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AI~S'I'l<A('I'. '1'0 slutly llic rolc of so~~~:~toriictliri-('/irislrli~i- 
like growl 11 f;rctor- I (Slii-( '/I(; 1; I) in fc,t;11 grotvt 11, i ~ i t  r;r- 
tltcriric gr-o\vllr rrt;rrcl:~tiorr w;rs ilr~llrced 11y ~rtc'rirrc ;~rtcry 
ligation oli tl;ty 17 of gcstntio~i iri prcgusut r;rts. I "c t~~scs  ol' 
llic rlol~lig;~lctl Ilorrrs scrvctl ;IS ;~l)prol)ri;~lcly grown eon- 
trols. 0 1 1  t1;ry 21 of gc'sl;~tiorr, ( i ' l i~ l  serrrlii, livcr, ;rrltl Irrr~g 
\vcLrc ol~l;ri~icvl ;III(I :rrr:rIy~c~~l for S~ii-('/I(;l; 1 by r;r(Iio- 
i r~~l i~u~ro i r ss i i~ .  Sctirif~~ifi.;lrliii w a s  dctcrlirificd by radio- 

I(;I' I ; ~ r ~ c l  fcl;~l wcigl~t. Scrrrlii ir~srrliri coliccnlr;~tior~s cor- 
rcl;rlctl wit11 scrrrlll, I I I I ~  1101 livc'r, Srrr-('/l(;l" I COI ICCI I~~ ; I -  

lioris, 111;tkirrg :I (lircsct c~fl'cct of i r~s~rl i r~ or1 S~~i-c'/ l(;li  1 
sylrtl~csis ;rl)pc;1r rrlrlikcly. I lowcvcr, scr11111 glrrcosc corl- 
cc~ritr;~lioris corrc~l;~tc(l \+,it11 livcsr ( r  = 0.404; 1) < 0.00 I) ;11it1 

will1 scrllrll Srii-('/I(;l; I ( r  = 0.308; 1) < 0.002) c o ~ i e ~ ~ i l r ; ~ -  
lior~s, il~~l~lic;rtilig lill;rl gl~rcosc delivery ill (lie regrlli~tioli of 
SIII-( '/l(;l; I syrrtlrcsis. '1';1kc11 logc~llrcr, llresc~ (l;11;1 s~rggest 
l11;rt Srii-('/I(;l~ I sy~itlrc~sis in l l ~ c t  fct~rs is i r~f l~rc~r~c~t l  by 
rrr~lriliol~ ;11111 111;rl Sri~-( ' /I(;l~ I 11l;lys :I ~iicdi:~lir~g rolc in 
tlrc cor~trol of growllr. (I'~~r1iair Rev 20: 120-130, 1980) 
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'l'hc som:r(orncdins, Sm-('/I(;l: l irntl I(;I: II/MSA, ar-c pc1,tidc 
milogens which sh:rrc s t ~ - ~ ~ c l ~ ~ r : r l  homology with insulin (1. 7 ) .  
'l'llcy a[-c llro~~gllt lo I>c el-ilical lo pos(n:~lal gr-owtll ( I .  3). and 
nor-c rCccr~tly I1:rvc hccr~ irnplicirlctl in klirl gr-owth (4, 5). 'l'hc 

.[ . , , c  ors that rcgulatc som:rlomcdins in  the I'ctus arc not I'~~lly 
tlclirrc.d, 1 > ~ 1 1  d o  not appc:rr lo I>c the sanic :IS those which 
modul;rlc somalorncdins po<trlat:llly. Nutrition has ;I m;rior- I-cg- 
irI;rtory ~ ~ I ( ~ U C I I C C  011 hlood Sm-('/I(;l.' I conccntr.;rtio~~s i r i  ;rtiult 
man ( 0 - 0 )  ant1 in nconalal :rnd ~,oslwc:rnlirrg rals (10, I 1). I I I  llic 
Ic1~1s. Iiowcvc~-. lllc inlcl-I-elationships I>ctwccrl rli~ll.itio~lal ~ la lus .  
gr-owtli, ant1 Sm-('/I(;I: I r-cnl:rin lo 17c cl;rr-~licd. 

I r l  this stutly we cmploycd 111c trlcri~ic :rrtcr-y lig;~tiol\ ~ n ~ t l ~ o t l  
01 '  Wigglcswor-111 ( 1 2) to i ndlrcc l'clal growth liril urc. I3ccat1sc 
null-ilional dclicicr~cy sccor~d:r~-y lo impair-ctl 11-:rnsl,orl of rill- 

lr'icnts is ;I majol- c.oniponcnl 01' the gr-owlh lirilr11.c whicll occ~rl-s 
in this model (1 3 ) ,  st~lcly ol' tlicsc gr-owtli rctar-dcd Sct~~scs o1li.r-s 
the. ol,l,o~-lunily to assess tlrc physiological r-cl;~lionsliil) ol‘ Sm-( '/ 
I ( i I . '  I I>otll Lo inlr;rt~tc~-inc growl11 ;rrrtI lo n~11rition;rl dclicicncy. 
'l'issuc (liver ant1 lung) :rntl scr-urn Sm-('/I(;l: I conccn1r;rlions. 
as well ;is glrlcosc arid insulin conccnlralic,ns wcLrc ;rssCssc~d in 
this slutly. We l i )~~ll t l  111:11 :I ~ ~ c d ~ r c l i o r ~  in g111cose  rid S111-( '/I( ;I: 
I cor~ccrllr-:rlions in I>olh liver- and serum :rccounls i11 1;rr-gc p;1r1 
li)r- thc growlli I-cl;rrtlalion 01' l'cluscs \~~l).jcclctl lo r~lcl-irlc ;11-1cry 
ligation. 

/Il/////(//.Y ( / / I < /  /~ro(~(,(/lll-(,. I'rcgl1:llil S~,r:lgtlc-I):lwlcy rills 0 1 '  

known gc":ation wc*igliing I7ctwcc.n 250 :rnd 300 g wcr-c ~,ur-ch;rsctl 
li-om thc ('llarlcs liivcr I.:~l>or-;11or-ics (Wilminglon, MA) ;~ntl 
allowctl li-c.c access to a slock tlict. lials wcl-c malctl hctwccn 
1000 :rritl 0700 11. :rlltl clay 0 01' prcgnarlcy was corisitlcl-ctl to 
hcgili :I( 0700 11. Intr-;r~~tcrinc growl11 I-c1;rrdation w;rs indr~ccd I7y 
Ihc ~,rocc.tlt~~-c ol'Wigglcswo~-111 (1 2). 131-iclly. o n  day 17 ol'gcst:r- 
lion a laparolomy was pcrli)riiicd undcr sterile condilions will1 
kclanrinc. :rncslhcsi:r (30 111g i ~ ~ t ~ - ; ~ ~ ~ e r i ~ o ~ i c : ~ I l y ) .  I lie II(CI-LIS W;IS 

csl~oscd ; I I I ~  a 3-0 silh ligalur-c was ~)lacctl 21-ound the ~rtcrinc 
ar-lcr-y sul,l,lying the ulcrinc hor-11 with lhc 121-gcr numhcr 01' 
I'ctuscs. 'l'lic v;rsculalt~r-c ol' Ihc opposite ~rlcrinc horn w;rs no1 
1o~rc.llctl irntl the Icluscs in llic unl1c~l-lur-17cd 1101-11 scl-vctl as 
controls. 'l'lic utcl-11s was I-cl~~r-nctl lo (lie ;thdo~nin:rl c;rvity, Ihc 
incision was closctl. ant1 lhc 131-cgn;rncy w:rs allowctl to continue 
until lllc clay ol' s:rcr-ilicc. lials r-ccovc~.ctl r l~~ickly alicr- surgery, 
uslrally within 30  6 0  mill, and conlirlirctl to gain wc-ighl a1 the 
1-:\1c 0 1 '  :ll>o~lt I0 ~:/d:ly. 

O n  (lay 2 I 01' gestation undc~-  light het;rminc arlcsllrchia ( I 0  
111g i l l t r ~ ; r ~ ) c r - i t o ~ l ~ ; ~ ~ I ~ )  ;I sln;~ll ir~cisiolr was matlc* In lhc ~~tc r -us  
(Ic;rvir>g lhc ule~-ol~l;rccnlal eirc.ul;rlion inlael) such 1lr;rl a l'clal 
31-111 coultl hc cxposctl without tlclivcring thC Ibtus. A deep 
irlcis~orl was m;rtlc in lhc axill:r~-y r-c.giorl :rntl hlootl was collcclcd 
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by capillary action into a 100-p1 glass tube. Serum was separated 
into three aliquots and stored at -70" C until the time of analysis 
(within 8 wk). After exsanguination, each fetus was weighed. 
Liver and lung were dissected, blotted, immediately immersed 
in liquid nitrogen, and stored at -70" C until analysis. A number 
indicating position within the uterine horn was assigned to each 
fetus (including resorbed fetuses), such that position 1 designated 
the fetus nearest the ovary. 

Assays. Serum glucose concentration was assayed by the glu- 
cose oxidase method (14). Insulin was analyzed using a RIA kit 
purchased from Amersham (Arlington Heights, IL). If the vol- 
ume of serum was inadequate for individual insulin analysis 
(after allotting serum for other assays), equal volumes of serum 
from littermates of the same uterine horn were pooled. 

Sm-C/IGF I was estimated in serum by RIA using a published 
modification (1 5) of the original reported procedure (1 6). Use of 
this assay for rat serum has previously been validated (17, 18). 
Prior to assay, all sera were diluted 1: 1 with glycine-glycine HC1 
buffer (ionic strength = 0.1) in order to achieve a final pH of 3.6 
and incubated at 37" C for 24 h. This acid incubation procedure 
maximizes the amount of measurable, immunoreactive Sm-C/ 
IGF I by antigenic sites of Sm-C/IGF I free from binding proteins 
(19). Neutralization of acid-incubated sera was accomplished 
with 1 M NaOH. Tissue (liver and lung) Sm-C/IGF I concentra- 
tions were estimated by the same assay after extraction using a 
validated modification (20) of the original reported procedure 
(18). In several cases, lung tissues were pooled with littermates 
of the same horn prior to analysis. Results were calculated using 
a human serum standard (I 5) and expressed as U/ml for serum 
and U/g wet weight for tissues. Adult rat serum is 7 to 15-fold 
more potent than adult human serum in this assay (18). 

Stalistics. Statistical analysis was initially performed by analy- 
sis of variance to determine the influence of uterine artery 
ligation and uterine position on the measured variables. There- 
after the unpaired t test was performed to test differences between 
individual fetal variables in ligated and control horns at the same 
uterine position. 

Since pooling of samples was required for determination of 
serum insulin and iung Sm-C/IGF I concentrations, differences 
between horn means (rather than individual fetal concentrations) 
were assessed. Finally, correlation coefficients and stepwise linear 
regressions were performed among variables using Statistical 
Analysis Systems (Cary, NC) programs. Statistical significance is 
assigned to p values < 0.05. 

RESULTS 

A total of 28 pregnant rats underwent uterine artery ligation. 
Thirteen rats were excluded from the study because uterine artery 

ligation resulted in no viable fetuses in the ligated horn. As 
expected with this procedure, the number of fetuses in each 
uterine artery ligated horn was reduced (2.73 + 0.31, mean 5 
SEM; n = 15) compared to the control horns (4.13 f 0.34; n = 
15; p < 0.05). A total of I01 viable fetuses resulted, 90 of which 
were distributed in uterine positions 1-4. Fetal weight was re- 
duced in the ligated horn, whether analyzed as individual fetal 
weights (3.02 + 0.10 g, n = 43) or as litter mean (3.03 5 0.14 g, 
n = 15) compared to fetuses in the control horn (4.32 + 0.09 for 
individual fetuses, n = 58; p < 0.000 1; 4.4 1 + 0.17 for litter 
means, n = 15, p < 0.000 1, respectively). 

As initially reported by Wigglesworth (1 2), the fetuses farthest 
from the ligation exhibited the least degree of growth retardation. 
and when analyzed by analysis of variance, position had a. 
significant ( p  < 0.03) influence on fetal weight. Analysis of 
variance also showed that fetal weight, serum and liver Sm-C/ 
IGF I, and serum glucose concentrations were reduced in the 
fetuses of the uterine artery ligated horn (p < 0.000 I). Although 
this analysis did not indicate that uterine position had a signifi-. 
cant influence on any variable other than weight, we chose to 
further analyze the data by comparing fetuses at each uterine 
position of ligated and nonligated horns. The strong relationship 
of fetal size and uterine position makes this approach intuitively 
appealing, and this more conservative test of significance is less 
likely to yield a type I error (false-positive). At each position, 
fetal weight, serum glucose concentration, liver and serum Sm.- 
C/IGF I concentrations were significantly reduced in the IUGR. 
fetuses, compared to their position-matched appropriately grown 
control counterparts (Table 1). 

Because insufficient quantities of sera necessitated pooling of 
serum from fetuses in the same horn to perform insulin deter-- 
minations, comparison of insulin concentrations was performed 
by t test on the means of each horn. Insulin concentrations were 
significantly lower in the IUGR fetuses (64 5 12 wU/ml) than in 
control fetuses (I 3 1 + 18 pU/ml, p < 0.01). Lung Sm-C/IGF I 
concentrations did not differ between fetuses from control and 
ligated horns, 0.28 + 0.03 and 0.24 f 0.03 U/gm, respectively. 

Fetal weight correlated positively with serum glucose concen- 
trations ( r  = 0.703; n = 97; p < 0.001), liver Sm-C/IGF I 
concentration ( r  = 0.682; n = 101; p < 0.001; Fig. 1), and serum 
Sm-C/IGF I ( r  = 0.452; n = 101; p < 0.001) when all fetuses 
were considered together. Stepwise linear regression demon- 
strated that these three factors in combination correlated very 
highly with fetal weight ( r  = 0.836). Significant correlations were 
not found for mean horn insulin concentrations ( r  = 0.378; n == 
22) or for mean horn lung Sm-C/IGF I concentrations ( r  = 0.256; 
n = 30) and fetal weight. 

Other correlations of possible biologic relevance include a 
significant relationship between serum glucose and liver Sm-C,/ 

Table 1. Fetal wt, serum glucose, liver, and serum Sm-C/IGF I concentrations (mean + SEM) at each uterine position in control 
and IUGR fetuses* 

Uterine position 

I (n )  2 in)  3 in)  4 in)  

Wti- (g )  
Control 
IUGR 

Serum glucose (mg/dl) 
Control 
lUGR 

Liver Sm-C/IGF I (U/g) 
Control 
IUGR 

Serum Sm-C/IGF I (U/ml) 
Control 
IUGR 

* All comparisons betwcen IUGR and control arc different at p (0.05 
-i- After exsanguination. 
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0 = Control 

I 0 
0 = IUGR 
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Fig. I .  Liver Sm-C/IGF I concentration in IUGR (0) and control 
(e) fetal rats compared to fetal weight ( r  = 0.682; n = 101; p < 0.001). 
Mean (+ SEM) llver Sm-C/IGF I concentrations are 0.17 + 0.0 1 U/g ( n  
= 43) for IUGR fetuses and 0.27 + 0.02 ( n  = 5 8 )  for control fetuses ( p  
< 0.001). Serum Sm-C/IGF I In the same fetuses are 1.01 + 0.06 U/ml 
and 1.45 + 0.04, respectively ( p  < 0.00 1). 

IGF I concentrations ( r  = 0.308; n = 101; p < 0.002). In addition, 
serum Sm-C/IGF I correlated with liver Sm-C/ICF I ( r  = 0.361; 
n = 10 1 ; p < 0.00 1). We also attempted to correlate litter mean 
insulin concentrations with litter mean serum and with liver Sm- 
C/IGF I concentrations. Although there is a significant relation- 
ship between insulin and serum Sm-C/IGF I ( r  = 0.499; n = 22; 
p < 0.02), there is none between insulin and liver Sm-C/IGF I 
( r  = 0.400; n = 22). 

DISCUSSION 

Our findings that both liver and serum Sm-C/IGF I concen- 
trations are reduced in IUGR fetuses and that both measures 
correlate with fetal weight suggest a mediating role for Sm-C/ 
IGF I in the control of fetal growth. These results are consistent 
with those of DePnns et a/. (2 1 )  who found decreased serum 
concentrations of somatomedin bioactivity in fetal rats made 
growth retarded by uterine artery ligation. They also reported a 
significant correlation between the bioactive somatomedin con- 
centrations and fetal body size. Unlike the original report of 
Wigglesworth (12) and this study, DePrins et ul. (21) did not find 
that fetal size was influenced by the proximity of the conceptus 
to the site of uterine artery ligation. Subtle differences in tech- 
niques may explain this discrepancy. 

The RIA used in this study employs an antibody directed 
against human Sm-C/IGF I and has been validated for the 
estimation of this peptide in rats (17, 18). Rat homologues of 
human somatomedins (Sm-C/IGF I and IGF 11) have been 
purified. A peptide purified from adult rat serum bears marked 
homology to Sm-C/IGF 1 (22) and has been reported to be 30- 
40% as potent as Sm-C/IGF I in competing for binding to this 
antibody (23); MSA, the rat homologue of IGF 11 (24), cross- 
reacts minimally with our antibody (1.2% for MSA 111-2 and 
0.025% for MSA 11-1) (25). When this RIA is used to measure 
specimens from rats, it is likely to underestimate rat Sm-C/IGF 

I by 2.5 to 3.3-fold and to detect MSA only when it is present in 
very high concentrations. In the fetal rat, however, serum Sm- 
C/IGF I concentrations are low compared to those of MSA (23, 
26), and, although unlikely to be a significant factor, it remains 
possible that the immunoactivity reported in this study in part 
reflects cross-activity with MSA. Precise determination of the 
quantities of Sm-C/IGF I and MSA in fetal rat sera awaits 
simultaneous studies of the same sera with antibodies directed 
against both peptides and/or use of antibodies with no cross- 
reactivity. 

Although not directly addressed in the study, it is reasonable 
to suspect that fetal nutritional deficiency occurring from uterine 
artery ligation ( 1  3) leads to the decrease in Sm-C/IGF I concen- 
trations and, in turn, results in a decrease in fetal growth. Serum 
Sm-C/IGF I in the postnatal rat and in man has been shown to 
be highly dependent on nutritional status (1, 6-10). In the 
postweanling rat, we have shown that both energy and protein 
intake determined serum Sm-C/IGF I and growth (I 1). In man, 
serum Sm-C/IGF I is reduced dramatically by fasting and returns 
to normal with refeeding (6). The rate of return of serum Sm-C/ 
IGF I concentrations from low basal fasting levels to normal is 
dependent on the quality of the diet which is refed (7-9). 

Inadequate nutrient transfer to the fetus may account, in large 
part, for the growth failure resulting from uterine artery ligation. 
In the Wigglesworth (12) model, the reduction in uteroplacental 
blood flow is associated with a decrease in placental transfer of 
maternally administered analogues of glucose and amino acids 
(1 3). In spontaneous growth retardation occurring in fetal guinea 
pigs, Saintonge and Rosso (27) also demonstrated an association 
between reduced placental blood flow and a reduction in the 
transfer of both amino acid and glucose analogues. Studies 
utilizing in situ perfusion of the guinea pig placenta substantiate 
the conclusion that the transfer of these analogues to the fetus is 
dependent on placental blood flow (28, 29). Placental hypoxia, 
which probably occurs in uteroplacental insufficiency, per se 
may result in decreased glucose and amino acid transport (30, 
31). Fetal oxygen uptake is also uterine blood flow dependent 
under conditions of severe uterine blood flow restriction (32). 
Thus, fetal substrate deprivation is a major component of the 
pathophysiology induced by uterine artery ligation. 

The strongest correlation in this study is that of glucose con- 
centrations and fetal size. This is not surprising given that glucose 
has long been implicated as the major fetal metabolic fuel, both 
for maintenance of fetal oxidation and formation of new tissue 
(33). States of pathologic fetal growth, either overgrowth or 
undergrowth, have a direct positive relationship with fetal glucose 
uptake (33-35). Fetal glucose uptake accounts for a large fraction 
of the total oxygen consumption and serves as a substrate source 
for fetal glycogen and lipid synthesis (36, 37). Maternal hypergly- 
cemia results in augmentation of both of these biosynthetic 
functions, even in cases of flow restricted intrauterine growth 
retardation (38, 39). Our finding of a correlation between glucose 
and Sm-C/IGF I concentrations in liver and serum suggests a 
role for nutrient availability (specifically of glucose) in the control 
of fetal Sm-C/IGF I production and/or release. 

Fetal hypoinsulinemia has been suggested as an etiology of 
fetal growth retardation (40). Analysis of our data has failed to 
establish a relationship between fetal weight and insulin concen- 
trations. In addition, investigations by others have not led to 
conclusive evidence that insulin is the primary controller of fetal 
anabolism (4,41). It may be that insulin in the fetus serves "to 
maintain a favorable homeostatic environment" (4), or alter- 
nately insulin may stimulate fetal somatomedin production. 
Both fetal rabbits and pigs respond to hyperinsulinemia with 
elevation of somatomedin bioactivity (42-44). However, our 
observations of an association between insulin and serum Sm- 
C/IGF I, but not with liver Sm-C/IGF I, do not support a strong 
direct role for insulin in the control of Sm-C/IGF I synthesis. 
We speculate that insulin does not directly influence Sm-C/IGF 
I, but that substrate (possibly glucose) concentrations influence 
both insulin and somatomedin homeostasis. 
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The somatomedins are synthesized in many fetal tissues (45) 
and are thought to  act in an autocrine and/or paracrine fashion, 
i.e. they exert their biologic activity on their cells of origin or on 
cells near their sites of synthesis (1 8). Because the liver is consid- 
ered to be a major site of somatomedin synthesis (1 ,  2), it is not 
surprising that liver Sm-C/IGF I concentrations correlate better 
with fetal weight than d o  serum Sm-C/IGF I concentrations. 
The significant correlations of liver Sm-C/IGF I with serum Sm- 
C/IGF I concentrations support the hypothesis that the fetal liver 
is a major source of somatomedin activity in the circulation. 
Because of its location as the first organ to be exposed to changes 
in nutrient flux (whether they be from the placenta prenatally or 
from the gut postnatally), the liver is likely to  be profoundly 
influenced by nutritional status. Our finding that there is a 
reduction in liver, but not in lung, of Sm-C/IGF I concentretions 
associated with uterine artery ligation is consistent with this 
hypothesis. This is also consistent with our previous findings that 
there is a greater reduction of liver Sm-C/IGF I than of lung or 
kidney Sm-C/IGF I in calorically deprived adult rats (46). That 
lung Sm-C/IGF I concentrations are not reduced in IUGR 
fetuses and d o  not correlate with fetal weight suggest that in this 
organ Sm-C/IGF I is regulated differently (by a different mech- 
anism or by the same mechanism but to a much lesser degree) 
than liver Sm-C/IGF I. 

Evidence for an important role for Sm-C/IGF I in fetal devel- 
opment comes from multiple sources (4, 5) .  Sm-C/IGF I is a 
potent mitogen for a variety of cultured fetal cells (4, 5) including 
those derived from rodents (47, 48). Fetal tissues (49, 50), in- 
cluding those derived from the rat (51), possess type I insulin- 
like growth factor receptors, i.e. plasma membrane receptors 
which have a higher affinity for Sm-C/IGF I than for IGF II/ 
MSA (52). Despite its relatively low circulating concentrations, 
plasma Sm-C/IGF I concentrations in cord blood correlate well 
with birth size (4, 5 ) .  Sm-C/IGF I is capable of potent anabolic 
actions other than its mitogenic effect. It can stimulate amino 
acid uptake in cultured fibroblasts, including those derived from 
the fetus and neonate (53). Sm-C/IGF I is more potent than 
insulin in the stimulation of glycogen synthesis in cultured fetal 
rat hepatocytes (54), suggesting a specific role for Sm-C/IGF I in 
the rat fetus. In this regard, MSA appears to have less than 5% 
of the potency of Sm-C/IGF I (55). Although it has been sug- 
gested that MSA (rat IGF 11) is the relevant 5omatomedin for the 
rat fetus (56), it is likely that Sm-C/IGF I also has an important 
role. 
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