibitory
effects of high Ca on K transport (Fig. 6) may not be found in vivo where the Ca
levels are high, but where the Ca activities may be low.

Ca transport in vertebrates is affected by amino acids and sugars but the effects of
these substances on Ca transport by the midgut have not been tested. In rat intestine
Ca transport is stimulated by L-lysine and L-arginine but glycine has no effect (Wasser-
man, Comar & Nold, 1956), whereas in the chick intestine Ca transport is inhibited
by lycine (Wasserman, Comar, Schooley & Lengemann, 1957). The midgut actively
transports lycine, methylamine and a-aminoisobutyric acid from lumen to blood side
but transports isobutyric acid from blood to lumen side (Nedergaard, 1973). This
amino acid transport across the midgut is affected by the pH and the potential differ-
ence across the tissue, but is independent of K transport and does not require added
Na. The interesting hypothesis that amino acid transport is coupled to Ca and/or Mg
transport across the midgut was not tested by Nedergaard, although her solutions
contained 5 mM Ca and 5 mM Mg, Ca and Mg transport by the midgut being unknown
then. Moreover, Ca transport in vertebrates is stimulated by sugars and hexitols when
these are present in the lumen of the distal intestine (Wasserman & Comar, 1959).
Possibly sugar transport could be coupled to Ca and/or Mg transport by the midgut.
Finally, the role of the mitochondria-lined basal infoldings of the columnar cells (see
Anderson & Harvey, 1966 for structure of the midgut) remains a question (Keynes,
1973). We postulate that the mitochondria in the folds of the columnar cells are in-
volved in the transport of Ca and Mg and the co-transport of amino acids and sugars
from lumen to blood, whereas the mitochondria in the apical projections of the goblet
cells are involved in transport of K from blood to lumen.

The kinetics of Ca transport across the midgut suggest that the transepithelial
transport may use a pump located in the basal plasma membrane and that the Ca
transport route may be through the cells. First, the apparent limiting K™ is less than
o-2 mM, which is approximately two orders of magnitude less than that found for the
alkali metal ions or magnesium, and approaches the low K^ which must characterize
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pumps that regulate intracellular calcium levels (see Rasmussen, Goodman &
Tenehouse 1972). Secondly, the delay in the attainment of a tracer steady state
(Figs i, 2, 5 and 7) indicates that there is a pool of calcium in the transport route
across the midgut (see Wood & Harvey, 1975). From the data in Fig. 5 the Ca
pool would be 5*7 /^equiv./g wet weight compared to a total calcium level of
6-9 /iequiv./ml tissue water in freshly isolated midguts (Harvey et al. 1975). A large
part of this pool may be chemically bound. Nevertheless this large pool suggests
that the Ca transport is through the cells and implies that large fluxes occur across
the plasma membranes. The low Ca concentration in the cytosol (< IO~BM in
cells generally, Papworth & Patrick, 1970) would then be determined mainly by
the kinetics of plasma membrane Ca transport in this epithelial tissue rather than by
the kinetics of Ca accumulation by organelles like mitochondria or sarcoplasmic
reticulum as argued by Rasmussen et al. (1972) from data on muscle.

This prospect of large active Ca effluxes across the plasma membrane of the midgut
cells suggests a solution to the puzzle of the 'unnecessary' Ca pump which may have
important consequences for epithelial transport theory. The transepithelial Ca trans-
port may be simply a by-product of a universally occurring active Ca extrusion from
cells combined with the asymmetry of the midgut cells. Even though the cells must be
in a steady state, with the sum of outward Ca fluxes at the two surfaces equal to the
sum of inward Ca fluxes, it is unlikely that Ca entry and active Ca exit would be the
same size at either the basal or apical surfaces and therefore a net transepithelial Ca
flux would be inevitable, its direction depending on which surface happened to have
the greatest active Ca efflux compared to influx. Indeed, transepithelial Ca transport
may be universal since epithelial cells generally are thought to pump Ca out and are
usually asymmetrical. Finally, the same logic would predict that any epithelium pos-
sessing Na-K exchange pumps would exhibit active transepithelial sodium transport.
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National Institute of Allergy and Infectious Diseases, U.S. Public Health Service.
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