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Summary. We studied insulin processing and hepatic gly- 
cogenesis in cultured hepatocytes isolated from rat fetuses of 
17, 19, and 21 days of gestation. Steady-state insulin binding 
increased by 250 % between days 17 and 19, from 145 _+ 8 to 
361+52fmol/mg protein, and by an additional 40% 
(405 + 69 fmol/mg protein) by 21 days of gestation. At 37 ~ 
~I-insulin was rapidly (tie < 5 min) internalized by hepato- 
cytes at all three ages, reaching maximal levels (63-76 % of 
the total cell-associated radioactivity) by 15 min. 125I-labelled 
degradation products appeared rapidly (t1/2 < 15 rain) within 
the cells. Yet, the majority (68-77%) of the intracellular 
radioactivity consisted of intact ~25I-insulin, even after 4 h at 
37 ~ Hepatocytes pre-loaded with a25I-insulin and then acid- 
stripped of surface-bound radioactivity, rapidly released 
both intact z25I-insulin (retroendocytosis) and its radiola- 
belled degradation products. While intact insulin was ini- 
tially released more rapidly (tit2 < 6 min), and reached a pla~ 

teau after 15-30 min, the degradation products continued to 
accumulate in the medium for at least 4 h. Methylamine in- 
hibited intracellular 125I-insulin degradation at all three gesta- 
tional ages and also blocked insulin-stimulated glycogenesis 
in 19- and 21-day hepatocytes, without altering basal gly- 
cogen synthesis. Insulin-stimulated glycogenesis was not in- 
duced in 17-day fetal rat hepatocytes in control or methyl- 
amine-treated cultures. We conclude that both degradative 
and retroendocytotic pathways for processing insulin are 
present in fetal rat hepatocytes by 17 days of gestation. Fur- 
ther, insulin-receptor processing was functionally related to 
the glycogenic action of insulin in responsive 19- and 21-day 
fetal rat hepatocytes 
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Numerous clinical and experimental observations suggest 
that insulin plays a major role in regulating fetal growth 
and metabolism during late gestation [1-3]. While the 
growth-promoting actions of insulin may be mediated 
through indirect mechanisms, such as interaction with in- 
sulin-like growth factor-I (IGF-I) receptors [3-5], its ef- 
fects on hepatic glycogenesis late in gestation appear to in- 
volve classic insulin recept0r-mediated pathways. Insulin 
binding to 18-day fetal rat hepatocytes in culture preceded 
insulin-stimulated glycogenesis and insulin degradation 
[6-8]; both events were inhibited by agents which inter- 
fere with insulin-receptor processing. While Sodoyez et al. 
[9] reported that the processing of insulin by intact fetal 
rat livers in vivo increased between 17 and 21 days of ges- 
tation, little information is available regarding the cellular 
events involved in insulin processing by the fetal liver. 
These events have been extensively studied in adult target 
tissues [10, 11]. Hormone binding to cell surface receptors 
is followed by receptor-mediated endocytosis of insulin- 
receptor complexes with the subsequent dissociation of 

these complexes within pre-lysosomal acidic endosomal 
compartments. In adipocytes [12] and hepatocytes [13] 
isolated from adult rats, the intracellular insulin is pro- 
cessed via two distinct pathways. One culminates in in- 
sulin catabolism and the release of degradation products, 
while the second pathway results in the release of intact 
hormone; the majority of internalized receptors appear to 
be recycled back to the cell surface [14]. Very little is 
known about the maturation of these degradative and 
retroendocytotic pathways during fetal development or 
their relationship to the biological actions of insulin. 

We have used cultured hepatocytes isolated from rat 
fetuses of 17, 19, and 21 days of gestation to directly 
examine the metabolic processing of insulin. With this cul- 
ture system, we explored the possibility that fetal hepato- 
cytes, like their adult counterparts, release intact insulin 
through a retroendocytotic pathway. To evaluate the 
physiological significance of these events during fetal 
development, we compared various aspects of insulin 
processing and insulin-stimulated glycogenesis, in the 
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presence and absence of methylamine, an inhibitor of en-  Incubation in serum-free medium for up to 72 h resulted in only a 
d o s o m a l  processing of insulin-receptor complexes, small ( < 15 %) further loss of cells. 

Materials and methods 

Animals 

Timed-pregnant Sprague-Dawley rats were purchased from Taconic 
Laboratories (Germantown, NY, USA). After the mothers were 
killed by CO2 asphyxiation, in accordance with National Institutes of 
Health guidelines for the humane treatment of laboratory animals, 
we delivered the fetuses by Caesarean section between the 17th and 
21st day of gestation, as indicated. The fetuses were immediately de- 
capitated and their livers were rapidly removed. 

Materials 

Tissue culture media and reagents were purchased from Grand Is- 
land Biological Co. (Grand Island, NY, USA) and tissue culture 
dishes from Falcon Plastics (Los Angeles, Calif., USA). Insulin-free, 
RIA grade borine serum albumin (BSA), bovine insulin, dexame- 
thasone, methylamine, and type IV collagenase were obtained from 
Sigma Chemical Co. (St. Louis, Mo., USA).  Anthrone reagent and 
diaminobenzoic acid were purchased from Aldrich Chemical Co. 
Inc. (Milwaukee, Wis., USA). Iodobead radioiodination reagent 
was supplied by Pierce Chemical Co. (Rockford, Ill., USA). NalZSI, 
D-U54C-glucose, and ACS scintillation cocktail were purchased 
from Amersham Corp. (Arlington Heights, Ill., USA). Rat tail col- 
lagen was prepared by extraction of rat tail tendons in 0.1% acetic 
acid for 72 h at 4~ After  centrifugation (12,000 xg,  4~ 2 h) to 
remove insoluble material, the supernatant fraction was lyophilized. 
Prior to use, collagen was rehydrated in sterile distilled water and ad- 
justed to pH 3.5 using 1 mol/l acetic acid. This material (0.08 ml of a 
2 mg/ml stock solution) was permitted to gel on the surface of the 
tissue culture dishes in an ammonium hydroxide vapour bath for 1 h 
(160 btg collagen/8.8 cm 2 well), and washed with 1 ml of sterile water 
before plating the hepatocytes. 

Iodination of insulin 

Insulin was iodinated to a specific activity of 20-30 btCi/lag, using the 
iodobead reagent and separated from unreacted t2sI by chromato- 
graphy on Sephadex G-25 as previously described [15]. 

Preparation of fetal rat hepatocytes 

Fetal rat hepatocytes were isolated by a modification of our pre- 
viously described collagenase dissociation method [15]. The diges- 
tion buffer was changed to Hanks' balanced salt solution with 
10 mmol/1HEPES, 4.0 mmol/1 calcium chloride, and 0.7 % BSA; the 
collagenase concentration was 300 U/ml. Tissue culture dishes 
(8.8 cm 2 wells) were coated with rat tail collagen (160 btg/well). He- 
patocytes were plated at a density of 0.7-1.0 x 106 cells/well, in 3.5 ml 
of M-199, containing 10 % fetal bovine serum and dexamethasone 
(1 x 10 -7 mol/1). Dexamethasone was included during the first 4 h to 
enhance plating efficiency. The ammonium chloride rinse we pre- 
viously used for lysing erythrocytes, was omitted, as these latter cells 
were demonstrated not to adhere to the collagen-coated dishes. 
After 4 h, the medium was changed to one containing 10 % fetal bo- 
vine serum, but not dexamethasone. After  18 h, the cells were rinsed 
three times with serum-free M-199 and incubated for another 2 h in 
the absence of serum prior to initiation of the experimental protocol 
(zero time). Thus, all cultures were exposed to serum only during the 
initial 22 h after plating. At zero time, the cell densities averaged 
0.56 + 0.24 x 106 cells/well and were not affected by the donor age. 

Insulin binding 

Hepatocytes were incubated at temperatures of 4 ~ and 37 ~ with 
i ml of binding buffer (M-199 with Hanks' salts, 1% BSA, pH 7.8) 
for at least 30 min prior to addition of i25I-insulin (0.5 nmol/1); paral- 
lel cultures received t25I-insulin plus unlabelled insulin (1 btmol/l) for 
determination of non-specific binding. 125I-Insulin binding to col- 
lagen-coated wells without cells present was less than 6 % of the total 
binding to collagen-coated wells containing hepatocytes, and was 
not reduced by co-incubation with 1 gmol/1 unlabelled insulin. 
Therefore, specific binding [total cpm (absence of unlabelled in- 
sulin) - non-specific cpm (presence of 1 btmol/1 unlabelled insulin)] 
was corrected for the total non-specific binding for the collagen sub- 
strate and the cell monolayer. The labelled and unlabelled insulin 
were equilibrated for 30 min at the appropriate temperature before 
addition. At the indicated times, the medium was decanted and the 
cells were rinsed four times with ice-cold phosphate buffered saline 
(PBS). The dishes were air-dried and the hepatocytes then solu- 
bilized overnight in 1 ml of 0.5 mol/1 NaOH. The radioactivity in an 
aliquot (0.5 ml) of the solubilized cells was determined. Total cellu- 
lar protein content was measured in another aliquot (0.04 ml) by the 
method of Lowry e t al. [16]. 

Insulin processing 

We assessed several aspects of insulin processing: ~25I-insulin inter- 
nalization, intracellular degradation, and reappearance in the me- 
dium. The location of cell-associated t25I-insulin was determined by 
a modification of the method of Haigler et al. [17]. Following incu- 
bation with ~2sI-insulin (parallel cultures received 1 gmol/1 unla- 
belled insulin for estimation of non-specific association) for various 
times at 4 ~ and 37~ the hepatocytes were rinsed with ice-cold M- 
199 containing 1% BSA and placed on ice. Surface-bound t25I-in- 
sulin was removed by treating the cultures for 6 min with 1 ml of 
ice-cold 0.2 mol/l acetic acid containing 0.5 mol/1 NaC1 (pH 2.5). In 
preliminary experiments, this procedure removed more than 95 % 
of the total cell-associated radioactivity (presumed to be present 
only on the cell surface) when hepatocytes had been pre-incubated 
with 12sI-insulin for 30 min at 4 ~ a temperature at which internal- 
ization of hormone does not occur. The intracellular radioactivity 
remaining after acetic acid stripping was then extracted in 1 ml of 
i mol/l acetic acid, containing 4 mol/1 urea and 0.1% Triton X-100 
[18] for subsequent determination of intracellular insulin degrada- 
tion. 

~2sI-Insulin degradation was estimated by measuring the ra- 
dioactivity soluble in ice-cold trichloroacetic acid (TCA). Extracts 
(0.5 ml) of cell-associated radioactivity were diluted with 0.5 ml of 
PBS containing 1% BSA and incubated with i ml of ice-cold 20% 
TCA for 10 min at 0~ Precipitable material (intact hormone) was 
separated from soluble radioactivity (degradation products) by 
centrifugation (1200 x g at 4~ for 15 rain). To confirm these esti- 
mates of t25I-insulin degradation, some extracts were also analysed 
by size exclusion HPLC using a Protein-Pak 125 column (Waters 
Assoc.; Milford, Mass., USA). 

To examine the kinetics of intact and degraded ~25I-insulin re- 
lease, hepatocytes were pre-incubated with *25I-insulin at 37 ~ par- 
allel cultures also received 1 gmol/1 of unlabelled insulin for estima- 
tion of non-specific release. After 30 min (the time when maximum 
specific intracellular concentrations of insulin were attained), the la- 
belling medium was removed, the hepatocytes were rinsed with ice- 
cold M-199 containing 1% BSA, and placed on ice. Surface-bound 
125I-insutin was then removed by the acid-saline dissociation method 
as outlined above. The cultures were rinsed again with warm me- 
dium and incubated for an additional 4 h at 37~ At various times 
the medium was collected and assayed for insulin degradation by 
the TCA precipitation method; the data were corrected for non-spe- 
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Fig. 1 a,b. Effect of temperature on the time course of insulin bind- 
ing. Cultured hepatocytes from 17- ([]),  19- (/x), and 21- ( �9  day- 
old fetal rats were incubated at 4~ (a) and 37 ~ (b) with ~25I-in- 
sulin (0.5 nmol/l; 1 x 105 cpm) in the presence (non-specific binding) 
and absence (total binding) of unlabelled insulin (1 gmol/1) in M-199 
with Hanks' salts, containing 1% BSA. At the indicated times, the 
labelling medium was decanted and the cells were rapidly rinsed four 
times with ice-cold PBS. The cell monolayers were then solubilized 
overnight in i ml of 0.5 mol/1NaOH per well and the protein content 
and radioactivity determined. The data are expressed as specific cell- 
associated cpm per mg protein; means _+ SEM of three experiments 
are shown. * p < 0.01 for differences between 17- and 21-day cul- 
tures at the indicated times 

cific release of t25I-labelled material, which averaged 12.6 +3.4% 
(mean + SEM) of the total radioactivity released into the medium. 

Glycogen determinations 

Fetal hepatocyte cultures were incubated in the presence of dexa- 
methasone for 48 h and were then washed three times with warm M- 
199 containing 0.25 % BSA. This exposure to dexamethasone was in- 
cluded as it had previously been shown to be required for ensuring a 
glycogenic response to insulin in cultured fetal rat hepatocytes [6, 7]. 
After an additional 4-h incubation with D-U-~gC-glucose 
(1.0 gCi/well) in M-199 containing 0.25 % BSA and the indicated 
concentrations of insulin, total cellular glycogen and 14C-glucose in- 
corporation into glycogen were determined by a modification of the 
ethanol-SO4 precipitation method of Van Handel [19]. Briefly, hepa- 
tocytes were disrupted by freeze-thawing in 0.5 ml of 0.03 mol/1HC1, 
scraped from the surface of the culture plates using a rubber police- 
man, and transferred to polypropylene conical centrifuge tubes; the 
plates were rinsed with an additional 0.1 ml 0.03 tool/1 HC1. Gly- 
cogen standards were prepared in 0.6 ml of 0.03 mol/1 HC1 for sub- 
sequent quantitation of total cellular glycogen levels by the An- 
throne reaction [19]. Saturated NaaSO4 (0.05 ml) was added to both 
the cell lysates and glycogen standards, followed by the addition of 
1.3 ml of 95 % ethanol. The glycogen which precipitated was isolated 
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by centrifugation at 1800 x g for 10 min. The supernatant fraction 
was removed by aspiration and the pellet was washed with 1.0 ml of 
95 % ethanol. After a second centrifugation, the supernatant frac- 
tion was discarded and the pellet was dissolved in 0.6 ml of concen- 
trated formic acid. An aliquot (0.3 ml) was diluted in H20 and ACS 
scintillation cocktail and counted in a Beckman LS 3300 liquid scin- 
tillation counter to measure the amount of D-UJ4C-glucose incor- 
poration into glycogen. To the remainder, 3.0 ml of 0.2 % Anthrone 
reagent in 70 % sulphuric acid was added. The tubes were heated for 
20 min at 90 ~ rapidly cooled in cold water, and thoroughly mixed; 
absorbance was measured at 620 nm to determine the total amount 
of glycogen present. 

Statistical analysis 

All experiments were performed using triplicate cultures for each 
condition (i. e. three cultures for total binding and three cultures for 
non-specific binding). Three such experiments were often per- 
formed; some figures (as indicated in the legends), however, de- 
picted data from only one experiment. In all cases, the results were 
expressed as the mean + SEM. Statistical analysis using a two-tailed 
Student's t-test (StatView; Brainpower, Inc., Calabasas, Calif., 
USA) was performed on a Macintosh SE microcomputer (Apple 
Computer, Inc., Cupertino, Calif., USA). 

Results 

Developmental changes in insulin binding 

The  effect of  t e m p e r a t u r e  on d e v e l o p m e n t a l  changes  in 
the  t ime  course  of  insulin b ind ing  to cu l tu red  fetal  ra t  he-  
pa tocy tes  is shown in F igure  1. A t  37 ~ the  levels of  cell- 
a s soc ia ted  rad ioac t iv i ty  resul t ing  f rom 125I-insulin u p t a k e  
by  hepa tocy te s  i so la ted  f rom 17-, 19-, and  21-day ra t  fe- 
tuses were  ini t ia l ly  similar,  increas ing  rap id ly  to a maxi-  
m u m  by  30 min.  C o n t i n u e d  incuba t ion  resu l t ed  in a r a p i d  
loss of  ce l l -assoc ia ted  radioact iv i ty ,  pa r t i cu la r ly  at  17 days  
of  ges ta t ion ,  p r o b a b l y  ref lec t ing  process ing  and  re lease  of  
the  l abe l l ed  ho rmone .  In  cul tures  f rom 17-day fetuses,  the  
pe r c e n t a ge  of  r ad ioac t iv i ty  assoc ia ted  wi th  the  hepa to -  
cytes a f te r  2 h h a d  dec l ined  to only abou t  25 % of  tha t  
p r e sen t  at  30 rain. This  loss occu r red  m o r e  s lowly in cul- 
tures  p r e p a r e d  f rom fetal  rats  l a te r  in ges ta t ion;  by  
21 days,  a lmos t  75 % of  the  p e a k  rad ioac t iv i ty  was still 
ce l l -assoc ia ted  af ter  2 h. In  contras t ,  a t  4 ~ i~sI-insulin 
b ind ing  occu r red  m o r e  slowly, bu t  inc reased  s teadi ly  wi th  
t ime.  F o r  all th ree  ges ta t iona l  ages s tudied,  it a p p r o a c h e d  
a p l a t e a u  by  4 h, which was at  least  twice the  max ima l  
levels  of b ind ing  o b s e r v e d  at  37 ~ 

D e v e l o p m e n t a l  d i f ferences  in ma x ima l  specific 12sI-in- 
sulin b ind ing  were  smal l  at low concen t ra t ions  (0 .5-  
3 nmol / l )  of  the  h o r m o n e ;  b ind ing  to 17-day fe ta l  hepa to -  
cytes was only  25-30 % less than  tha t  occurr ing  in cul tures  
f rom 19- or  21-day fe tuses  (Fig.2) .  In  contras t ,  at satu-  
ra t ing levels  of  insulin, large  d e v e l o p m e n t a l  d i f ferences  in 
insulin b ind ing  capac i ty  b e c a m e  appa ren t .  A t  insulin con- 
cen t ra t ions  g rea te r  t han  30 nmol/ l ,  t he re  was a d rama t i c  
increase  (250 % )  in the  levels of  ce l l -assoc ia ted  12sI-insulin 
la te  in ges ta t ion  (19-21 days)  which  was not  obse rved  at  
17 days  of  gestat ion.  U n d e r  s t eady-s ta te  condi t ions  (4 ~ 
for  24 h), the  levels  of  m a x i m u m  ce l l -assoc ia ted  insulin in- 
c reased  f rom 145 _+ 8 fmol /mg p r o t e i n  in 17-day cells to  
361 + 52 and  405 + 69 fmol /mg p ro t e in  in hepa tocy t e s  iso- 
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Fig. 2. Changes in the maximal insulin binding capacity with gesta- 
tional age. Hepatocytes from 17- (r~), 19- (A),  and 21- (�9 day- 
fetal rats were incubated at 4 ~ for 24 h (steady-state binding) with 
~25I-insulin (0.5 nmol/1) in the presence of increasing concentrations 
of unlabelled insulin, nhI-Insulin binding was measured at each hor- 
mone concentration and corrected for non-specific binding (residual 
binding in presence of 1 gmol/l unlabelled insulin); the resulting dis- 
placement curves were used to calculate the total amount of hor- 
mone specifically associated with the cells. The data are expressed as 
fi-nol cell-associated insulin per mg protein; each point represents the 
mean + SEM for three experiments. * p < 0.01 for the difference be- 
tween 17- and 21-day cultures at the indicated concentration of in- 
sulin. Scatchard plots of the data are shown in the inset (solid sym- 
bols) 

lated from 19- and 21-day fetal rats, respectively. Scat- 
chard plots (Fig. 2, inset) of  these compet i t ive  binding 
data shifted f rom linear to curvilinear be tween  days 17 
and 19 of  gestation, suggesting that  a second class of  bind- 
ing sites with lower  affinity for  insulin appeared  during 
this per iod of  gestation. 

Internalization and degradation of insulin 

We next carr ied out a series of  experiments  designed to in- 
vestigate the fate of insulin when  b o u n d  to fetal hepa to-  
cytes. The  cellular distr ibution (surface vs intracellular) of  
insulin was de te rmined  following incubat ion of  ~25I-insulin 
(0.5 nmol/1) with fetal hepa tocytes  at different t empera-  
tures (Fig. 3 a). We used a low concent ra t ion  (0.5 nmol/1) 
of  insulin for  these exper iments  in order  to minimize the 
effects of  the large deve lopmenta l  differences in binding 
capacity seen at higher concent ra t ions  of  insulin (Fig. 2). 
At  4~ most  ( > 8 0 % )  of  labelled insulin which was 
b o u n d  to the hepatocytes  (regardless of  the gestat ional  
age of  the donors)  remained  on the cell surface (i. e. sus- 
ceptible to acid dissociation) th roughout  the incubat ion  
per iod (2h) .  However ,  at 37~ 12hi-insulin rapidly 
(ta/2 < 5 rain) en tered  an acid-resistant, intracellular com- 
pa r tmen t  at all three  gestat ional  ages studied. By 30 min, 
the major i ty  of  cell-associated 12hi-insulin was present  
within an intracellular compar tment .  The  percentage  of  
~25I-insulin located within the cells t ended  to be higher in 
hepatocytes  derived f rom 17-day fetuses (76 %),  and de- 
creased with gestat ional  age (63 % by 21 days of  gesta- 
tion); however,  these differences were no t  statistically sig- 
nificant. 

The  effect of  t empera tu re  and gestat ional  age on the 
nature  (intact vs degraded)  of  the internal ized ~zhI-insulin 
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was also determined (Fig. 3 b). Intracellular degradation 
of lz~I-insulin, like insulin internalization, was tempera- 
ture dependent. At 37 ~ the percentage of degradation 
products within the hepatocytes reached equilibrium by 
60 rain at all three ages. The  p ropor t ion  of  degrada t ion  
products  relative to the total intracellular radioactivi ty 
also tended  to be higher in 17-day hepatocytes  (32 %),  and 
decreased with gestat ional  age (23 % by 21 days). The  
other  68-77 % of the 12SI-labelled material  within the cells 
at 60 min remained  precipitable by T C A  and was indistin- 
guishable f rom intact insulin by size exclusion H P L C .  The  
apparen t  s teady-state probably  reflects an equil ibrium be- 
tween the rates of  insulin internalization and expulsion 
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Fig.3a, h. Temperature-dependent insulin internalization and de- 
gradation. Fetal rat hepatocytes (17 ( [] ), 19 (A),  and 21 ( �9 ) clays of 
gestation) were incubated with J25I-insulin (0.5 nmol/1) in the 
presence and absence of unlabelled insulin (1 gmol/l) at 37 ~ (solid 
symbols) and 4 ~ (open symbols). At the indicated times, the cells 
were rapidly washed with ice-cold PBS and placed on ice. Surface- 
bound i25I-insulin was removed by treatment with 0.2 mol/1 acetic 
acid containing 0.5 mol/1 NaC1 for 6 rain. The radioactivity remain- 
ing associated with the cells (intracellular) was solubilized in I ml of 
1 tool/1 acetic acid containing 4 mol/l urea and 0.1% Triton X-100. 
a The percentage of the total cell-associated radioactivity (sur- 
face + intracellular) which is intracellular at various times is shown 
for all three fetal ages; the data have been corrected for differences 
in protein content as well as non-specific uptake of nsI-insulin. 
h The radioactivity soluble in 10 % ice-cold TCA (degraded insulin) 
was determined after dilution of 0.5 ml of the intracellular extract 
with 0.5 ml of PBS with 2% BSA. The data are expressed as a per- 
centage of the total intracellular radioactivity which is soluble in 
TCA. At 4 ~ no degradation products were detected (only the data 
for the 21-day hepatocytes are shown). Means of triplicate cultures 
are shown; SEM's averaged less than 8 % of the means and are not 
shown 
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Fig.4. Correlation between insulin binding and degradation. Hepa- 
tocytes from 21-day fetal rats were incubated at 37 ~ with 125I-in- 
sulin (0.5 nmol/1) in the presence of increasing concentrations of un- 
labelled insulin. After 30 rain, the cells were rinsed four times with 
ice-cold PBS and extracted in 1 tool/1 acetic acid, 4 tool/1 urea, and 
0.1% TCA. Both total cell-associated radioactivity (binding, �9 
and that soluble in 10% TCA (degraded insulin, 0)  were deter- 
mined. The data have been normalized for differences in protein 
content and corrected for non-specific binding and degradation (in 
the presence of 1 gmol/1 unlabelled insulin); means + SEM for tripli- 
cate cultures are shown 

from the cells of 125I-labelled insulin and its degradation 
products. At  4 ~ no degradation products were detect- 
able at any gestational age; data shown only for 21-day 
fetal hepatocytes. 

To confirm that the internalization and degradation of 
insulin occurred through a receptor-mediated pathway, 
we compared the inhibition of insulin binding and insulin 
degradation by increasing concentrations of unlabelled 
insulin (Fig. 4). The curves generated could be superim- 
posed upon each other (correlation coefficients > 0.99) at 
all three gestational ages; however, the results are shown 
only for the 21-day fetal hepatocytes as no developmental  
differences were observed. Half-maximal inhibition of 
both binding and degradation occurred at approximately 
5 nmol/1 unlabelled insulin. Based on these findings, it ap- 
peared that  insulin degradation in fetal rat hepatocytes, as 
previously suggested [7], was predominantly a receptor- 
mediated process. 

We next assessed the kinetics of insulin release f rom 
hepatocytes prepared from fetuses of 17 and 21 days of 
gestation. The cells were pre-incubated with 12sI-insulin at 
37 ~ for 30 rain, rinsed thoroughly with ice-cold M-199 
and treated with acetic acid-saline (see Materials and 
methods) to remove extracellular and surface-bound 125I- 
insulin, and then warmed to 37 ~ The nature of the 
radioactivity subsequently released into fresh culture me- 
dium was determined by the T C A  precipitation method at 
the indicated times (Fig. 5 a,b). The release of intact 125I- 
insulin (tv2 < 6 min) during the first 15-20 min of incu- 
bation was slightly more rapid than the release of 125I- 
labelled degradation products at 17 and 21 days of 
gestation. Whereas the levels of intact insulin in the me- 
dium reached a plateau after 15-30 min, degradation pro- 
ducts continued to accumulate in the medium for at least 
4 h. Hepatocytes  f rom 17-day-old donors released about 
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67 % more degraded insulin than those from 21-day-old 
rats. We did not detect any insulin degrading activity in the 
medium conditioned by cultured hepatocytes during 48 h 
of incubation. 

Relationship between insulin processing and 
insulin-stimulated glycogenesis 

To assess the possible relationship between insulin pro- 
cessing and the metabolic actions of insulin during late 
gestation, we compared the effects of the acidotropic 
agent, methylamine, on insulin binding, internalization, 
and degradation, to its effects on insulin-stimulated gly- 
cogen synthesis. We elected to use methylamine at a con- 
centration of 10 mmol/1 for these studies, even though 
more complete inhibition of hormone degradation was 
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Fig.5 a,b. Release of intact 125I-insulin and its degradation products. 
Fetal hepatocytes from 17 ([] ; a) and 21 (�9 ; b) days of gestation 
were incubated with 125I-insulin (0.5 nmol/1) at 37 ~ in the presence 
and absence of unlabelled insulin (lgmot/1). After 30 min, the me- 
dium containing unbound *25I-insulin was removed, the cultures 
were rinsed with ice-cold PBS, and the surface-bound 125I-labelled 
material was removed by incubation with acetic acid-saline on ice. 
The cells were rinsed again with cold PBS, followed by the addition 
of fresh warm (37~ M-199. At the indicated times, the medium 
was removed from six wells (three each for assessment of total and 
non-specific interactions), diluted 1:1 with PB S containing 2 % BSA, 
and precipitated with ice-cold 10% (final concentration) TCA. The 
data are expressed as specific cpm for intact (TCA-precipitable; 
open symbols, solid line) and degraded (TCA-soluble; closed sym- 
bols, dotted line) insulin released into the medium and have been 
normalized for differences in the protein content of the cells; non- 
specific release has been subtracted. Means _+ SEM for three experi- 
ments are shown 
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Fig.6a, b. Effect of methylamine on the 
localization of cell-associated 12sI-insulin. 
Fetal rat hepatocytes (17 ([]), 19 (A), 
and 21 ( O ) days of gestation) were in- 
cubated at 37 ~ with 125I-insulin 
(0.5 nmol/1), with (non-specific) and 
without unlabelled insulin (1 gmol/1) and 
methylamine (10 mmol/1; dosed sym- 
bols) for the indicated times. After rins- 
ing four times with ice-cold PBS, surface- 
bound radioactivity was removed with 
acid-saline and the remaining L25I-la- 
belled material associated with the cells 
(intracellular) was solubilized in 
0.5 tool/1NaOH. The amount of radio- 
activity was determined in an aliquot of 
each fraction�9 a Represents surface-asso- 
ciated radioactivity and b represents 
intracetlular radioactivity. The data from 
control cultures are depicted in open 
symbols and the methylamine-treated 
cultures in dosed symbols. The results 
are expressed as specific cell-associated 
radioactivity (surface or internal) per mg 
protein; means + SEM for triplicate cul- 
tures (three determinations per culture) 
are shown. * p < 0.01 for the differences 
between control and methylamine- 
treated cultures of the same age at the 
indicated times 

obtained at higher concentrations (data not shown). In the 
presence of 30 mmol/1 methylamine, numerous large ve- 
sicular structures appeared in the cytoplasm. Most likely, 
the high levels of amine within the endosomal system 
caused the vesicles to become hyperosmotic, resulting in 
diffusion of water from the cytoplasm into the vesicles 
to restore osmotic equilibrium [20]. Methylamine 
(10 mmol/1) did not alter the initial rates of insulin binding 
(Fig.6a) or internalization (Fig. 6b) during the first 15- 
30 min at 37 ~ After  30 rain, the levels of intracellular 
125I-insulin increased dramatically ( two-three fold) in 
methylamine-treated cultures from all three gestational 
ages. Furthermore,  methylamine inhibited the degrada- 
tion of internalized ~25I-insulin by 200-400 % compared to 
untreated hepatocytes (Fig. 7). Thus, the marked increase 
in intracellular radioactivity observed in the presence of 
methylamine was due to an accumulation of intact hor- 
mone. 

Lastly, we evaluated the effect of methylamine on in- 
sulin-stimulated glycogenesis in dexamcthasone pre- 
treated hepatocytes, to determine whether  interference 
with intracellular processing of insulin affects its biologi- 
cal activity. Methylamine caused a dose-dependent inhibi- 
tion of insulin-stimulated glycogen accumulation in 21- 
day fetal hepatocytes, with no effect on basal glycogen 

levels (data not shown). At a concentration of 10 nnnol/1, 
methylamine almost completely inhibited the insulin- 
stimulated increase in both total cellular glycogen content 
(Fig.8a) and 14C-glucose incorporation into glycogen 
(Fig. 8b) in 19 and 21-day cells without affecting basal gly- 
cogen synthesis. No glycogen response to insulin could be 
induced in 17-day fetal rat hepatocytes in control or 
methylamine-treated cultures. 

Discussion 

We have demonstrated that hepatocytes isolated from 
fetal rats during late gestation exhibited both degradative 
and retroendocytotic pathways for processing intracellu- 
lar insulin, as has been previously reported for adult liver 
cells [13]. In addition, there were differences in insulin 
binding and processing with gestational age. Fetal hepato- 
cytes exhibited a dramatic increase in their capacity to 
bind insulin, particularly between days 17 and 19. Similar 
developmental changes have been reported for human 
umbilical cord blood monocytes [21, 22] and fetal rat liver 
plasma membranes [23]. Based upon the results of Scat- 
chard analysis, the developmental increase in insulin bind- 
ing was due to the appearance of low affinity binding sites 
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Fig.7. Inhibition of t25I-insulin degradation by methylamine. Hepa- 
tocyte cultures (17 ( [] ), 19 (/x ), and 21 (�9 days of gestation) were 
incubated at 37 ~ with 12sI-insulin (0.5 nmol/1) + unlabelled insulin 
and methylamine (10 mmol/1; closed symbols). At the indicated 
times, the monolayers were rapidly rinsed four times with ice-cold 
PBS and extracted in i mol/1 acetic acid, 4 tool/1 urea, and 0.1% Tri- 
ton X-100. The radioactivity soluble (degraded insulin) in 10 % ice- 
cold TCA was determined. The results are expressed as a percentage 
of the total cell-associated radioactivity which is soluble in TCA and 
have been corrected for non-specific degradation (degradation in 
the presence of excess unlabelled insulin) and differences in protein 
content. The data for control cultures are depicted in open symbols 
and the methylamine-treated cultures in closed symbols. Means +_ 
SEM for triplicate cultures (three determinations per culture) are 
shown. * p < 0.01 for the differences between control and methyl- 
amine-treated cultures of the same age at the indicated times 

or negative cooperativity by 19 days of gestation. How- 
ever, our results are also consistent with the possibility 
that the increase in binding, observed at high (10- 
100 nmol/1) concentrations of insulin, was due to cross-re- 
activity with type I IGF receptors. Indeed, other investi- 
gators have suggested that the glycogenic actions of 
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insulin may be mediated, in part, through interaction with 
receptors for IGF-I in 20-day-old fetal rat hepatocytes [24] 
and HEP-G2 human hepatoma cells [25]. Our data did not 
permit us to differentiate between these possibilities. 

Insulin binding to cultured fetal rat hepatocytes was 
time and temperature dependent. At  37 ~ total cell-asso- 
ciated 125I-labelled material decreased after 30 min of in- 
cubation which did not occur when binding was studied at 
4 ~ Such binding kinetics and temperature probably re- 
flect internalization of hormone-receptor  complexes, fol- 
lowed by ~25I-insulin degradation and expulsion of lzsI-la- 
belled insulin and its degradation products [12, 13]. The 
rates of both processes tended to diminish with increasing 
gestational age. 

To study the fate of internalized insulin, we analysed 
the 125I-labelled material associated with cells and the cul- 
ture medium. However, unlike the previous studies on 
insulin processing by fetal hepatocytes [7, 8], we have in- 
cluded a procedure (acid-saline dissociation) for remov- 
ing cell surface bound lZSI-insulin prior to harvesting cell 
extracts and collecting 12SI-labelled material released into 
the medium. Such an approach, previously used to charac- 
terize insulin trafficking by adult rat adipocytes [12] and 
hepatocytes [13], has made it possible to distinguish be- 
tween intact insulin released from inside the cell and that 
dissociated from the cell surface. In adult tissues [12, 13], 
intracellular insulin was reported to traverse either a clas- 
sic degradative pathway or a retroendocytotic pathway in 
which intact insulin was released from the cells. Similarly, 
we found that 125I-insulin internalized by fetal hepatocytes 
was either rapidly released (h/2 < 6 min) intact, or targeted 
for degradation. All of the intact insulin destined for 
retroendocytosis (approximately 50 % of the total cell-as- 
sociated insulin) was released from the cells during the 
first 15-20 min, suggesting that the insulin remaining 
within the cells after 20 min was probably committed to a 
degradative pathway. This difference in rates of release 
for intact and degraded insulin is consistent with the pro- 
cessing of insulin through two distinct pathways. The 
gradual decrease in extracellular intact insulin levels after 
60-120 min probably reflected rebinding and endocytosis 
of the 125I-insulin which had been expelled, rather than de- 
gradation within the medium. 

While the ability of intact fetal rat liver to sequester 
and degrade 125I-insulin was previously reported to in- 
crease between days 17 and 21 of gestation in vivo [9], a 
number of factors complicated interpretation of those re- 
sults. Both endogenous insulin levels [26] and the specific 
activity of the ~25I-insulin, as well as the cellular composi- 
tion of the liver [9], changed dramatically during this peri- 
od of fetal development. In contrast, our in vitro system 
permitted us to examine insulin processing at the cellular 
level throughout late gestation. At  a low hormone concen- 
tration (0.5 nmol/1), insulin binding did not change during 
late gestation and the rates of insulin processing did not 
change significantly with gestational age. But at higher in- 
sulin concentrations, the large increases in binding capac- 
ity observed between 17 and 19 days of gestation would 
probably result in a concomitant increase in receptor- 
mediated insulin processing, similar to that reported in 
vivo [9]. 
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Fig.8 a,b. Inhibition of insulin-stimulated glycogenesis by methyl- 
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expressed as a percentage of basal (absence of insulin) glycogen syn- 
thesis; means + SEM's for triplicate cultures are shown. Basal gly- 
cogen levels increased with gestational age from 14+ 3 to 51 + 6 
gg//rng protein in 17 and 21 day fetal hepatocytes, respectively. In the 
absence of insulin, methylamine did not affect glycogen content or 
14C-glucose incorporation into glycogen. * p < 0.01 for the differen- 
ces between insulin-stimulated and basal at the indicated age 

To explore the relationship between insulin processing 
and its biological activity, we compared the effects of the 
acidotropic (formerly lysosomotropic; [27]) agent, methyl- 
amine, on insulin processing to its influence on insulin- 
stimulated glycogenesis. Methylamine did not change the 
amount of 125I-insulin initially bound to the hepatocytes, 
nor did it appear to affect the rate of insulin internaliza- 
tion. Methylamine did, however, inhibit the intracellular 
degradation of 12sI-insulin, resulting in an increase in total 
cell-associated radioactivity. These results are consistent 
with the expected actions of acidotropic amines, which 
permit internalization of ligands, but prevent their sub- 
sequent processing by raising intraendosomal pH [11, 20, 
28]. Methylamine (10mmol/1) also inhibited insulin- 
stimulated glycogen synthesis in hormone-responsive 19- 
and 21-day fetal rat hepatocytes without affecting basal 
glycogenesis. Likewise, treatment of 18-day fetal rat hepa- 
tocytes with chloroquine, another acidotropic agent, also 
inhibited insulin-stimulated glycogenesis [7, 8]. Thus, our 
results support previous findings in that some aspect of in- 
sulin-receptor processing was required for expression of 
the glycogenic action of insulin in fetal rat hepatocytes ca- 
pable of responding to the hormone. However, our finding 
that 17-day fetal rat hepatocytes, pre-treatcd for 48 h with 
dexamethasone (100 nmol/1), did not synthesize glycogen 
in response to insulin, was rather surprising in view of re- 
ports by Plas et al. [29, 30] that insulin-stimulated gly- 
cogenesis was induced by glucocorticoids in fetal rat hepa- 
tocytes isolated from 15- and 17-day-old rat fetuses, 
respectively. Subtle differences in our experimental sys- 
tems, such as culture medium (e. g. presence of serum), 
treatment conditions (e.g. duration of exposure to in- 
sulin), or estimation of gestational age, might result in 
such a discrepancy. 

Since acidotropic compounds, such as methylamine, 
inhibit receptor processing as weI1 as that of the ligand [11, 
14], insulin receptor trafficking may represent another 
key event in the hormonal regulation of glycogen syn- 

thesis. In this regard, Soubigou et al. [31] have shown that 
more than one cycle of insulin receptor endocytosis (after 
which internalized receptors return to the plasma mem- 
brane) may be necessary for development of a maximal 
glycogenic response to insulin. With increased receptor 
availability, the amount of intact insulin released by fetal 
hepatocytes via retroendocytosis may be critical for main- 
taining the local extracellular insulin concentrations re- 
quired for complete expression of the glycogenic action of 
insulin. The disappearance after 120 min of the intact 125I- 
insulin which had been released by fetal hepatocytes into 
the medium is consistent with the hypothesis that the he- 
patocytes were rebinding the insulin which had been ex- 
pelled. No insulin degrading activity was present in the 
medium. Thus, we suggest that when the insulin concen- 
trations in the medium are sufficiently high to stimulate a 
biological response, then internalized insulin is routed 
through the degradative pathway; however, when extra- 
cellular insulin levels are low (as in our experiments; 
0.5 nmol/1), then the internalized ligand is more likely to 
be released intact rather than degraded. Indeed, both the 
endocytotic uptake [32] and the retroendocytotic release 
[33] of insulin have been shown to be regulated by the ex- 
tracellular insulin concentration. 

We conclude that insulin binding to cultured fetal hepa- 
tocytes increased dramatically as a function of donor age, 
between 17 and 19 days of gestation. In contrast, the rate of 
insulin processing tended to decrease during late gestation. 
Both degradative and retroendocytotic pathways for pro- 
cessing insulin were functional in fetal rat hepatocytes by 
17 days of gestation. Further, some aspect of insulin-recep- 
tor processing was functionally related to expression of 
the glycogenic action of insulin in responsive hepatocytes 
isolated from rat fetuses after 17 days of gestation. 
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