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Summary. It  is conc luded  tha t  the amino  acid, ~- 
a mino i sobu ty r i c  acid, is t aken  up f rom the b l o o d  into 
the midgu t  ep i the l ium by an exchange mechan i sm 
for the fo l lowing reasons :  1. The  amino  acid  up take  
becomes  sa tu ra ted  with increas ing amino  acid  concen-  
t r a t ion  on the b lood  side; 2. The amino  acid  in the 
tissue canno t  be washed  out  aga in  to the b lood  side 
unless an amino  acid is present  in the b lood  side 
ba th ing  so lu t ion ;  3. The up t ake  mechan i sm is inde- 
penden t  of  metabo l i sm.  This  amino  acid  exchange 
mechan i sm is i ndependen t  of  the active t r anspor t  of  
po t a s s ium f rom b lood  side to lumen side, the ex- 
change  of  po t a s s ium between b lood  and  midgu t  
tissue, and  the t r a n s p o r t  o f  the a m i n o  acid, a -amino-  
i sobutyr ic  acid, across  the midgu t  ep i the l ium f rom 
lumen to b lood.  

The  i so la ted  midgut ,  f rom the larva  of  the A m e r i c a n  
s i lkworm Hyalophora cecropia, t r anspo r t s  ~-aminoiso-  
butyr ic  acid  (AIB) f rom the lumen side to the b lood  
side (Nede rgaa rd ,  1972). This is an active t r anspor t  
with a flux ra t io  usual ly  between 10 and  60, but  it 
becomes  close to 1 when the me tabo l i sm  is inhibi ted  
by lack  o f  oxygen.  The  isola ted  midgu t  has an electri- 
cal po ten t ia l  difference across  the tissue f rom 100 
to 150 mV with the lumen side posi t ive.  The poten t ia l  
difference is c rea ted  by an active t r anspo r t  o f  potassi-  
um f rom b l o o d  to lumen,  i.e. in the oppos i te  d i rec t ion  
of  the amino  acid  t ranspor t .  This  active po ta s s ium 
t r anspo r t  is i ndependen t  of  sod ium (Harvey  & Neder-  
gaard ,  1964). The amino  acid  t r a n s p o r t  is independen t  
o f  the active po ta s s ium t r a n s p o r t  per se, but  depends  
upon  the po ten t i a l  difference across  the tissue (Neder-  
gaard ,  1973). 

The  present  pape r  describes some proper t ies  o f  
the up take  o f  the amino  acid, AIB,  f rom the b lood  
into the in tes t inal  cells. This up take  is found  to be 
med ia t ed  by an amino  acid  exchange mechanism.  A 

p re l iminary  repor t  has been presented  at  the 1977 
F E B S  meet ing  (see Nede rgaa rd ,  1977a), and  the sub- 
ject  is men t ioned  in a chap te r  on amino  acid  t r a n s p o r t  
in: T ranspo r t  o f  Ions  and W a t e r  in A n ima l s  (see 
Nede rgaa rd ,  1977 b). 

Materials and Methods 

The moth H),alophora cecropia was reared in the laboratory on 
either fresh willow leaves, or an artificial diet (Riddiford, 1968). 
About 1 cm from the middle part of the midgut was dissected 
out of the 5th instar larvae after they had been anaesthetized 
by cooling on ice. As described earlier (Harvey & Nedergaard, 
1964) the gut was mounted as a cylinder in an open chamber, 
which was provided with short-circuiting arrangements. 

The bathing solutions used were all based on a standard solu- 
tion (S-l) containing (in mM): 30KC1, 2KHCO3, 5CAC12, 
5 MgC12, and 166 sucrose. To this solution was added the amino 
acid c~-aminoisobutyric acid (AIB) in varying amounts. In the ex- 
periments with 5 mM KC1 the osmolarity was made up with sucrose. 
Carbon-14 labeled AIB was used to measure uptake of AIB. AIB 
was also present on the lumen side in all experiments; therefore 
the midgut also transported AIB activity from lumen side to blood 
side in the experiments of this paper. 

The midgut was allowed to equilibrate for about 15 rain before 
the experiment started; some experiments lasted 30 min, some 1 h 
and a few with other time lengths (see Tables). After the tissue 
has taken up AIB from the blood side the midgut was taken 
down from the mounted position in the chamber, blotted lightly 
on tissue paper before it was transferred to a vial, weighed and 
ground with 1 ml perchloric acid, 0.33 M. The total extracellular 
space was then measured as the sucrose space by the glucose oxi- 
dase method. In some experiments the extracellular space on one 
side of the tissue was measured with 1"C inulin. 

The bathing solutions, 50 ml on the blood side and 5 ml on 
the lumen side, were continuously aerated and stirred by bubbling 
with oxygen, or with nitrogen in some cases, in order to inhibit 
the metabolism. 
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Results 

Extraeellular Spaces 

To measure the concentration of a radioactive amino 
acid (AIB) taken up from the blood into the midgut 
tissue it is necessary to know both the total extracellu- 
lar space and the extracellular space on the blood 
side of the tissue. The total extracellular space, blood 
side plus lumen side, is measured as the sucrose space 
(Zerahn, 1975). This can be done because sucrose 
is always present in great amounts in the bathing 
solutions for this preparation; otherwise the tissue 
does not survive in vitro. From the experiments 
shown in Table 1 the extracellular space on either 
side of the tissue is measured with 14C labeled inulin. 
The total extracellular space is seen to average around 
35% of the tissue wet weight. The Table also shows 
that the extracellular space on the blood side is on 
average about twice the extracellular space on the 
lumen side. 

Cellular Tissue Uptake of AIB from the Blood Side 

Fig. 1 shows the concentration of AIB in the cells 
as a function of incubation time with AIB on the 
blood side. The bathing solutions are identical on 
the two sides of the isolated midgut tissue containing 
10 mM AIB added to the normal Ringer's solution, 
S-1. Carbon-14 labeled AIB is added only to the blood 
side bathing solution. The total extracellular space 
is measured as the sucrose space. Two-thirds of this 
value is the blood side extracellular space (Table 1), 
which is contaminated with the high radioactivity 
(14C) on the blood side. The blood side extracellular 
space is used to correct the tissue AIB concentration 
(14C labeled) for the amount of 1r in the extracellu- 
lar space to get the true AIB concentration in the 
cells. The cellular volume for calculation of the AIB 
concentration is the total tissue volume minus the 
total extracellular space. The cellular concentration 
of AIB is seen to increase with time to reach steady 
state in about 1 hr with a concentration of about 
30 mM. 

The results from experiments where the concentra- 
tion of AIB in the bathing solutions was varied is 
shown in Fig. 2. The duration of the single experiment 
was 1 h and the AIB concentrations were the same 
on the two sides of the tissue. The concentration in 
the cells is seen to reach saturation with an AIB con- 
centration of about 10 mM in the bathing solutions. 

Table 2 shows the effect of decreased potassium 
concentration on the uptake of AIB (14C AIB) from 
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T a b l e  l.  Blood side, lumen side, and total extracellular space in 
percent of the wet weight 

Experiment Total Blood side Lumen side 
sucrose 

space Mea- Calcu- Men- Calcu- 
sured lated sured fated 

3/4-A 37.9 - 25.3 12.6 - 

3/4-B 39.5 - 29.9 9.6 - 
1614-A 35.3 24.2 - - 11.1 
16/4-B 31.6 20.4 - - 11.2 
1614-C 40.4 30.7 - - 9.7 
17/4-A 31.9 22.1 - - 9.8 
1714-B 33.2 - 15.7 17.5 - 
I8/4-A 30.3 - 18.7 11.6 - 

Average 35.0 24.35 22.4 12.8 10.45 
-+SD --+3.6 -+3.9 +_5.5 +2.9 -+0.7 

The isolated midgut was bathed on both sides with ordinary 

Ringer's (S-l), which contains 166 mM sucrose. Carbon-14 labeled 
inulin was added either to the blood side or to the lumen side 
to measure the extracellular space. The calculated extracellular 
space on the other side of the midgut was found by subtraction 

from the total extracellular space, the sucrose space, which was 
measured chemically in all experiments. All experiments were run 
for 17 rain in the usual experimental set-up 
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Fig. 1. Steady-state cell concentration of AIB is obtained in about 
1 hr. Bathing solutions contained 10 mM AIB; the blood side was 
labeled with 14C AIB. The cellular AIB concentration was mea- 
sured as the amount of labeled AIB in the midgut corrected for 
extracellntar space and calculated from tissue wet weight. Each 
point is the average of 5 to 10 experiments, one animal one experi- 
ment 

the blood side. A reduction of potassium from 32 
to 5 mM has no effect on the AIB uptake from the 
blood side. Table 2 also shows that reduction in po- 
tassium concentration in the bathing solution from 
32 to 5 mM has little effect on the potassium concen- 
tration in the tissue. 

Table 3 shows that an increase in the active potas- 
sium transport across the tissue from the blood side 
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Fig. 2. AIB concentration in the midgut versus AIB concentration 
in the bathing solutions. The bathing solutions contained varying 
amounts of amino acid, AIB. The AIB in the blood side bathing 
solution was labeled with 1'C. Each point is the average value 
of 5 to i0 experiments, each of which represents one animal. Cellu- 
lar AIB concentration calculated as in Fig. I 

Table 2. Effect of potassium ion concentration on A!B uptake 
from the blood into the midgut cells (Experimental period : 30 rain) 

Experiment Experimental A1B Potassium 
condition concentration concentration 

in tissue (mR) in tissue (mM) 

Control 32 mM K + 21.8_+5.9 127-+ 10 
average of average of 
13 experiments 13 experiments 
(range 13.4 (range i14 
to 29.2) to 155) 

29/4-75 5 m~a K § 26.8 137 
29/4C-75 5 mM K + 28.4 116 
13/6-75 5 m~a K + 14.8 105 
13/6B-75 5 mM K + 18.7 115 
16/6-75 5 mM K + 25.8 112 
I6/6B-75 5 m~a K + 15.3 76 

Average + SD 21.6 _+ 5.6 100 _+ 18 
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Table 4. Washing-out to the blood side of 1'C AIB labeled midgut 
tissue with and without AIB in the washing solution (Uptake peri- 
od: 30 min; Washing period: 30 rain) 

Experiment Experimental AIB concentration 
condition in tissue (mM) 

22/8-74 washed with AIB 4.8 
23/8 A-74 washed with AIB 4.5 
18/4 B-75 washed with AIB 9.1 
18/4C-75 washed with AIB 8.0 
12/4-76 washed with AIB 2.1 
13/4-76 washed with AIB 5.3 
13/4B-76 washed with AIB 5.1 

Average _+ SD 5.6 + 2.2 

23/8 B-74 washed without AIB 11.1 
23/8 C-74 washed without AIB i3.6 
21/4C-75 washed without AIB 16.2 
21/4D-75 washed without AIB 20.5 
23/4C-75 washed without AIB 17.7 
23/1 B-76 washed without AIB 16.0 
26/1-76 washed without AIB 15.4 

Average -+ SD 15.8 -+ 2.8 

Table 5. Effect of metabolic inhibitors on AIB uptake from the 
blood into the midgut tissue (Experimental period: 30 min) 

Experiment Experimental AIB concentration 
condition in tissue (mM) 

Control No inhibitor 

20/11-75 
21/11-75 
9/1 C-76 
14/1 B-76 

24/i 1-75 
25/11-75 
26/l 1-75 
27/l 1-75 

15/1-76 
15/1 B-76 } 

Inhibitor : 
oxygen-lack 

Inhibitor: 
Iodoacetic acid 

Inhibitor: 
N2 +iodoacetic acid 

21.8_+5.9 
average of 
13 experiments 
(range 13.4 to 29.7) 

28.5 
28.0 
I9.7 
18.5 

21.8 
13.5 
26.9 
25.6 

21.1 
23.1 

Table 3. Effect of active potassium transport on A1B uptake from 
the blood into the midgut cells (Experimental period: 30 min) 

Experiment Experimental AIB SCC in ~AMP 
condition concentration (Average) 

in tissue (mM) 

Control not short- 21.8 _+ 5.9 0 
circuited average of 

13 experiments 
(range 13.4 
to 29.7) 

22/8-74 SCC 10.0 1195 
23/8-74 SCC 16.3 860 
18/4II-75 SCC 18.2 1800 
23/4-75 SCC 19.8 1640 

to the  l u m e n  has  no  s ign i f ican t  in f luence  on  the  A I B  

u p t a k e  ( ~ C  A I B )  f r o m  the  b l o o d  side. 

T a b l e  4 shows  tha t  the  loss o f  A I B  f r o m  the  cells 

d e p e n d s  u p o n  the  p re sence  o f  an  a m i n o  ac id  in the  

b a t h i n g  m e d i u m ,  sugges t ing  tha t  the  t issue u p t a k e  

o f  a m i n o  acids  is due  to an  e x c h a n g e  wi th  s o m e  a m i n o  

ac ids  in the  tissue. T h e  t issue was  first  l o a d e d  wi th  

14C A I B  f r o m  the  b l o o d  side for  h a l f  an  h o u r  t h e n  

fo r  the  f o l l o w i n g  h a l f  h o u r  the  b l o o d  side b a t h i n g  

so lu t ion  was  c h a n g e d  to a so lu t i on  w i t h o u t  A I B  in 

the  first  7 expe r imen t s ,  w h e r e a s  in the  nex t  7 exper i -  

m e n t s  10 mM n o n l a b e l e d  A I B  was p resen t  in the  ba th -  

ing  so lu t ion .  It  is seen tha t  A I B  is los t  f r o m  the  
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tissue only when AIB is present in the bathing solu- 
tion. 

Table 5 shows that metabolic poisons do not in- 
hibit tissue uptake of AIB from the blood side. It 
was assured that the poisons were administered in 
adequate amounts by measuring the effects on the 
electrical potential difference across the tissue. In all 
cases the potential difference was diminished at least 
75%; in some cases it was almost abolished. 

Discussion 

The average total extracellular space of 35% found 
here (Table 1) is smaller than the values found by 
Zerahn (1975) of 4548% and by Giordana and Sac- 
chi (1977) for Philosamia cynthia and Bombyx mori 
of 42 and 45%. Most likely the discrepancies are 
due to variations in the effectiveness of the blotting 
of the midgut tissue. 

The total extracellular space, as determined by 
the sucrose method, is only little influenced by the 
fact that sucrose can be utilized by the metabolically 
highly active midgut tissue. Attempts to measure ex- 
tracellular space by means of radioactively labeled 
sucrose were unsuccessful: the values were always 
significantly higher than those calculated from the 
distribution of sucrose as determined chemically, and 
the discrepancy increased with increasing exposure 
time to the radioactive sucrose. 

The amount of sucrose consumed by the cells will 
not influence the sucrose concentration in the bathing 
solutions during the experimental time due to the 
high sucrose concentration of 166 raM. The volumes 
of the bathing solutions are 50 ml on the blood side 
and 5 ml on the lumen side, so the amount of sucrose 
consumed will be negligible. The sum of the extracel- 
lular space available from the blood side and that 
available from the lumen side agrees well with the 
total extracellular space in the tissue (Table 1) indicat- 
ing that the two extracellular spaces are not intercon- 
nected. The extracellular space on the blood side is 
about twice as large as that on the lumen side, in 
agreement with ultrastructural studies of the midgut 
tissue, which show large basal infoldings and inter- 
spaces (Andersen & Harvey, 1966). 

For practical reasons it has not been possible to 
determine the extracellular space available for inulin 
from the blood side in the same experiments where 
the distribution of labeled AIB was determined. The 
total extracellular space available for sucrose was de- 
termined and the blood side extracellular space was 
then calculated as two-thirds of the total. 

From the results presented here it can be con- 
cluded that an amino acid exchange mechanism exists 

between the midgut cells and the blood of the silk- 
worm Hyalophora cecropia. The amino acid, AIB, 
is taken up into the cells from the blood side and 
cannot be washed out again from the cells to the 
blood side without an amino acid being present in 
the blood side bathing solution (Table 4). Unpub- 
lished experiments show that the amino acid exchange 
mechanism is not very specific with respect to which 
amino acid it is exchanged for. The amino acid used 
here (AIB) does not normally occur in living tissues. 
Still it is exchanged for naturally occurring amino 
acids in the tissue. 

Characteristic for an exchange mechanism is that 
it need not consume metabolic energy, as suggested 
by Ussing (1947). Table 5 shows clearly that the 
amino acid exchange mechanism in the midgut is in- 
dependent of metabolic energy, because it is neither 
affected by lack of oxygen nor by poisoning with 
iodoacetate. 

Another property of an exchange mechanism is 
that it usually becomes saturated when the concentra- 
tion of the exchanging substance is increased. This 
is also the case for this mechanism as shown in Fig. 2, 
where the process is saturated at an amino acid con- 
centration of about 10 mM AIB in the blood side 
bathing solution, 

The amino acid exchange mechanism of the mid- 
gut blood side is not a fast reaction; it takes about 
an hour before a steady state is reached (Fig. 1). 

The amino acid exchange mechanism is situated 
at the blood side of the midgut tissue, which is at 
the same time actively transporting potassium from 
the blood side across the tissue into the lumen side, 
and actively transporting AIB in the opposite direc- 
tion, from lumen to blood. On the blood side of 
the tissue there is also a potassium exchange mecha- 
nism (Harvey & Zerahn, 1969; Zerahn, 1975). This 
potassium exchange is very fast: in 2.2 min it has 
exchanged 50% of the tissue potassium and it is able 
to exchange 90-95% of the total amount of potassium 
present in the tissue. 

The potassium exchange works well when no 
amino acids are present in the bathing media (Zerahn, 
1975), and the amino acid exchange is unaffected by 
a reduction of the potassium concentration in the 
media from 32 to 5 mM, which reduces the potassium 
exchange considerably (Table 2). So the potassium 
exchange and the amino acid exchange appear to be 
independent of each other. 

The reduction in potassium in the medium will 
affect the potassium concentration ratio between 
tissue and medium. In the control experiments the 
ratio K,+,,,~ /K medium equals 127/32=4.0, whereas in 
the experimental period the ratio equals 22. However, 
the amino acid exchange is unaffected. 
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The active transport of potassium which goes from 
blood side to lumen side across the midgut tissue 
has no effect on the amino acid exchange at the blood 
side. Table 3 shows that when the potential difference 
across the tissue is abolished, whereby the active po- 
tassium transport is increased about twofold (Harvey, 
Haskell & Zerahn, 1967), there is little effect on the 
amino acid exchange. The efflux of potassium from 
lumen to blood is also without effect on the amino 
acid exchange since the potassium efflux is decreased 
in the short-circuited tissue. The potassium efflux is 
passive and therefore influenced by the potential gra- 
dient across the epithelium, 

The active transport of the amino acid, AIB, from 
the lumen side across the tissue to the blood side 
is without influence on the amino acid exchange 
mechanism on the blood side. The active amino acid 
transport is dependent on the potential difference 
across the midgut tissue and is therefore inhibited 
when the PD is short-circuited as in Table 3. The 
amino acid exchange should have decreased if there 
was a relation between the two transports. Another 
reason why these two mechanisms must be separate 
is that the active transport of amino acid goes on 
whether or not there is amino acid present on the 
blood side. Furthermore, the uptake of AIB into the 
tissue, arising from the active AIB transport from 
lumen side to blood side, is not indifferent to metabol- 
ic poisons. On the contrary, the amount of AIB taken 
up is heavily reduced during N z inhibition (unpub- 
lished results). It should also be pointed out that 
in the experiments of this paper there is also amino 
acid, AIB, in the solution bathing the lumen side 
of the midgut, which means that in all the experiments 
reported here concerning the AIB uptake from the 
blood side into the cells there is at the same time 
an active transport of AIB across the midgut from 
lumen side to blood side. 

It is therefore concluded that the amino acid ex- 
change mechanism is independent of the other trans- 
ports of amino acids or potassium going on at the 
same time in the same tissue. The function of the 
amino acid exchange mechanism in the midgut tissue 
might be to supply amino acids for cellular activities 
such as enzyme production for the digestion, it  seems 
reasonable that the system supplying amino acids for 

such functions is independent of the active amino 
acid transport across the tissue. 

It would be interesting to compare this amino 
acid exchange mechanism to similar mechanisms in 
other transporting epithelia, but this is not possible 
at present due to the scarcity of available data. 

The author wishes to thank professors H.H. Ussing, K. Zerahn, 
and S.O. Andersen for reading and criticizing the manuscript, and 
H.C. Nielsen for technical assistance. 
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