
Bioscience Reports 3, 905-913 (1983) 905 
Printed in Great Britain 
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The rate of alanine transport into the liver limits its 
utilization even under the high alanine load resulting 
from a 90% casein diet~ given that  the rat has been 
adapted to that diet. A coordinated acceleration of 
a lan ine  ca tabo l i sm allows transport to remain rate-  
limiting~ which in turn allows the adaptive regulation of 
t r anspo r t  to remain effect ive at high alanine loads. 
A c c e l e r a t e d  degradat ion of alanine may change the 
hepatic amino acid content in a way that derepresses 
the activity of the alanine carrier system(s) .  

In t roduct ion 

Alanine is the main glucogenic amino acid flowing to the liver~ and 
a major source of pyruvate for the hepatocyte (Fig. I) .  Transport 
across the plasma membrane is the first step in alanine metabolism. 
This t r anspo r t  occurs largely by two Na+-dependent systems: one~ 
System A, is subject to adaptive regulation by the hepatocyte itself 
and to hormonal regulation (1). Na+-independent transport of alanine 
is ordinarily small~ although not negligible. 

The catabolism of alanine might be accelerated by its intensified 
transport, but perhaps also by induction of alanine aminotransferase 
(2) and by changes in the rate of subsequent disposition of pyruvate. 
What then is the r e l a t i ve  part played by modulation of enzyme 
activity compared with changes in the rate of membrane transport, in 
determining the alanine flow to the liver? This question has obvious 
counterparts in the regulation of other interorgan flows of the amino 
acids (193)~ e.g. in the flow of glutamine from muscle or to the 
kidney. So special is the case of alanine flow to the liver~ however~ 
that  the answers to the above question may well prove not to apply 
closely to flows of other amino acids. 

Three recent in vitro studies on this question have concluded that 
transport across the plasma membrane will generally be rate-limiting 
to hepatic alanine utilization (4-6). One of these indicated that  at 
external alanine levels above 1 mM, this would no longer be the case 
(5). The alanine content of hepatocytes had previously been shown by 
Sips et al. (4) to remain low, about 1 mM~ as the external alanine 
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Lehninger, Principles of Biochemistry, 1982, to reflect 
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was increased and alanine ut i l izat ion accelerated. A more recent 
study from the same laboratory found the hepatic alanine concentra- 
t ion st i l l  below that of the external medium at 6 mM, which was the 
highest level tested (6). 

A N u t r i t i o n a l  S t u d y  

A new study (7,8) cal ls  a t t en t i on  to the  des i rab i l i ty  tha t  such 
s tudies  be made  also in vivo, and with t e s t  an imals  adap t ed  to high or 
low p r o t e i n  in take.  Under these  condit ions the  r a t e - l i m i t i n g  s tep  
migh t  change with nutr i t ional  s ta tus ,  as well as with the  a lanine load 
imposed.  In vivo e x p e r i m e n t s  provide,  I urge,  an added advan tage ,  
ar is ing out of the complex  way in which amino acids r each  the  l iver.  
Thus the  h e p a t o c y t e s  f i rs t  encoun te red  by the  por ta l  f low undoubtedly  
have  a r icher  and qua l i t a t ive ly  d i f f e ren t  amino acid p a t t e r n  than do 
the  cells exposed l a te r  in the sequence .  This s i tua t ion  c o n t r a s t s  with 
e x p e r i m e n t s  using suspended ceils,  where  a single a lanine c o n c e n t r a t i o n  
is ins tead se l ec t ed  for each  tes t .  In the in vivo s tudies  (7 ,8) ,  ra t s  
were  fed diets  conta ining 5, 13, 50, or 90% casein  for 21 days to 
secure  adap ta t ion  to the r e spec t i ve  prote in  in takes .  Wheat  s t a rch  
served  to bring the sum of the two main d ie t a ry  c o n s t i t u t e n t s  to 90%. 
Corn oil plus 5% sa l t  m ix tu re  and 1% v i t amins  c o m p l e t e d  the diet .  
The ra ts  on 90% casein  t h e r e f o r e  had to m e e t  mos t  of the i r  ene rgy  
needs  f rom this prote in .  Male Wistar ra t s  of 180 to 200 g were  
p r o v i d e d  a c c e s s  to  one of these  ra t ions  during the  f i r s t  8 h of 
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darkness  in a day spli t  12 h : 12 h be tween  light and dark.  Food 
consumpt ion  and weight  gain on these  p rograms  were  r eco rded  in an 
earl ier study (g). 

Some of the rats to be designated as fed were then sacrif iced for 
analysis 4 to 5 h after the beginning of food intake. This choice 
means that the high-casein rats, for example, were under two st imul i :  
the adaptive effects of the regime for the previous 21 days; and the 
immediate acute effects of a corresponding load of alanine and other 
amino acids at the t ime of sampling. Some of the rats receiving 13% 
casein were instead sampled t~g h after food removal; these rats were 
des ignated as s t a r v e d .  The rats were anesthetized with sodium 
pentobarbitaI, and held at 37 ~ for Iaparotomy. Blood samples were 
drawn slowly and successively from two selected vessels, either from 
the portal vein and then from the aorta, or from the hepatic vein and 
then from the portal vein. A constant f low of p-aminohippurate into 
a mesente r i c  vein had been in the meanwhile maintained. This 
indicator served then by di lut ion to measure the portal, or the hepatic, 
blood flow. From these data the afferent concentrat ion of alanine for 
the l iver was calculated. This calculation sl ight ly lowered the alanine 
load that might have been calculated from analyses of the portal 
alanine level alone. Hepatic and vascular alanine, hepatic glutamate, 
pyruvate, 2-ketoglutarate, and alanine aminotransferase were measured 
by standard enzymologic methods. 

In the fed rats, arter ial  concentrations of alanine were hardly 
affected by the roughly lg- fo ld change in protein intake brought about 
by shift  from 5% to 90% casein, although the alanine levels in the 
portal plasma tr ipled over this range (Fig. 2). Hence the extra 
alanine level provided by the portal blood was largely cleared by the 
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Fig. 2. Concentrations of alanine in arterial and 
hepatic-afferent plasma and in the liver of rats fed 
at various protein levels in their diets. (Adapted 
from Fafournoux et al.~ reference 7). 
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liver .  In c o n t r a s t  a r t e r i a l  leucine rose near ly  5-fold (9) ,  so obviously 
some  amino acids are  not e x t r a c t e d  by the  l iver  as ex tens ive ly  as 
a lanine  is. These  resul ts  point to a possible f law in ear l i e r  work 
where  too narrow a range of a lanine concen t r a t i ons  was s e l ec t ed  to 
d e m o n s t r a t e  tha t  alanine t r anspo r t  in v i t ro  is r a t e - l im i t i ng .  The range  
regu la r ly  encoun te red  in a r t e r i a l  blood is about  0.2 to 0.5 mM alanine,  
one tha t  probably  does not r ep re sen t  the  full range  of physiological  
in t e res t .  In s t a rved  ra ts  a f f e r e n t  p la sma  and hepa t i c  a lanine levels  
fel l .  A major  f a c t o r  in the s tab i l i ty  of the  a r t e r i a l  a lanine level  
ac ross  the wide range of casein  in take  was the a c c e l e r a t e d  hepa t i c  
u t i l i z a t i o n  of alanine,  which a lmos t  kept  pace  with any increased  
s u p p l y .  A f t e r  the adap ta t ion  to 90% casein ,  this u t i l i za t ion  was 
increased  5-fold.  The f r ac t iona l  e x t r a c t i o n  of a lanine f rom the por ta l  
blood rose f rom less than 20% at  5% casein  in take  to over  70% on 
the  90% casein  die t .  

H e p a t i c  a lanine fell surpris ingly to about  one half  as a consequence  
of the  h igh-pro te in  r eg i m e  (Fig.  2).  The c o n c o m i t a n t  r ise in por ta l  
a lanine and the fall  in hepa t i c  alanine thus gave  rise by changes  both 
in the n u m e r a t o r  and the denomina to r  to g rad ien t s  more  f a v o r a b l e  to 
hepa t i c  up take .  In the s t a rved  ra ts  in c o n t r a s t  a lanine e x t r a c t i o n  was 
l imi ted  to subnormal  amounts  by the low levels  in the  por ta l  blood. 

Alanine a m i n o t r a n s f e r a s e  ac t iv i ty ,  which is p resen t  in excess  of the  
appa ren t  normal  needs, was measured  in the fed ra ts  and found to be 
q u a d r u p l e d  a f t e r  a c c o m m o d a t i o n  to t he  h igh  p r o t e i n  i n t a k e .  
Neve r the l e s s  the hepa t i c  mass  ac t ion  ra t io  of the four  r e a c t a n t s  of 
this e n z y m e  act ion ,  which measu re s  the spon tane i ty  of the r eac t ion ,  
was s ca rce ly  changed f rom about  unity despi te  the la rge  inc rease  in 
a lanine u t i l iza t ion .  Hence  subsequent  me tabo l i sm  of the  p roduc t s  mus t  
have  been cor respondingly  a c c e l e r a t e d .  Alanine ca t abo l i sm not only 
kep t  up with the  alanine supply; it ran ahead of it under the  s t imulus  
p re sumab ly  provided by adap ta t ion  to the high prote in  in take .  These  
resul ts  provide us with much the same  answer  as Groen e t  al. r epo r t ed  
(6) :  a lanine t r anspor t  r emains  r a t e - l im i t i ng  to its m e t a b o l i s m  up to 
the  concen t r a t i on  of about  2 mM, the level  ob ta ined  in the a f f e r e n t  
blood p lasma  a f t e r  # to 5 h of ea t ing  the 90% casein  diet .  This 
a lanine load should r ep resen t  a su f f i c ien t  t e s t  of the  quest ion posed in 
the  t i t l e  of this a r t i c l e .  

Adaptive  Regulat ion  of  Amino Acid Transport Would Be Fut i l e  
Unless  Transport Is Rate - l imi t ing  to Generat ion or Consumption 
of  the Amino Acid 

A new finding f rom our l abo ra to ry  in tens i f ies  our in t e re s t  in an 
answer  to the t i t le  quest ion.  The answer  de t e rmines ,  as far  as we 
can unders tand,  whe ther  adap t ive  regula t ion  (10) succeeds  or not.  By 
adap t ive  regula t ion  we mean  the  s t imula t ion  of amino acid t r a n s p o r t  
into cel ls  seen during amino acid depr iva t ion  and the repress ion  of 
t ha t  t r anspo r t  by excesses  of ce r t a in  amino acids.  Using an exper i -  
m e n t a l  h e p a t o m a  cell line, we have found tha t  adap t ive  regula t ion  
m o d u l a t e s  r o u g h l y  e q u a l l y  the inward and the ou tward  f luxes by 
S y s t e m  A ( l  l ) .  T h e r e f o r e  adap t ive  regula t ion  will appa ren t l y  be 
fu t i le  whenever  the two f luxes are  p e r m i t t e d  to c o m e  to equi l ibr ium. 
In o t h e r  w o r d s ,  t r a n s p o r t  m u s t  remain  r a t e - l im i t i ng  for  adap t ive  
cont ro l  to se rve  a useful  purpose.  
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Fig. 3. Time course of the uptake of [14C]2- 
(methylamino)isobutyric acid by hepatoma cells from 
a 0.2 mM medium. The cells had first been held for 
18 h either in amino-acid-free Krebs-Ringer 
bicarbonate medium, or (lower curve) in the standard 
amino-acid-rich culture medium 199. Subsequently 
the cells were treated for 3 h with the modified 
Earle's balanced salt solution containing 20 pM 
cycloheximide to 'freeze' the cells at the estab- 
lished regulative state. The curves compare the 
subsequent approaches to steady-state distribution 
of the test amino acid. 

Fig. 3 illustrates the approach, apparently to somewhat the same 
equilibrium distribution, for 2-(methylamino) isobutyr ic  acid (MeAIB) in 
ce l l s  t r e a t e d  with amino-acid-free and with amino-acid-rich media, 
although this equilibrium still appears several hours away. For an 
amino acid that undergoes extensive hepatic metabolism, an equality of 
the two transmembrane fluxes (and hence a zero balance between the 
adaptive e f fec ts  on influx and efflux) is less likely to be at tained,  and 
~s not proved by a t ta inment  of a steady state .  We showed years ago 
(12)  t ha t  amino acids  s u f f e r  c o m p e t i t i o n  in the  sustaining of 
concentrat ion gradients between liver and plasma. The more recent  
r esu l t s  of Bloxam (13)  showed that  starvation enhances (a) the 
h e p a t i c  concent ra t ing  ability for most of the amino acids flowing 
toward the liver, and (b) the outward flow of those amino acids which 
are released by the liver. Threonine transport  into and out of the 
l iver  was found ra te - l imi t ing  to its catabolism (I/4), allowing an 
adaptive regulation to conserve this nutrient.  

Fafournoux et al. (7) were, however, inves t iga t ing  principally a 
regulation that seemed to go beyond adaptive regulation, namely a 
s t i m u l a t i o n  rather than a repression by excess transport  substrate,  
which is just what is needed to allow the organism to succeed in 
eliminating dietary amino acid excesses. Yet the hepatic alanine was 
actually lowered (Fig. 2) by adaptation to the high casein intake. 
White and I show that it is probably the intracellular and not the 
extracel lular  or membrane levels of the e f fec t ive  amino acids that  
determine adaptive regulation (11). The cellular accumula t ion  of Na +, 
produced by increasing levels of ouabain, serves to reversibly prevent  
(a) rises in the internal MeAIB level and (b) the usual t ransport-  
repressive action of external  NeAIB. Otherwise ouabain was without 
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e f f e c t  on adapt ive  regulat ion.  Hence an a c c e l e r a t e d  hepat ic  conver -  
sion of repress ive  amino acids (e.g.  alanine,  g lu tamine)  to substances  
not repress ive to neutra l  amino acid t ranspor t  (e.g.  pyruvate ,  gluta-  
m a t e )  might  explain the t ranspor t  adapta t ion  seen by Fafournoux et  
al. on high casein intake.  Could a modi f ica t ion  of ca tabol i sm then 
prove to be the pr imary  change?  Neutra l  amino acids o ther  than 
alanine may have been lowered in the liver by the high casein intake.  
A compl ica t ing  f ac to r  is the demons t ra t ion  tha t  the adminis t ra t ion  of 
g lu t ama te  to the rat  s t imula tes  the hepat ic  accumula t ion  of o ther  
amino acids into liver and muscle (12) ,  an e f f e c t  apparen t ly  still 
largely unexplained.  

In any  c a s e  a v a l u a b l e  p a r a d o x  e m e r g e s  f r o m  the work of 
F a f o u r n o u x  e t  al . :  To r e t a i n  o p t i m a l  c o n t r o l  at  the level  of 
m e m b r a n e  t r a n s p o r t ,  m e t a b o l i c  c o n s u m p t i o n  of alanine must  be 
a c c e l e r a t e d  suf f ic ien t ly  with a rising amino acid load for t r anspor t  to 
remain  ra te - l imi t ing .  Otherwise  adapt ive  regulat ion will soon cease  to 
serve.  In short ,  regulat ion of hepat ic  alanine ut i l iza t ion occurs  at  the 
level  of t ranspor t ,  but metabol ism must also be modula ted  if tha t  
regulat ion is to be mainta ined over a reasonable  range of loads. 

High  C a s e i n  I n t a k e  and  H e p a t o c y t e  A c c u m u l a t i o n  o f  A l a n i n e  in 
V i t r o  

Fafournoux et  al. p roceed  to show that  adapta t ion  of rats  to high 
c a s e i n  i n t a k e  had indeed  s t i m u l a t e d  hepat ic  alanine t ranspor t  in 
isolated hepa tocy tes .  The present  work does not seem to improve on 
the i r  ear l ier  demons t ra t ion  (8) tha t  System A is the t r anspor t  System 
p r i n c i p a l l y  s t i m u l a t e d  by t he  h i g h - c a s e i n  d i e t .  This sys tem is 
surprisingly called (7) a 'h igh-af f in i ty  sys tem' ,  a l though ha l f - sa tu ra t ion  
occur red  at  about  # raM. System A has previously proved especia l ly  
r e s p o n s i v e  to  r e g u l a t i o n .  The new results  uncover  a r emarkab le  
accumula t ive  capac i ty  for ex t r a  alanine, demons t rab le  by bringing the 
ex te rna l  alanine level to about  6 mM with pure alanine,  all in the 
p resence  of a m i n o x y a c e t a t e  (Fig. #).  This demons t ra t ion  includes an 
upward concav i ty  of the curves  re la t ing h e p a t o c y t e  alanine accumula-  
t ion to the ex te rna l  load. This form is a d rama t i c  reversa l  f rom the 
hyperbol ic  curves  usually seen for cells and tissues,  as sa tu ra t ion  of 
the i r  capac i ty  for amino acid accumula t ion  is approached.  For the 
9 0 % - c a s e i n - f e d  g roup  the par t i t ion  coe f f i c i en t s  of in t race l lu la r  to 
ex t race l lu la r  alanine rose from a value of two to a value of about  
f ive when the ex te rna l  alanine was doubled in vi t ro.  Since a sepa ra t e  
plot showed influx rising less than l inearly with rising ex te rna l  alanine 
concen t ra t ion ,  the increased par t i t ion  coe f f i c i en t s  at  high alanine loads 
appear  to ar ise from decreased  eff lux.  The accumula t ion  from # mM 
ex te rna l  alanine level had  more  than doubled a f t e r  adapta t ion  to the 
90% casein diet .  

A c c u m u l a t i v e  C a p a c i t y  of  L i v e r  for  A m i n o  Ac ids  in Vivo 

Even s t ronger  responses were  obtained when alanine was in jec ted  in 
order  to raise the portal  plasma alanine to a similar level  (7) .  (In 
this case aminoxyacetate presumably was not used to check alanine 
catabol ism,) These in vivo results showed a remarkable and paradoxic 
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Fig. 4. Effects of external concentrations on 
intracellular alanine attained in vitro during 10 
min. Alanine levels ranged from 0.6 to 6 mM, from 
fed rats maintained on 13% ( [] ) or 90% (~) casein 
diets, or from rats of the first group fasted 48 h. 
From Fafournoux et al. (reference 7), with 
permission. 

c a p a c i t y  of the l iver  to a c c u m u l a t e  a lanine supplied as a lanine,  over  
the accumula t ion  seen when alanine was fed in the  fo rm of case in .  

In thei r  c lass ica l  s tudy seven decades  ago, Van Slyke and Meyer  
(15) showed tha t  the  l iver  has a very  la rge  c a p a c i t y  for  a c c u m u l a t i n g  
infused amino acids.  They infused into each  of two dogs during 30 
rain 32 mmol  of amino acids per kg of body weight  in the  fo rm of 
ac~d-hydrolyzed case in .  Blood and t issues were  r e m o v e d  for  analysis  
hMf an hour l a te r .  At the  amino acid levels  of near ly  30 mM tha t  
w e r e  o b t a i n e d  in f e m o r a l  v e n o u s  b lood ,  t h e  hepa t i c  levels  had 
increased  by about  4t~ mmol  per kg of l iver ,  cor responding  to about  81 
mM added amino acid in the ce l lu lar  wate r ,  which is near ly  th ree  
t imes  the i n c r e m e n t  seen for  the p lasma.  Perhaps  I may  say t ha t  this 
and  the  a t t e n d a n t  d i s c o v e r i e s  of  Van Slyke and Meyer  were  so 
p r e m a t u r e  t ha t  the i r  s ign i f icance  has not ye t  been widely a p p r e c i a t e d .  
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Nei ther  tha t  gl mM level,  nor the inc rementa l  alanine accumula t ion  
of perhaps 2# mM produced by Fafournoux et  al. by alanine infusion 
into the portal  vein of the rat ,  necessar i ly  represen t s  approaching 
sa tura t ion  of the hepat ic  capac i ty  for amino acid accumula t ion .  Had 
Van S lyke  in fused  m o r e  c a s e i n  h y d r o l y s a t e ,  or Fafournoux more  
a l a n i n e ,  s t i l l  h ighe r  a c c u m u l a t i o n s  would undoubtedly have been 
a t t a i n e d .  N e v e r t h e l e s s  some limits must apply. Tests  with the 
Ehrlich cell  have repea ted ly  shown compe t i t i ve  in te rac t ions  among the 
a m i n o  ac ids  fo r  a c c u m u l a t i o n  ( 3 ) .  The  h e p a t i c  accumula t ions  
F a f o u r n o u x  e t  at .  obtained on portal  infusions of alanine cry for 
invest igat ion of the compe t i t i ve  in te rac t ions  and regu la to ry  phenomena  
among amino acids at high levels. The immediately prior feeding with 
high casein may have generated extra capacity for hepatic accumula- 
t ion of alanine by exchange with other intracel lular amino acids. 

I be l ieve,  however,  that  for examining my t i t le  question the 
experiments of Fafournoux et at. with pure alanine involve doses in 
excess of the physiological alanine load. The rats on the casein diet 
showed hepatic-afferent alanine levels up to 2.3 mM, which led only to 
declines, not increases, of hepatic alanine levels from those seen with 
lower  alanine loads. Alanine f low f rom the in tes t ine  to the l iver  will 
i n c lude  not  only  the 3.2% alanine in casein,  but also substant ia l  
quant i t ies  of alanine formed in the intest inal  t issue from other  amino 
acids, as i l lustrated in Fig. 1. I suggest  then tha t  alanine loads of up 
to a full 2 mM concen t ra t ion  cover  adequa te ly  the physiological  range.  
The paradoxical  results  obtained with pure alanine, which do not r e fu t e  
the answer provided by Fig. 2, in t roduce a d i f f e ren t  problem, al though 
a p rovoca t ive  one. 

A T e s t  of  Pr ior  F a s t i n g  of Rats on H e p a t o c y t e  Uptake of  
Alanine H e p a t o c y t e s  

A d i f f e ren t  study by Kris tensen et  al. (16) considered especia l ly  
the e f f e c t  of a #g-h fast  in rats .  The alanine gradient  mainta ined by 
t h e  h e p a t o c y t e s  t r e a t e d  in v i t r o  with a m i n o x y a c e t a t e  was about  
doubled by the fast .  This increase  arose from 2- to 3-fold increase  of 
m e d i a t e d  in f lux ,  a c c o m p a n i e d  by a 50% increase  in eff lux,  not 
comple t e ly  c h a r a c t e r i z e d  as to route .  The re la t ion be tween  these  
changes is cons is ten t  with equal e f f e c t s  of adapt ive  regula t ion on both 
f luxes,  given that  the media ted  fluxes under s t imulat ion would by no 
m e a n s  be equa l .  T h a t  is, a d i spropor t iona te  par t  of the ef f lux  
undoubtedly occurs  by a route  not subject  to adapt ive  regulat ion.  

Summary 

Fed rats adapted to a high casein intake maintain elevated rates of 
hepat ic  e x t r a c t i o n  of a lanine,  w i th  the resu l t  tha t  near ly  all 
incremental alanine is extracted by the l iver, Much of this alanine is 
catabolized, In contrast, a high intake of alanine as such leads to a 
high hepatic alanine content, For transport to remain rate- l imi t ing,  as 
i t  does, at higher loads, the catabolism of alanine must increase, This 
result correlates with the finding that adaptive regulation of transport 
S y s t e m  A m o d i f i e s  s i m u l t a n e o u s l y  bo th  influx and ef f lux .  The 
regulat ion accordingly  becomes  fut i le  if the t r anspor t  process were  
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allowed to  reach equilibrium. Modulation of amino acid catabolism, by 
changing the level of repressive amino acids, should influence the 
response of the transport system. These changes might even allow 
derepression of hepatic amino acid transport during adaptation to high 
pro te in  intake.  Studies with ",_solated hepatocytes show that prior 
f a s t ing  of rats  also in tens i f ied  alanine uptake, efflux also being 
stimulated although rather less than influx. 
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