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tion. Herbivorous animals, in short, must
somehow be protected from excessive ex-
tracellular potassium.

In phytophagous vertebrates the ionic reg-
ulation is presumably accomplished by the
kidney, whereas, in many invertebrates,
special excretory organs such as the insect
Malpighian tubules have evolved and serve
a similar function. Thus, in 1953 Ramsey
demonstrated in vivo an active transport of
potassium from the blood to the lumen of
the Malpighian tubules in several orders of
insects.® Our present purpose is to show
that the isolated midgut of the Cecropia
Fra. 1.—Midgut chamber. Midgut silkworm possesses a remarkable ion-regu-

(M); lumen side (sparse stippling); blood : . s . .
side (close stippling); inlets for serating lating mechanism. The principal device

and stirring gas (A and 4)’; calomelelec- appears to be a sodium-independent active

trodes (C and C’); bridges between the .
bathing solutionsand the calomel electrodes transport of potassium from the blood to the

(E and E’); potentiometer (mV); dry-cell lumen.
battery (B); voltage divider (V); microam-
meter (ud); silver-silver chloride elec- Materials and Methods.—Hyalophora cecropia
trodes (S and ). larvae were reared under nets on the leaves of wild
cherry trees (Prunus spp.), willow trees (Saliz spp.),
or Viburnum notatum bushes. Mature fifth instar caterpillars (weighing a minimum of 7 gm)
were anesthetized and chilled by exposure to solid carbon dioxide. The midgut was excised and
mounted in the gap of a section of glass tubing which formed the inner part of a perfusion
chamber (Fig. 1). Ten ml of the standard solution (described below) was added to the inner
chamber, and approximately 60 ml to the outer chamber to bring the fluid to the same level on
both sides of the gut. The bathing solutions were aerated and stirred by air bubbles.

Provisions for measuring the potential difference across the isolated midgut are illustrated in
Figure 1. Two narrow glass tubes (£ and E’), one on each side of the isolated midgut, served as
bridges connecting each bathing solution to a corresponding calomel electrode (C and C’). The
potential difference was read on a Radiometer PHM4 potentiometer (mV).

In some experiments the midgut potential was nullified with an electromotive force from a dry-
cell battery (B). This voltage was supplied through a voltage divider (V) to a pair of silver-silver
chloride electrodes (S and 8’), one immersed in each bathing solution. The current generated by
the midgut at zero potential was read on a microammeter (zA). Because this procedure is equiva-
lent to a complete short-circuiting of the midgut potential, the current read on the ammeter at
zero potential is called the short-circuit current.*

In preliminary experiments using emission flame photometry, the high potassium (153 mM)
and low sodium (4 mM) concentration of Viburnum notatum leaves was found to be reflected by
the potassium (208 mM) and sodium (0.7 mM) concentration in the midgut contents of silkworms
feeding on these leaves. The potassium concentration in the blood (27 mM) was much lower
than that in the gut contents, while the blood sodium concentration (6.0 mM ) was about the same
as in the leaves. From these analyses and from observations of the ability of various solutions to
sustain potentials and currents for several hours, a standard perfusion medium was developed.
This contained 30 mM potassium chloride, 5.0 mM magnesium chloride, 4.5 mM calcium chloride,
2 mM potassium bicarbonate, and 164.5 mM sucrose to approximate blood osmolarity. The
freezing point depression of whole larval blood, as determined by the technique of Gross,® corre-
sponded to an osmolarity of 260 = 4 mM. (The index of variability is the standard error of the
mean.) In experiments in which the concentration of an ion was changed on one or both sides
of the isolated midgut, all other parameters, such as osmolarity and ionic strength, were held
constant. Choline was used for this purpose because preliminary experiments showed that the
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concentration of this cation (0-32 mM) was without effect on either the potential or the current.

For studies of potassium fluxes, potassium-42 (Oak Ridge National Laboratory; KCI in HCl
solution) was used. Neutralized isotope was added to one side of the midgut and, after appro-
priate intervals, samples were removed from both sides, plated out, and counted on a Nuclear-
Chicago Geiger-Miiller system.

Results.—Influence on the midgut potential of omitling cations or changing cation
concentrations: In a total of 135 preparations, midguts perfused on both sides
with the same standard solution (described above) exhibited an initial potential
difference ranging from 27 to 141 mV, with an average of 84 = 59 mV. In
each case the lumen was positive with respect to the blood side. The potential
was maintained for many hours, initially rising and then declining gradually as
shown in Figure 2 (upper curve). The indifference of the potential to sodium is
shown in two typical experiments. When the solution bathing the blood side was
changed from the standard solution (no sodium) to 10 mM sodium, then back to no
sodium, then to 30 mM sodium, and finally back to no sodium, only trivial and
inconsistent fluctuations in the potential were observed (Fig. 2; lower curve).
By contrast, the omission of potassium from the bathing solution resulted in
dramatic effects on the potential such as indicated in Figure 3. In this experiment
both sides were initially bathed in the standard solution containing 32 mM potas-
sium. When the lumen solution was replaced by a potassium-free solution, the
potential rose abruptly and returned to its original value after the potassium-con-
taining standard solution was reintroduced. Replacing the blood side with potas-
sium-free solution led to a large drop in potential, with the sign reversing and the
blood side becoming about 20 mV positive to the lumen. The potential was nearly
restored when the standard solution was replaced.

The relative effects of sodium and potassium deprivation are shown in Figure 4.
When the standard solution bathing the blood side was changed (at the point
marked 0 K+, 32 Na+) to a variant with all the potassium replaced by sodium, the
potential dropped nearly to zero and then recovered when the standard potassium-
containing solution was restored. A comparison of Figures 3 and 4 shows that the
effect on the potential of omitting potassium is the same whether or not sodium is
present.

804
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Fig. 2.—Time course of the potential difference, when the midgut was bathed in the standard
solution, SS (upper curve). The lower curve shows the trivial effects of sodium on the potential.
g‘he bathing solution on both sides was changed to the sodium concentrations indicated on the

gure



Downloaded by guest on December 1, 2020

760 - ZOOLOGY: HARVEY AND NEDERGAARD " Proc.N.A.S.

32mM k*(B0) 32mM k*(80)

omMK*(L) omM k*B) 32mMK+(B0)

1330 30 1530 1630
TIME

Fi1a. 3.—Time course of potential with changes in potassium concentration. As the standard
solution ‘containing 32 mM potassium was replaced on the lumen side by one with choline
substituting for 1poi;a,ssmm, the potential increased abruptly. It returned to its former value when
the standard solution was restored. When the solution on the blood side was changed to zero
potassium, the potential dropped and reversed sign. It recovered when the potassium-containing
solution was restored. (B) 18 the blood side of the tissue, (L) the lumen side, and (BO) both sides.

The omission from both bathing solutions of either magnesium or calcium had no
significant effect on the potential (Fig. 5). However, it was noted that calcium
lack led to a relaxation of the gut.

In collaboration with Dr. Judith Haskell, the authors evaluated the effects of
potassium, magnesium, and calcium by changing the concentrations of these ions
one at a time on the blood side, the lumen side, and sometimes on both sides of
the isolated midgut.® The experiments were conducted in the same way as the
ion omission experiments illustrated in Figures3and 4. Typically, the midgut was
equilibrated about an hour in the standard solution. The solution on one side was
then replaced with an experimental solution, and the potential recorded until it had
become stabilized; the original standard solution was replaced, and the measure-
ments continued. The change in potential was divided by the difference in the loga-
rithm of the cation concentrations. The results, summarized in Table 1, show that the
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F1a. 4.—Time course of potential with change in potassium concentration. The experiment is
similar to the one in Fig. 3 except that sodium was substituted for potassium in the experimental
period. It is seen that the absence of potassium has the same effect on the potential whether or
not sodium is present in the bathing solutions.
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Fic. 5.—UpPer curve shows the effect on the potential when the bathing media were changed to
magnesium-free solutions. Asterisk indicates increased aerating flow. Lower curve shows the in-
difference of the potential to a change in the bathing solutions from 4.5 mM calcium to no calcium.

potential increased about 9 mV for each 10-fold decrease in potassium on the lumen
side; it decreased about 37 mV for each 10-fold decrease in potassium on the blood
side. It is seen that these values approach the theoretical value of a change of 59
mV for each 10-fold change in potassium concentration. Corroborating the results
of the calcium and magnesium deprivation experiments, negligible changes in
potential resulted from large decreases or increases in the calcium and magnesium
concentrations on either side of the midgut (Table 1).

Influence of cations on the short-circuit curreni: In 61 experiments the short-
circuited midgut initially produced a current of 115-1,850 ud with an average of
614 =+ 46 uA. The gross surface area available for transport, estimated from the
gap (1.1-cm long; 0.7-cm diameter) in the perfusion chamber, amounted to 2.5
cm? from which we calculate that the average current was about 250 uA per em?2
The significance of this figure is questionable since Harvey and Anderson’ estimated
that the four orders of folding of the midgut increase the area available for transport

TABLE 1
ErrecTs ON THE CECROPIA MIDGUT POTENTIAL OF CHANGING CATION CONCENTRATIONS
Experimental Concentration Difference in potential =+
(mmoles/liter) No. of difference in log ion
Blood side Lumen side experiments concentration == standard error
Potassium
2.0 32.0 11 —34 +2.8
32.0 2.0 11 +7.8+1.0
2.0 2.0 4 —25 =5.1
10.0 32.0 20 -39 +=2.3
32.0 N 10.0 10 +10 *=1.7
10.0 10.0 4 —24 +£3.5
Magnesium
0.5-20.0 5.0 17 +1.2x1.1
5.0 0.5-20.0 19 —-1.24+2.2
Calcium
0.5-20.0 4.5 14 —2.6 £0.8
4.5 0.5-20.0 15 —-3.1+1.5
0.5-20.0 0.5-20.0 3 +2.0=+1.3

. The midguts were maintained in the standard solution described under Materials and Methods. A single
ionic species at a time was changed on either the blood side, the lumen side, or both sides with all other ions,
the osmolarity, and the ionic strength being held at their standard concentrations. Choline was used as a
substitute ion. The values for magnesium and calcium are combined from data for changes to 0.5, 2.0,
10.0, and 20.0 mM/1.
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Fi1c. 6.—Time course of the short-circuit current. Lower curve: bathing solution contains
2 mM sodium. Upper curve: change from standard solution to a bathing medium that contains
no sodium, no magnesium, and no calcium. The ions were replaced by sucrose so that potassium
was the only cation added. Asterisk indicates repair of failing circulation.

by several hundred times. Though maintained for many hours, the current, like the
potential, declined gradually as shown in Figure 6—a finding characteristic of all
isolated membranes.

The short-circuit current was similarly indifferent to sodium, magnesium, and
calcium changes in the perfusion solution as illustrated by the typical experiments
shown in Figure 6. The ability of the isolated midgut to transport potassium in
sodium-free solutions was tested directly in three experiments in which an average
short-circuit current of about 400 uA was maintained for 2 hr in the standard
solution. At the end of this period the medium assayed about 0.012 mM sodium,
as measured by atomic absorption spectrophotometry. This trace of sodium
presumably was eluted from the midgut tissue, was leached out of the Pyrex per-
fusion chamber, or was present as an impurity in the reagents.

Active transport of potassium by isolated midgut: The presence of the short-circuit
current, in itself, indicates that some ion is actively transported. With identical
solutions bathing both sides of the gut and with the potential abolished by the
external circuit, the electrochemical potential across the membrane is nullified, and
there can be no net movement of passively moving ions. The current generated by
the short-circuited membrane is then entirely carried by actively transported ions,
and the task is to account for this current in terms of the net flux of known ions.* 8

The net flux of an ion can be computed from the two unidirectional fluxes. To
assure that the path traveled by ions is the same in both directions, the two fluxes
should be measured concomitantly using two isotopes of the same substance.
Unfortunately, there is but one useful radioactive isotope of potassium. Accord-
ingly, measurements of potassium-42 flux toward the lumen were sandwiched be-
tween measurements of flux away from the lumen. The net flux was calculated
as the lumen-directed flux minus the average of the two blood-directed fluxes.
The net flux was then compared to the total current drawn from the gut during the
lumen-directed flux measurement. In this way the condition of similar ion path-
ways was closely approximated throughout the experiment. However, the second
blood-side flux was usually greater than the first one, so that this ‘“‘sandwich tech-
nique’’ undoubtedly introduced some error.

The results of thirteen experiments of this type are recorded in Table 2. Com-
parison of the net flux with the short-circuit current reveals that in each experiment
most of the current was accounted for by the net potassium flux. For each experi-
ment the net potassium flux was subtracted from the corresponding current. The
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TABLE 2
PorassiuM-42 FLuxeEs MEASURED CONCURRENTLY WITH THE SHORT-CIRCUIT CURRENT*
Blood-directed Lumen-directed  Blood-directed
Expt. no. flux 1 flux flux 2 Net flux Current
63 5.0 8.5 0.7 5.6 9.1
67 1.2 18.7 17.5 18.7
79 1.8 18.8 17.0 19.8
80 1.9 18.5 2.7 16.2 19.5
82 7.0 14.0 9.4 5.8 9.9
83 1.5 14.6 12.9 7.4 7.3
115 2.7 12.8 7.1 10.8 11.4
135 3.2 24.0 2.2 21.3 26.9
136 3.2 19.1 14.0 10.5 19.1
88t 1.1 24.8 5.4 21.5 26.6
8901 2.2 28.6 2.9 26.0 25.8
1371 2.6 24.6 4.7 20.9 16.6
1381 3.3 14.9 4.6 11.0 17.5

* All values expressed as u eq/hour.

The first nine rows are from experiments in which the midguts were maintained in the standard sodium-
free solution. The experiments indicated by the daggers are from midguts with 2 mM sodium in the
bathing solution.

average of these differences was 16.8 = 4.9 per cent more current than net flux.
Thus, at least 83 per cent of the current is attributable to the active transport of
potassium. Whether the remaining 17 per cent is due to additional actively
transported ions or to technical difficulties is not known. In the first nine experi-
ments no sodium was added to the perfusion medium. Therefore, this ion is not
necessary for the massive potassium transport. In the last four experiments 2 mM
sodium was added with no apparent effect on the system. These findings virtually
rule out the possibility that the active transport of potassium is linked in any way to
the movement of sodium.®

In additional experiments in which the potential difference across the isolated
midgut was not short-circuited and the unidirectional potassium fluxes were
measured, the ratio of lumen-directed to blood-directed potassium flux was about 32
times that for a passive ion following its electrochemical potential gradient (Table
3).

TABLE 3
PotassiumM-42 FLuxes AND ELECTROCHEMICAL POTENTIAL
—pu Eq/hour-—————
Blood- Lumen- Blood- Lumen-directed flux/blood-directed flux

directed directed directed Calculated Measured

Expt. no. flux 1 flux flux 2 flux ratio flux ratio
90 3.4 51.7 — 0.3 15
91 3.9 11.6 — 0.2 3
109 4.0 14.8 7.0 0.1 3
110 2.8 13.1 5.0 0.1 3

The potential was recorded for 3 hr while unidirectional flux measurements were made using potas-
sium-42. In the absence of active transport the measured flux ratio should be the same as that calculated
from the potential difference. The measured flux ratio toward the lumen (col. 6) contrasts with the
predicted flux ratio toward the blood side (col. 5) and demonstrates that potassium is actively transported.

Discussion.—The midgut is muscular and well supplied with nerves and tracheae.
However, the only continuous membrane is the simple epithelium of the mucosa
itself which has the type of structure anticipated in an actively transporting tissue.
The apical aspect of each epithelial cell is deeply invaginated; moreover, in electron
micrographs, the large epithelial cells approximate one another closely, the inter-
cellular space narrowing near their apical borders to form a tight junction (zonula
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occludens, ref. 10). The intercellular diffusion pathway is lengthened by large folds
in the lateral plasma membrane and interrupted by ‘‘septate desmosomes’” in the
intercellular gap along the lateral surfaces. By contrast, the intracellular diffusion
pathway is considerably shortened by regular, deep, mitochondria-lined infoldings of
the basal plasma membrane.” In many of these respects, the ultrastructure of the
Cecropia midgut resembles that of the gut of Malacosoma,'! the Malpighian tubules
of the grasshopper,!? and mammalian kidney tubules.!?

Haskell and Clemons!* report that the short-circuit current of the isolated
Cecropia midgut is inhibited by anoxia, 2,4-dinitrophenol, and other metabolic
inhibitors, but is little affected by adrenalin, pituitary hormones, physostigmine,
atropine, or such transport inhibitors as ouabain. They describe a strong inhibition
of the current when 25 per cent carbon dioxide is introduced into the aerating gas and
weak inhibition with the potent carbonic anhydrase inhibitor, Cardrase (6-ethoxy-
2-benzo-thiazosulfonamide; Upjohn). These studies further emphasize the con-
trast between the midgut and more conventional sodium-dependent transport
systems.

The active transport of potassium by the isolated midgut is firmly established by
the observation that, with identical solutions bathing both sides of the midgut,
potassium moves about 32 times faster toward the lumen than predicted by the
potential differences. If one ignores the effects of solvent drag, these findings meet
the formal requirement for the active transport of an ionic species.®

The net potassium-42 flux toward the lumen accounts for at least 83 per cent of
the similarly directed short-circuit current. In preliminary experiments a large
net flux of potassium toward the lumen was confirmed by atomic absorption spectro-
photometry.

Neither the active transport of potassium nor the generation of the membrane
potential require sodium, as documented by the indifference of both of these pa-
rameters to the absence of sodium or to changes in the sodium concentration. The
maintenance of a large net flux of potassium toward the lumen for many hours, in
the absence of sodium, was demonstrated by both isotope and atomic absorption
measurements. Moreover, the addition of sodium caused no detectable effect on
the unidirectional potassium-42 fluxes.

A persistent problem is the mechanism by which the membrane potential is
generated. The average potential was 84 mV, and values as high as 141 mV were
recorded; the lumen was always positive to the blood side. The potassium con-
centration of the midgut tissue is about 100 mmoles/] of tissue water. Although
the potential changes are in the direction predicted if potassium diffuses faster
than chloride, the over-all potential clearly is not the sum of a blood-side and a
lumen-side potassium diffusion potential. Evidently some other ion contributes to
the potential. The sensitivity of the system to carbon dioxide and Cardrase sug-
gests that either hydrogen ions or bicarbonate ions may be involved.

Summary.—The lumen of an isolated larval midgut is 8 mV positive to the
blood side. Potassium diffusion potentials contribute to but do not account for the
trans-midgut potential. The potassium-42 flux toward the lumen is 32 times
greater than predicted from the electrochemical potential. At least 87 per cent of
the short-circuit current is carried by potassium moving toward the lumen. Ap-
parently, sodium plays no role in this active potassium transport since similar
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potential differences, short-circuit currents, and potassium fluxes are obtained with
or without sodium.

* This research was supported in part by a research grant (AI-04291) from the National Insti-
tute of Allergy and Infectious Diseases, U.S. Public Health Service, and a grant from the University
of Massachusetts Research Council. We thank Dr. Everett Anderson for the electron microscopy,
Mr. Raymond Hamelin for the determinations of freezing point depression, Mr. Richard Quatrale
for the atomic absorption analyses, and Professors Carroll M. Williams and Hans H. Ussing for
reading the manuscript. The Cecropia midgut potential was originally discovered in 1961 by
K. Zerahn and W. R. Harvey while the latter was a PHS Special Research Fellow (CF-5718) at
the Institute for Biological Chemistry of the University of Copenhagen.
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THE EFFECT OF BRANCHING AT C-1 ON THE BIOLOGICAL
ACTIVITY OF ALCOHOLS

By S. M. SieGeL AND L. A. HALPERN
UNION CARBIDE RESEARCH INSTITUTE
Communicated by George Beadle, March 3, 1964

Recently, Gudjénsdéttir and Burstrom? described some stimulating effects of low-
molecular-weight alcohols on excised wheat roots. Among the possible explana-
tions for differences noted among alcohols, effects on the cell membrane were dis-
cussed. Differential effects of primary and secondary alcohols were also noted by
Levan,® who found that the secondary isomers were always more toxic. He also
observed increase in toxicity with increasing molecular weight.

During a study of beet-root tissue permeability, it was observed that the leakage
of red pigment was induced by certain alcohols and not by their C;-branched
isomers, and that these differences correlated with the effects of these alcohols on
germination. This work suggests that the toxicity (but not necessarily the stim-
ulatory effects) of alcohols is in fact a membrane phenomenon as will be indicated
here.

Ezxperimental—Following the procedure previously described,® groups of 20
beet-root cubes were placed in 6 ml of M /15 phosphate buffer pH 6.6 or buffered
1.5 M alcohols, and initial readings taken on the Klett colorimeter with a no. 54



