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SUMMARY 

In the rat liver perfused in situ with K r e b s - R i n g e r  b icarbonate  bufl'er, glucagon 
or  cyclic A M P  admin is t ra t ion  is fol lowed by increased glucose product ion ,  hyper-  
po la r iza t ion  of  the liver cells and a large elttux of  intracel lular  Na. Total  subs t i tu t ion  
of  perfusale Nit + with ei ther  Li + or choline lowered the membrane  potent ia l  and 
resulted in an inhibi t ion of  the cyclic AMP-s t imu la t ed  Na  efftux, membrane  hyper-  
polar iza t ion  and glucose product ion,  but did not block tile cyclic AMP-s t imu la t ed  
Ca efiftux. With  par t ia l  replacement  of  Na ~ with e i ther  Li + or  choline,  tile responses 
to the cyclic nucleotides were normal .  Part ial  subs t i tu t ion  of  Na  + by 100 mM K ~ 
caused a depolar iza t ion  of  the liver cells, and responses to cyclic A M P  under  this 
condi t ion  were greatly reduced. Subst i tu t ion of  the extracel lular  CI -  with isethionate  
did not  inhibit  these effects of  cyclic AMP.  

INTRODUCTION 

It has been demons t ra ted  that  tile hyperglycemic effects of  glucagon and cyclic 
A M P  [1,2] are associated with a large scale ion redis t r ibut ion  [3 8]. Subsequently,  
it was shown that s imul taneously  with tile ion nlovement  a hyperpola r iza t ion  of  
tlne liver cell occurs [9 I1]. 

The possibi l i ty  that  the hormone  induced ion nlovements  and the increased 
glucose product ion  are causat ively related wits raised and investigated by many 
au thors  [7,12 14]. The notion that  changes in the ionic envi ronment  might  influence 
metabol ic  parameters  was suppor ted  by the studies of  Hast ing and co-workers  [15] 
who demons t ra ted  that  changing the ionic compos i t ion  of  the medium does result 
in a l tera t ion  of  ca rbohydra t e  metabol i sm in the liver slices. 

These earl ier  findings and suggest ions that a redis t r ibut ion  of  Ca 2+ might 
serve its a switch mechanism between glycolysis and gluconeogenesis  [16,17] led 
us to reexamine the question of  whether tile hormone  induced ion movements  and 
the metabol ic  effects are related, in subsequent studies we demons t ra ted  that blocking 
tile ho rmone  induced ion movement  by local anesthetics,  agents which seem to 
act by interfering with ion movement  [18 20J, does inhibit  the metabol ic  response 
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[5,9.21]. In a different approach in which we changed the ionic composition of 
the perfusate, we found an inhibition of the gluconeogenic effect of  glucagon and 
cyclic AMP with Na+-free perfusates [6]. 

The present studies were undertaken in order to investigate further the 
possible connection between the hormone induced transmembrane potential 
changes and the hyperglycemic effect and to gain some insight into the mechanism 
underlying the hormone induced hyperpolarization. 

MATERIALS AND METHODS 

Male, 90-120 gram Sprague-Dawley rats were used. Livers from overnight 
fasted animals were perfused in a hemoglobin-free in situ perfusion system which 
has been described in detail [5]. The basic perfusion solution was Krebs Ringer 
bicarbonate buffer with 4°~, bovine serum albumin (Fraction V, NBC). The 
contents of the various perfusion solutions used is given in Table I. 

If not otherwise noted, livers were perfused with a single recirculating solution 
of approx. 100 ml vol. throughout an experiment. Additions to the perfusate were 
administered to the perfusion reservoir to facilitate mixing and dilution to the 
final concentration before presentation to the liver. With this procedure, a delay 
of about 2 rain occurred between the addition of material to the perfusate and its 
appearance in the liver. The perfusion rate was 24 ml/min and the temperature 
of the perfusate was 33 "C. 

Glucose production was measured by the glucose oxidase method (Worthington 
glucostat reagent). Because glucose production is linear with time during control 
conditions each experiment was used to measure both a control and a cyclic AMP- 
stimulated glucose production [5]. 

Tissue Na and K content were determined by atomic absorption (Perkin 
Elmer model 303) from ashed samples (20 50 mg) taken both during control per- 
fusion and during the peak membrane potential response to cyclic AMP (6-7 min 
following administration). Perfusate Na and K concentrations were determined 
by flame photometry (Beckman) of perfusate samples taken From the effluent of 
the liver simultaneously with excision of the tissue samples. Tissue Na and K 
content was calculated by subtraction of the extracellular space content from the 
tolal content of tissue samples and then dividing by the cell water content (total 
water minus extracellular water). The extracellular space content of Na and K was 
estimated from the perfusate samples and extracellular space measurements. The 
estimate of exlracellular space was obtained with [~4C]-sucrose and previously 
published [6] as 28"~, of wet weight. Tissue water content, determined in all samples 
in the electrolyte experiments and in the space determination experiments were 
essentially identical, 76.3 ml/g and 75.5 ml/g respectively. 

Liver cell membrane potentials were measured with drawn, pyrex glass capillary 
microelectrodes filled with 3 M KC1 and connected to an electrometer (WP Inst. 
Model M4A) via an Ag AgCI half cell. Potentials were monitored on an oscilloscope 
and ttlso recorded on a moving paper recorder. Individual liver cell membrane 
potentials were sampled at a rate of 5 20 per rain with each cell penetration sustained 
only long enough to ascertain a stable potential level. Membrane potentials were 
similar from all regions of  the liver. 
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RESULTS 

Glucose production 
Glucose production in perfused livers from fasted rats is very low. Addi t ion  

of pyruvate (20 raM) to the perfusate results in an increase in the rate of glucose 
production which is further stimuhtted t\)llowing tim adminis t ra t ion of glucagon 
(not shown) or cyclic AMP (Fig. 1). 

In order to evaluate the role of external Na + on the h o r m o n e - o r  cyclic AMP-  
induced responses and to insure that the observed effects are due to the htck of 
Na + rather than to a specific effect of the rephtcing cation, two kinds of perfusate 
were employed. In one, all the Na + was replaced wflh Li +, in the second all the 
N~_t + was replaced with choline. 

AIter~.tions in the Na + content  of the perfusion solutions had a. significant 
effect on glucose production.  With Na+-free perfusate conta in ing Li + as the Na + 
substitute, control glucose product ion (in the presence of pyruvate) was essentially 
abolished and the cyclic AMP effect was completely blocked. With 40 rnM Na + 
in the perfusate plus 100 mM Li + subst i tu t ion for the remaining Na + ol ' the Krebs -  
Ringer bicarbonate  buffer, both the control  glucose product ion rate and cyclic 
AMP st imulat ion were normal  (Fig. I). 

Total  replacement of Na + by choline caused a smaller yet significant reduct ion 
in the control rate of glucose product ion and like the Li + subst i tut ion completely 
blocked the cyclic AMP st imulation.  With partial replacement of Na + by choline 
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Fig. I. The effects of varying perfusatc Na'  concentration on the rate o f  glucose production. 
Livers were pcrfused in a recirculating system without subslratc. After 30 rain Na ~ or K ~ 
pyruvate was added to the reservoir to give a final concentration of 20 mM. 45 min later cyclic 
AMP was added to give a final concentration of 5"10 4 M. The experiment was terminated 
at 120 rain. The period between 45 90 rain served as control period, while the period between 
90 120 rain was taken as experimental period. KRB, Krebs-Ringer bicarbonate buffer. 
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(40 m M  Na +, 100 m M  chol ine) ,  con t ro l  and cyclic A M P - s t i m u l a t e d  g lucose  
p r o d u c t i o n  were n o r m a l  (Fig.  I). 

Ill conlri lSl  to par t ia l  subs t i t u t i on  o1" N i t '  by cho l ine  or  b3' 1 5 ' ,  subsl.JtuliOll 
by K ~ (106 m M  K + , 4 0  m M  Nit + ) depressed  tile con t ro l  rate o l ' g l u c o s e  p r o d u c t i o n  

and b locked  the cylic  A M P  s t i m u l a t i o n  (Table  ll). 

TABLE II 

THE EFFECTS OF ('Y('I_I(" AMP ON GI~U('OSE PRODU( 'TION.  ELE( 'TROL~FE 
( 'ONTENT,  AND MEMBRANE POTENTIAl.  IN HIGH K MEDIUM 

Glucose determination was done as described in tile legend for Fig. I, electrolyte determinations 
as described in the legend of Table I11, and menll'a'ane potentials (E,,,) as described in tile legend 
of Table II1 and Fig. 3. The Na K perfusion sohHion contained 106 mM K , 40 mM N a  
~Table I). Values given are the mean ± S.E. from tile nunlber of experiments shown in parentheses. 
Statistical evaluation of cyclic AMP response by pah-ed 1 tests leach experiment serving as 
ils o;sn control) showed that none of the cyclic AMP ',,:llues :.ue significantly different from 
ihe Na ' K '  perfLisate controls at P 0.05. KBR, Krebs .Rhlger bicarbonate buffer: H-,O~, 
intracellular water: total water (g wet \ ~ t - g  dry wl) millt,S extracellular space. 

]: 'e l ' l ' t l  s~.l l c 

KRB Na K Na K cyclic AMP 

Glucose production 
I/mloles gl.lg per h) 23.4+ 2.2 (201 

[Na ]i (/inloles,,'g H :~(])i ) 4 0 . 6  + 5 .5  (I  0) 
[K]i I/imoles/g H,_,Oi) 167 +9 (10) 
E,,~(mV) 35.0±1.1 (1()~ 

10.4+ 2.3 ( O} 
33.6± 3.1 (6) 
196 + 13 (6~ 
22.7 1.0 (4) 

16.3 -F 2.8 (10~ 
29.2±4.4 f6~ 
172 ~ 14 (6~ 
27.5+3.2 (4) 

Subs t i t u t i on  o f  i se th iona te  l\~r ch lo r ide  had no effect on g lucose  p r o d u c t i o n  

(Fig.  2 ) .  

Membrane poteHtial 
Agent s  which s t imu la t e  g lucose  p r o d u c t i o n  also elicit  a t rans ient  cell m e m b r a n e  

h y p e r p o l a r i z a t i o n  [9-11] .  A typical  effect o F c y c l i c  A M P  is shown in Fig. 3. Th is  

l r ans ien l  m e m b r a n e  hyperpolarizal~ion occurs  both ~,ith and w i thou t  subs t ra te  

(pyruva te )  ill tile perfusate .  Pyruva te  i l se l f  el ici ts  t n e m b r a n e  hype rpo l a r i za t i on  

which is sus ta ined  (10 mV with "2_0 m M  pyruva te )  [ I I ] .  Thus  tile con t ro l  m e m b r a n e  

po ten t i a l s  in the presence  o f  pyruwt te  are  large:'. However ,  the z~ct h y p e r p o l a r i z a t i o n s  
resu l t ing  f rom cyclic A M P  a d m i n i s t r a t i o n  (15 mV with 5"10 s M cyclic A M P )  
are  n o t  s ignif icant ly  different  in the two e x p e r i m e n t a l  c o n d i t i o n s  [ l l  ]. 

Swi t ch ing  f rom Krebs  Ringer  b i c a r b o n a t e  buffer  per fusa te  to Li ~ Tris  
pe r fusa le  (Na+- f r ee )  caused an i m m e d i a t e  m e m b r a n e  depo la r i za t ion ,  an effect that  
wits rapid ly  reversed by r e tu rn ing  the n o r m a l  Krebs  R inger  b i c a r b o n a t e  buffer  
(Fig.  4). M e m b r a n e  po ten t i a l s  were s l ight ly  but  not  s ignif icant ly  reduced  in perFusions 
with the 100 rnM Li +. 40 m M  Nit + so lu t ion .  Cycl ic  A M P  el ic i ted a t rans ient  hyper-  

po l a r i za t i on  with the par t i a l ly  subs t i tu ted  (Li ~ ) pe r fusa te  (Fig. 5) whereas  it had 
no effect on m e m b r a n e  po ten t ia l  with the Na  ~-free,  L i+-Tr i s  per fusa te  (Table  I11, 
Fig. 5). Na+- f r ee ,  Li+-Tr is ,  e thy lene-g lyco l -b i s - ( /Mtminoe thy l  etheri-N.N'-tetraacetic 
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Fig. 2. The  effects of  a low [CI ] per fusa te  on the rate of  g l ucose lp roduc t i on  and  t r a n s m e m b r a n e  
potential .  Glucose  de te rmina t ion  was done  as described in the legend for Fig. l, cyclic A M P  
was present  in a final concen t ra t ion  of  5-10 a M. M e m b r a n e  potent ials  were averaged by the 
m e t h o d  described in the legend for Table  II1. The  perfus ion  solut ion for these exper imen t s  was 
the  ise thionate  Ringer.  

KRB 
ISETHIONATE 

" - ~ 7 -  ,,,:, : >,7 : mV 
c t ' l , L~. ",: t; : 
i 22 ; : , s  !': 

~ ! 4 0 - *  '~  L'!~::: * ~ ]-T 

3' 5' AMP 

3' 5' AMP 

] ', ', ', ', I I I I I I 
0 2 4 6 8 I 0  

M I N U T E S  

Fig. 3. Membrane  potential records with KRB (Krebs -R inge r  bicarbonate buffer) and isethionate 
Ringer perfusion solutions showing responses to cyclic A M P  (5-10 ; M). The bot tom of the 
records indicate the extracellular (perfusatc) refcrence potential level. Upward  deflections 
indicate cell penetrat ions and the intracellular potential is indicated by the top of the penetration 
record. (Upward  is negative.) Cyclic A M P  was present during the period enclosed by arrows 
in each record. 
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M I N U T E S  

Fig. 4. The  effect o f  Na :-free, L J  Tris on m e m b r a n e  potentials .  Lh'ers were perfused ~ i th  
K R B  in a recirculatJng system.  At the thnes  indicated the perfusate  was changed  to Na ;-free, 
Li = Tris buffer by switching to a different rescrvoJr, and  then back to the K R B  perfusate.  
M e m b r a n e  potent ials  are indicated by the upward deflections in the recording which represent  
individual  cell penetra t ions .  The  base line is the perfusate  reference potential  and  the upv~ard dhec-  
tion is negative. KRB,  K r e b s - R i n g e r  b icarbonate  btlfl'cr. 

I 0 0  mM Choline 
4 0  mM No" i,l ~ | ,  ,ii] 40 

3' ,5' AMP < • 

3'  5 '  AMP < • 

J IOOmM L I -T r is  h .~ ' 
40  m M  No ÷ I ,~i ! , ,  a ~.~. 4 0  L_J  

3' 5 '  AMP < ), 

No'- f reeLi-TrJ$ ~ ~ 1 2 0  

3' 5 '  AMP ( > 

I I I I I I 
0 2 4 8 8 I0 

MINUTES 

Fig. 5. The  ell"cots o f  varying the Na concen t ra t ion  on the basal and  the cyclic A M P - s t i n m h H e d  
m e m b r a n e  potentials .  Livers were perfused with lhe indicated perfusate  in a rech*culating systenl.  
Comro]  m e m b r a n e  potent ials  were recorded for I0 rain after a 3{) rain equi l ibrat ion period 
in the perfus ion  solut ion indicated,  then  cyclic A M P  was given (5 .10  i M) and m e m b r a n e  
potent ials  were recorded for the next  10-15 rain. The  base Ihle o f  each record is the perfusat¢ 
reference potential  and  upward  deflections indicate Jndivual cell penetra t ions .  Cyclic A M P  
was present  dur ing  thc period enclosed by the arroyos in each record. 
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TABLE I l l  

THE EFFECTS OF VARYING PERFUSATE IONIC COMPOSITION ON ELECTROLYTE 
CONTENT AND MEMBRANE POTENTIAL 

Livers were perfused in a recirculating system without addcd substratc. For clectrolyte deter- 
ruination a small lobe was tied and removed after 30 rain of perfusion. This served as control 
tissue. Cyclic AMP was then added to give a final concentration of 5,10 ~ M. 6 rain later an 
additional lobe was removed. After determining water content by drying the tissuc at 105 'C 
for 24 h, the samples were ashed (590 °C for 16 h )and the Na and K content delermincd using 
a Pcrkin-Ehner  Atomic Absorption Flame Photometer. H20~, intracellular water: total ~ater  
(g ~et w t - g .  dry wt) minus extracellular space (estimating cxtracellular water space using a 
specific gravity of 1.0). E,,~, t ransmembrane potentials are given as absolute value; intracellular 
potentials are negative with respect to the perfusion solution. In each experiment the control 
membrane potential was determined as the average of 20 50 cell penetrations and the cyclic 
AMP response was determined as the average value of at least 8 consecutive cell penetrations 
during the peak of the response. Entries are the mean +_ S.E. from the number  ofexperinaents 
shown in parentheses below each entry. Statistical analysis was carried out by paired t tests 
(each experiment serving as its own control). 

Perfusatc [Na]i (/~moles/g H:~Oi) [K]i (/maoles/g H2Oi) E,. (mY) 

Krebs-Ringer bicarbonate buffer 40.6_+5.5 167+_9 35.0+ 1.1 
Krcbs-Ringer bicarbonate buffer f 

cyclic AMP 19.5+7.8" 167+7 46.2 + 2.2" 
(10) (11) (4) 

Li 11.4+0.9 86_+21 20.2+_0.8 
Li i cyc l i cAMP 10.3_+0.8 75_+19 19.1_+0.5 

(4 (4) 19) 
Na k i  45.4+5.1 112_+ 14 30.0+2.8 
Na ' L i  25.0+ 14.0" 110+ 11 36.0+6.4" 

(3) (3) (3) 
Choline 26.4 _+ 4.9 146 +_ 4 29.6 + 2.9 
Choline I cyclic AMP 21.5+_3.4 111 +_ l * 29.0_+2.8 

(3) (3) (3) 
Na ' C h o l i n e  33.4_+ 13.3 133_+22 37.9 + 1.5 
Na / 'Choline cyclic AMP 21.7_+6.1" 130+26 48.0+3.4"  

(6) (6) (2) 

• indicates significant difference from control at P 0.05. 

ac id  p e r f u s a t e  was  used  to  t e s t  t he  p o s s i b i l i t y  t h a t  the  N a + - f f e e  p e r f u s a t e  was 

b l o c k i n g  the  cycl ic  A M P  r e s p o n s e s  by an  i nc r ea sed  m e m b r a n e  s t a b i l i z i n g  a c t i o n  o f  

Cit e+. E l i m i n a t i o n  o f  C a  -'+ f i 'om the  N a + - f r e e  p e r f u s a t e  d id  no t  a l t e r  t he  c o m p l e t e  

b l o c k  o f  the  n o r m a l  cycl ic  A M P  effect o n  m e m b r a n e  p o t e n t i a l .  

Pe r fu s ion  w i th  N a + - f l e e ,  c h o l i n e  R i n g e r  c a u s e d  a s ign i f i can t  r e d u c t i o n  in 

m e m b r a n e  p o t e n t i a l s  a n d  c o m p l e t e l y  b l o c k e d  the  cyclic A M P - e l i c i t e d  hype r -  
p o l a r i z a t i o n  ( T a b l e  11I, Fig. 5). W i t h  the  100 m M  cho l ine .  40 m M  Nit  + p e r f u s a t e ,  

c o n t r o l  m e m b r a n e  p o t e n t i a l s  were  n o r m a l  a n d  cycl ic  A M P  el ic i ted  a s ign i f i can t  

h y p e r p o l a r i z a t  ion ( T a b l e  1 II, Fig.  5). 

In l ivers  pe r fu sed  w i th  h igh  K + m e d i u m  (106 m M  K +, 40 m M  Net + ) the  

c o n t r o l  m e m b r a n e  p o t e n t i a l s  were  s ign i f i can t ly  l ower  a n d  t h e  cycl ic  A M P  effect 
was  b l o c k e d  ( T a b l e  IlL 
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In order  to study the mechanism by which cyclic A M P  hyperpolar izes  the 
liver cell, exper iments  were done using a low CI -  perfusate. The reason l\~r doing 
so was that a decrease in chlor ide permeabi l i ty  could result in membrane  hyper- 
polar izat ion by a reduction of  this high conductance  current  pathway [22,24]. 
According  to tile da t a  we obta ined this is not the case. The hyperpolar iz ing  effect 
of  cyclic A M P  in low CI -  medium wits more pronounced  thiul in regular  Krebs 
Ringer b icarbonate  buffer ('Fig. 3). Tile rate of  glucose product ion was also s imi lar  
to the values obta ined in control  exper iments  (Fig. 2). 

T].',,?lt# N a  (lilt[ K COlll('lll : 

Previously published da ta  has demons t ra ted  shifts in electrolyte d is t r ibut ion  
following cyclic A M P  adminis t ra t ion  [4 6]. An increase in perfusate K and Na 
were observed to occur short ly after cyclic A M P  adminis t ra t ion ,  a t ime period which 
appeared  to coincide with the membrane  hyperpolar iza t ion .  To test the possibility' 
of  a correla t ion between these electrolyte movements  and the hyperpolar iza t ion ,  
tissue and perfusate (effluent from the liver) sltmples were taken just  pr ior  to cyclic 
A M P  adminis t ra t ion  and again at the peak of  the membrane  hyperpolar iza t ion .  
about  6 8 rain following adminis t ra t ion .  Membrane  potent ia ls  ~e i e  measured 
during tile exper iments  to confirm tile control  and hyperpolar iza t ion  values previousl} 
obta ined .  

Tile efl'ects of total or part ial  subst i tut ion of  Na + on liver Net and K content  
are presented in Table 111. In tile control  experiments ,  when liver samples  \~ere 
taken itl tile peak of  tile hyperpolar iza t ion,  electrolyte de te imina t ions  sho~xed 
a net loss of  a lmost  half  of  tile liver Nit. This amount  of  tissue loss (20 , m o l e s  g 
intracel lular  water) cor responds  well with tile es t imate  of  Na loss previously 
repor ted  on tile basis of  flux studies [6]. In contras t  to tile flux studies, where a 
release of  K was observed,  K de te rmina t ion  in tile liver did not show a change. 
Flux studies are more f avo rab l e l \ ) r  demons t ra t ing  small changes in K movement ,  
whereas the demons t ra t ion  of  a loss of  tissue K against  tile large K ~ concent ra t ion  
inside tile liver is exper imenta l ly  more difficult. 

Comple te  subsl i tu l ion of  Net ÷ witll L i  or choline significantly lowered 
tissue Na content .  This effect was far more s t r iking in tile ki ~ subst i tuted perfusate,  
than in the choline subst i tuted one. Under  these condi t ions  (Na+-f lee)  addi t ion of" 
cyclic A M P  wits not lkHlowed by a furlher loss of  tissue Na. 

Tissue Na content  was not significantly altered with part ia l  subs t i tu t ion  
of  Na + by choline or  Li ~ and cyclic A M P  adminis t ra t ion  elicited the Na  efllux 
(net tissue loss) its in tile normal  perfusion experiments .  

Tissue K was markedly  decreased b y p e r f u s a t e s m  which Li+ wets subst i tu ted 
for Na ~, and decreased but by lesser amounts  in tile choline perfusates.  The only 
significant changes in tissue K content  elicited by cyclic A M P  were with tile 
comple te  choline subst i tut ion for Na +. With  part ial  subst i tut ion of  Na ~ with ei ther 
Li + or choline tile intracel lular  levels of  K were normal (Table I11). 

in order  to investiga'..e tile possibi l i ty  that membrane  potent ial  change b 3 
i tself  can influence lhe rate of glucose product ion,  the potent ial  wets lowered by 
raising the perfusale K + concentra t ion  (Table 11). Under  this condi t ion  cyclic 
A M P  admin is t ra t ion  was not followed by the usual Nit efltux or hyperpola r iza l ion .  
This lack of  Na ei'[lux was not the consequence of  a deplet ion of  in t racel lular  Na. 
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The level of intracellular K in these experiments was significantly higher than 
in the control experiments (Table 11). It was observed that the control membrane 
potentials with 106 mM K + were about 5 mV more negative than the K equilibrium 
potential estimated with the Nernst equation and the tissue and perfusate K con- 
centrations. Furthermore, in two of four experiments both pyruwtte and cyclic 
AMP elicited small but significant hyperpolarizations (4 5 mV for each). The control 
membrane potentials were -24 and -25 mV in these experiments in contrast to 19 
and 22 mV in the two experiments that gave no change with cyclic AMP. 

Calcium ej.]lu.v 
It has been previously demonstrated that hormones which increase the liver 

cyclic AMP level or the cyclic nucleotide by itself elicit net efllux of Ca from 
the liver [4 6]. It was tk)und in experiments where Na + was replaced with choline, 
thai neither the uptake of Ca into the hormone-sensitive pool nor the release 
of Ca depends on the presence of extracellular Na + [6]. Because Li + substitution 
has a more marked effect on electrolyte movement and membrane potential than 
choline substitution (Fig. 5) the effects of cyclic AMP on aSCa release and K 
movement were measured in Na+-free ki+-Tris buffer. As illustrated in Fig. 6, 
cyclic AMP does stimulate Ca efftux under this condition. While the response 
appears to be similar to the responses obtained in control animals, the possibility 
that they might be quantitatively different cannot be excluded because no chemical 
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Fig. 6. The effects of cyclic A M P  on ion fluxes in Na F-frce, Li Tris buffer. Livcrs florn red rats 
were perfused for" 60 rnin in a recirculating system with Krebs Ringer bicarbonate buffer con- 
tainmg 0.5 #C/rnl 4:'('a~. The test period shown in the figure then began by switching to an 
isotope-free, Na - f ree ,  Li ~ -Tris  buffer in a non-recirculating (f low-through) system. The effluent 
was collected at I rnin intervals. Where indicated cyclic AMP was added to give a final con- 
centration of 5" 10 L M. The flow rate in these experiments was 12 ml/min. The figure represents 
the average or 3 experiments. 
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measurements  were done. These da ta  clearly demons t ra te ,  however, that the efllux 
of  Ca is not  dependent  on the presence of  extracel lular  Na  ~. 

Switching from Krebs Ringer b icarbonate  buffer to Na  ~-free, Li ~ --Tris resulted 
in an immedia te  K release from the liver, as indicated by the elevated K le\el  
in the perfusate (Fig. 6). This da ta  is compl imen ta ry  to lhe results obta ined  in lhe 
K content  de te rmina t ion  of  the liver which shows a loss of  50~?i, e l ' t h e  liver K 
in Na+-free,  k i ~ - T r i s  (Table IIL It seems that the lack of  Na ~ does not block 
the cyclic A M P  elicited K nlovemell l  ahhough  the response is smal ler  titan in 
control  rats. No release o1" Nit was observed following cvctic A M P  adminis t ra t ion .  
However,  because the \ e r \  lo\~ Na ~ concentra t ions  in the perfusale were clc)se /o 
the background  level of  the analysis,  the absolute  values obla ined  seemed to bc 
quest ionable .  

I ) I S C U S S I O N  

We have presented dater demons t ra t ing  that  tile hyperglycemic efl'ccl,~ of  
glucagon and cyclic A M P  are associated with a redis t r ibut ion of ions and membrane  
hyperpolar iza t ion .  Tile net etttux of  Nit which itwolves half of  the total  intra-  
cel lular  Nit is quant i ta t ive ly  the largest ion shift observed.  The Nit et|lux occurs 
against  a concent ra t ion  and electrical gradient  and thus is an energy requir ing process. 
The most likely mechanism i'or the active extrusion of  Na would be the s t imula l ion  
o1" a Na ~ pulnp [23], such as the Na + K ~ ATPasc.  Because, the liver N i t  K '  
ATPase  has been shown to be act ivated by' intracel lular  Na ~. and to pump K '  
in exchange for Na ~ \villa a rat io of  2:3 [24] an act ivat ion of  this enzyme would 
be expected to be associated with (1) an increased influx of K ~ and (2) membrane  
hyperpolar iza t ion  from the nel outward  current.  Hos te le r ,  adminis t ra t ion  el" 
epinephrine,  glucagon or cyclic A M P  is followed b\ hspe rka lemia  [3.4.7. S]. 
In our  studies the efl]ux of  Nit and K lrom the liver (as determined by measuring 
the concentrl t t ion of  these ion> in the perfusate) seems to occur s imul taneous] \  
[6]. Therel\+re. if the extrusion el" N a :  is due to the aclivi tv of  this enzyme, one 
has to ~tssume thai  the increase in K concent ra t ion  in the liver is masked.  One 
possible mechanism l>r the masking elTect could be an incre~tse in K + pernle~tbilit~ 
occurr ing s imul taneously  with the Na efllux. Our  da ta  suppor l s  such a hypolhesb,.  
In our exper imenls  a loss of  K was noliccd in the exper iments  where the le\el  of  
intracel lular  Na had been lowered b \  perfusing the li~er '~i!h Na" - f ree  perfusate 
(Table I11). The efllux of  K observed in the flux studies and in N a ' - f r e e  perl 'usatc 
occurs in the direct ion of  the K gradient  and could lhcrcl 'ore, be the consequence 
o f  a t ransient  increase in K ~ permeabi l i ty .  An increase in K " perme~,,bilily, follo\ving 
norepinephr ine  adminis t ra t ion  has been repor ted [25]. The increased etllux o1" 

Nit could be also the consequence of  a t ransient  decrease in Na + permeabi l i l  3. thus 
a reduced influx with the outwardly  direcled pump functioning at its usual rate. 
However,  lhe observat ion that 50<'o of  the tissue Na is Iosl in 5 6 rain suggests 
thai  the normal  cellular  Na lurnover  ~ould  have a h~df t ime in the range o1 5 6 
minutes which is several fold faster than repor ted \.alues [24]. 

The observed etfiux of  cat ions occurs IkHlowing a release of  intracel lular  
( a  [4 6]. This Ca movement  is p robably  associated xvilh a l ransicnl  incrcase 
in the cy loplasmat ic  Ca 2~ level. An increase in Ca e+ concentr~ttion has been sho~n 
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to affect the perineability of the cell membrane to monovalent cations in a vltriety 
of systems [26,27]. Thus it is possible, that the eMux of K + and the concomitant 
hyperpolarization is the result of the mobilization of intracellular C a  2+ 

The observation that one of the earliest effects of cyclic AMP is on Ca 
efllux supports the suggestion of Rasmussen [28, 29] that many efl'ects of cyclic AM P 
could be related to an effect on Ca 2+ movement. 

Another mechanism which might contribute to the observed changes in ion 
distribution could be it glucagon or cyclic AMP-stimulated phosphorylation of 
a membrane component, which could result in changes in the perineability charac- 
teristics of the membrane [30 32]. 

The transient cell membrane hyperpolarization was not dependent on CI 
or a change in CI- permeability. Several other mechanisms appear to be reasonable 
explanations of the hyperpolarization in view of the evidence. An increase m 
pot~ssium permeability would be hyperpolarizing because the control membrane 
potential level is about 55 mV below the potassium equilibrium potential. A decrease 
in the Na + permeability could be hyperpolarizing in view of a calculated control 
level of PN:,/P~, of 0.23 using our membrane potential and electrolyte data and tim 
Goldman equation for membrane potential [22]. An electrogenic Na + pump could 
account l\3r the transient hyperpolarization [23]. The large net tissue loss of Nit +. 
measured during the period of the membrane hyperpolarization, indicates thai 
a membrane Na * pump is active during the hyperpolarization. The blocking effect 
of the Na+-flee perfusates (on the membrane hyperpolarization induced by cyclic 
AMP) is apparently not the result of an increased membrane stabilization by C a  2+ 

in the absence of Na +. 
In our studies, a block in glucagon- or cyclic AMP-induced gluconeogenesis, 

Na efltux and hyperpolarization was observed in Na+-flee perfusate. Initially, 
cyclic AMP causes a small uptake of Nit, thus, it might be that this influx is 
necessary to trigger further events [6]. It is possible also that the inhibition observed 
in Na+-free perfusate is secondary to the depletion of the intracellular Na pool. 

The suppressed effects obtained in the K + depolarized liver raises the 
possibility that the membrane potential by itself might have sorne influence on 
the hormone- or cyclic AMP-evoked responses. It has been proposed that the polar 
groups in liver cell membranes may be exposed to the changes in the field strength 
[21]. This might result in alterated function of the molecules or membranes as 
demonstrated in a wtriety of systems [33-38]. The increase in the intracellular 
level of K (Table 11) or the altered Na+/K ÷ ratio with the high K + perfusate may 
ztlso account t\~r the inhibition of the cyclic AMP-stimulated events. However, 
under the four different experimental conditions tested so far where inhibition of 
gluconeogenesis was observed, namely Na+-free, Li + Tris buffer: Na+-free, choline 
buffer; high K + buffer; and tetracaine administration [21 ], the levels of intracellular 
K and Na varied widely. In all the four conditions a depolarization was observed. 
The possible direct influence of membrane potential on metabolic parameters 
deserves therefore, further consideration. 

The present data are consistent with our previous studies in indicating that 
a functional connection might exist between the hormone- or cyclic AMP-induced 
ion fluxes, cell membrane hyperpolarization and the metabolic effects evoked by 
these agents. 
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