
For the el, ,  = 0.10 treatment the Liapunov 
exnonent is 0, which is consistent \\.it11 a 
quasiperiodic attractor that forms an invari- 
ant loop in phase space. In the cpL, = 0.25 
and cpl, = 0.35 treatments, the Liapunov 
exponent is positive and the attractors are 
chaotic. A region of multiple attractors - 
(chaos and 3-cycles) is associated with the 
ceL1 = 0.50 treatment. The  stochastic vari- 
ability of larvae and adults in  the cp,- 
rnanipulated treatments was larger than 
that of the unnlaninulated control treat- 
nlent as nleasured by the estinlated noise 
variances (main diagonal in the X matrices) 
115). 
\ ,  

Despite the effects of stochasticity, 
which are always nresent in exnerinlental , L 

populations, a close exalnination of the data 
reveals features of the vredicted determin- 
istic attractors. The  time-series data for one 
replicate culture of each experinlental treat- 
ment are gi\~en in Fig. 2. Conlparison with 
the control shows that the experimental 
manipulations had a destabilizing effect on 
the population dynamics. For the control 
cultures, the nlodel forecasts an asymptotic 
approach to a stable eiluilibrium with slo\vly 
increasing adult numbers. For c,,, = 0.0, the 
rnodel predicts an oscillatory approach to 
equilibrium, with approximately equal 
numbers of insects in all three life stages. 
For c,, = 1.0, a distinctive ?-cycle is pre- 
dicted, \\it11 a repeatillg high-lo\\.-lor?- pat- 
tern. These predictions are supported by the 
data. 

T h e  complex deterministic attractors 
forecast for the remaining treatments are 
more clearly visualized in phase space. In 
this case, phase space is three-dimensional 
with state 1-ariables L,, P,, and A,. Hon-el,- 
er, because P. is a constant multiple of 
L,-,, the featuies of the attractors a;e ad- 
equately seen when projected onto the 
L-A. nlane. 

I / I  

Data points for all replicates of each 
treatment are plotted in the projected phase 
planes in Fig. 3. T o  deernphasize the pres- 
ence of transients (and hence better discern 
the features of the asymptotic attractors), 
we omitted the first 10 data points in these 
plots. The  control and el,, = L.L ? ? t~eatments  . 
show tight clusters of data points, as is 
consistent n-it11 the model prediction of a 
stable equilibrium (\vith noise). The  c , ~  = 
0.0 cluster is less tightly packed in &lase 
space than is the control, reflecting the 
increased stochastic variability of the cpL,- 
rnanipulated cultures. The  c,', = 0.05 and 
c,, = 0.10 treatments show different pat- 
terns of data points, M-hich are consistent 
x i th  the predicted invariant loops. In the 
c p ,  = 0.10 plot, the invariant loop is dis- 
played with the data; in the c ,  = 0.05 plot, 
the nlodel forecasts perioil locking on the 
invariant loop \\it11 period 8, as shown. For 

cPL = 0.25, the data are scattered around the 
predicted chaotic attractor, which consists 
of several islands of points. In the c,, = 0.35 
vlot, the data are distributed In the L-A 
plane in a manner similar to the predicted 
chaotic attractor. For the treatlnents c,,, = 
0.50 and c .  = 1.0, the data are distributed L''> 

tightly along the L and A axes, as predicted 
bv the chaotic attractor and ?-cycles shou-n. 
A close exalnination of these plots reveals a 
chlstering of the data arounil the displayed 
cycle noints. , L 

The  experinlental confirnlation of non- 
linear vhenomena in the dynamics of the 
laboratory beetle lends credence to the hy- 
pothesis that fluctuations in natural popu- 
lations might often be complex, low-dimen- 
sional dynalnics produced by nonlinear 
feedbacks. I11 cur study, complex dynamics 
were obtained by "harvesting" beetles to 
lnanipulate rates of adult mortality and re- 
cruitment. For applied ecology, the experi- 
ment suggests adopting a cautious approach 
to the management or control of natural - 
populations, based on sound scientific un- 
derstanding. In a poorly understood dynam- 
ical population system, hulnan interven- 
tion-such as changing a death rate or a 
recruitlnent r a t e i l o u l d  lead to unexnected 
and ~lndesired results. 
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A Mouse Model with Features of Familial 
Com bined Hyperlipidemia 

Lori Masucci-Magoulas, Ira J. Goldberg, Charles L. Bisgaier, 
Humaira Serajuddin, Omar L. Francone, Jan L. Breslow, 

Alan R. Tall* 

Familial combined hyperlipidemia (FCHL) is a common inherited lipid disorder, affecting 
1 to 2 percent of the population in Westernized societies. Individuals with FCHL have 
large quantities of very low density lipoprotein (VLDL) and low density lipoprotein (LDL) 
and develop premature coronary heart disease. A mouse model displaying some of the 
features of FCHL was created by crossing mice carrying the human apolipoprotein C-Ill 
(APOC3) transgene with mice deficient in the LDL receptor. A synergistic interaction 
between the apolipoprotein C-Ill and the LDL receptor defects produced large quantities 
of VLDL and LDL and enhanced the development of atherosclerosis. This mouse model 
may provide clues to the origin of human FCHL. 

Falllilial combined hyperlipidernia is the (APOB), and small alnounts of high density 
rnost colnlnon genetic dyslipidemia and is lipoprotein (HDL) ( 1 .  2) .  FCHL affects 
characterized by large arnounts of VLDL or about 5% of all inilividuals with coronary 
LDL or both, as well as apolipoprotein B heart disease and 10% of individuals with 
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early-onset disease. FCHL is thought to be 
caused by an autosomal dominant gene 
with a primary effect on plasma triglyceride 
concentrations and a secondary effect on 
cholesterol concentrations (1, 3). In one 
study of selected British families, FCHL was 
shown to be linked to the apolipoprotein 
A-I/apolipoprotein C-III/apolipoprotein A- 
IV (A1 /C3/A4) gene cluster (4); other stud- 
ies, although not confirming genetic link- 
age, have shown a strong association of 
FCHL with the A1/C3/A4 (5) or lipopro- 
tein lipase (LPL) genes (6). The genetic 
basis of FCHL remains unknown, however. 

To create a mouse model of FCHL, we 
crossed mice carrying the human A P E 3  
transgene, which have large quantities of 
VLDL (7), with mice carrying an inactive 
LDL receptor gene or a human APOB trans- 
gene, which have large quantities of LDL (8, 
9). The APOC3 transgene markedly in- 
creased plasma VLDL and intermediate den- 
sity lipoprotein (IDL) plus LDL (IDL-LDL) 
cholesterol when it was introduced into mice 
that were homozygously (LDLRO) or het- 
erozygously (LDLRl) deficient for the LDL 
receptor (Fig. 1 and Table 1). The increase 
in IDL-LDL was more pronounced in mice 
fed the Western diet (three- to fourfold) 
than in those fed the chow diet (twofold). In 
addition, the APOC3 transgene increased 
VLDL cholesterol concentrations tenfold in 
LDLRO mice (both diets) and more than 
fivefold in LDLRl mice. The human 
APOC3 transgenic mice used in this exper- 
iment had VLDL cholesterol concentrations 
less than 50 mgldl and IDL-LDL cholesterol 
concentrations of 32 and 86 mgldl when fed 
chow and Western diets, respectively (Table 
1). Thus, the APOC3 and LDL receptor 
defects are synergistic, resulting in increased 
VLDL and IDL-LDL cholesterol. These re- 
sults contrast with those observed when the 
human A P E 3  transgene was bred onto the 
human MOB transgene background where 
the effects on IDL-LDL and VLDL concen- 
trations were less than additive (Table 1). 

The A P E 3  transgene also increased 
plasma and VLDL triglyceride concentra- 
tions in the LDL receptor-deficient back- 
ground (Table I), but the magnitude of this 
effect was comparable with that observed in 
mice expressing the APOC3 transgene alone 
(7). The APOC3 transgene had the most 
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pronounced effect on VLDL and IDL-LDL 
lipoprotein fractions and little effect on 
HDL. Because low HDL is a feature of 
FCHL, we introduced the human cholesteryl 
ester transfer protein (CETP) transgene into 
mice of various genetic backgrounds (10). 
Introduction of this gene onto the LDLRO/ 
APOC3 background lowered HDL choles- 
terol by 79 and 36% in mice fed chow and 
Western diets, respectively (Fig. 1 and Table 
1). It also resulted in redistribution of cho- 
lesterol from HDL and IDL-LDL to VLDL 
(Fig. 1 and Table 1) and of triglyceride from 

Gemtype/ chow diet i 
1 IDL-LDL I 

VLDL to IDL-LDL and HDL (1 1 ). Similar 
effects were observed in the LDLRl mice. 
Mice have much higher LDL receptor activ- 
ity than humans (1 2); thus, LDLRl mice (on 
the Western diet) have IDL-LDL cholesterol 
concentrations similar to those of normolipi- 
demic humans (80 to 100 mgldl). The 
amounts of VLDL cholesterol (142 mgldl) 
and IDL-LDL cholesterol (186 mgldl) in 
LDLRl/APOC3/CETP mice are similar to 
those found in humans with FCHL (1, 2). 
Thus, the combination of the human 
A P E 3  and CETP transgenes in the LDL 
receptor-deficient background produced a 
lipoprotein cholesterol profile resembling 
that of FCHL. 

To determine whether the LDLRO/ 
APOC3 mice showed the increased amounts 
of APOB that are characteristic of FCHL 
(13), we separated plasma lipoproteins by 
ultracentrifugation and analyzed them by 
SDS-polyactylamide gel electrophoresis 
(SDS-PAGE). Overexpression of APOC3 in 
LDLRO mice produced an increased content 
of APOBlOO and APOB48 in IDL and, to a 
lesser extent, in VLDL, compared with the 
content in LDLRO mice. Apolipoprotein E 
(APOE) content was increased in VLDL and 
IDL in the LDLRO/APOC3 mice; in con- 
trast, APOE content in VLDL declined in 

VLDL IDL 
I- I 

Time (min) 45 - *, 

Fig. 1. Plasma lipoprotein cholesterol distribution - E 

in mice of different genotypes fed a Western 30-- 

(0.15% cholesterol, 20% saturated fat) or chow 
diet, as determined by high-performance gel filtra- 
tion chromatography (26). Mice were obtained by 4 
cross breeding LDLRO (8) with APOC3 transgenic 
[line 3707, with moderate hypertriglyceridemia (711 Fig. 2. SDS-PAGE analysis of the apolipoproteins 
and NFR CETP transgenic [line 5203 (lo)] mice. of VLDL, IDL, and LDL fractions of mice of differ- 
All mice were in a mixed genetic background ent genotypes after3 months on the Western diet. 
(C57BL6/129), matched for sex (both male and 
female mice were studied), and 3 to 6 months old. 
LDLRO, homozygous LDL receptor gene knock- 
out; LDLRO/C3, homozygous LDL receptor gene 
knockout/APOC3 transgenic; LDLRO/C3/CETP, 
homozygous LDL receptor gene knockout/cho- 
lestetyl ester transfer protein/APOC3 transgenic; 
LDLR1, heterozygous LDL receptor gene knock- 
out; LDLRl /C3, heterozygous LDL receptor gene 
knockout/APOCS transgenic; LDLRl/C3/CETP, 
heterozygous LDL receptor gene knockout/ 
CETP/APOC3 transgenic. 

VLDL [density (p) < 1.006 g/ml], IDL (1.006 < p < 
1 .019), and LDL (1.019 < p < 1.063) were sepa- 
rated from pooled plasma by ultracentrifugation in 
a Ti-100 ultracentrifuge, desalted, and concen- 
trated; the final volume was normalized within 
each fraction. Each fraction (40 PI) was electro- 
phoresed in a 3 to 20% polyactylamide gel and 
proteins were detected by Coomassie blue stain- 
ing. All mice (n = 6 to 10 per group) were matched 
for sex and age (3 to 6 months). nTg, nontrans- 
genic littermates; Tg, transgenic; B-100, B-48, E, 
and C's, individual apolipoproteins; ALB, albumin. 
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Table 1. Total cholesterol (TC) and trglycerde (TG) concentratlons In pas concentraton of each llpoproteln fractlon (26) APOC3 transgenlc mlce were 
ma and hpoprote~ns In different llnes of transgenlc m c e  A values are m11 n e  3707 wlth moderate hypertr~glycer~dem~a (7, 13) Llttermates were 
grams per declllter of plasma from a pool of at least SIX m c e  and are matched for sex (both male and female m c e  were studed) and were 3 to 6 
representatve of samples obtalned on two or three occasions The ~ntegrat- months old Mlce were fed the Western dlet (0 15O0 cholesterol 20% satu 
ed areas and percentage dlstrbuton from the hlgh-periormance gel fltraton rated fat) for 2 months except the LDLRl and APOB transgenlc groups 
chromatography proflles (Fig 1) were used to determne the total cholesterol whlch were studed after 2 weeks on the dlet 

Cholesterol and trglycerde concentratlons (mgtdl) 

Genotype 
Chow dlet Western dlet Chow det Western dlet 

Plasma Plasma Plasma Plasma VLDL DL-LDL HDL VLDL DL-LDL HDL 
TC TG TC TG TC TC TC TC TC TC 

APOC3 121 
LDLRO 221 
LDLRO/C3 480 
LDLRO/C3/CETP 429 
LDLRl 125 
LDLRI /C3 269 
LDLRl /C3/CETP 259 
APOB 114 
APOB/C3 162 

APOC3 transgenic  nice (Fig. 2, C3 Tg 
VLDL) (7). 

T o  ascertain whether the Inice sho\red 
atherosclerosis susceptibility, we fed them a 
Western diet and measured the lesion area a t  
the base of the  aorta (Fig. 3) .  T h e  lesion area 
in LDLRO/APOC3 mice was t ~ r o  to three 
tiines that in LDLRO mice ( P  < 0.0002, t 
test). This contrasts with the  situation in 
APOC3 transgenic mice, which do not sho\v 
significant dietary atherosclerosis (14). De- 
creasing HDL hy introduci~lg the C E T P  
transgene into the LDLROIAPOC3 hack- 

LDLRO LDLROI LDLROI 
C3 C31 

CETP 
Genotype 

Fig. 3. Atherosclerot~c leslon area In LDLRO 
LDLROlC3, and LDLRO/C3/CETP transgenlc 
mlce fed the Western diet for 3 months. Mean 
leson area was determned In multiple sectons of 
the proximal aorta by quantitation of intma lipid 
accumulaton from oil red 0-stained sections (27) 
All groups of mlce were matched for sex (both 
male and female mice were studled) and were 3 to 
6 months old. There were at least 12 mice per 
group. Group means are lndcated by horizontal 
bars. The level of signif~cance was determned by 
i test of the natural logarthm of the mean eson  
area The mean eson  area in the LDLRO/C3 and 
LDLRO/C3/CETP m c e  was significantly Increased 
compared v!iith LDLRO mice iP < 0.0002 and P < 
0.02. respectively). 

ground had 110 effect o n  lesion size. T o  in- 
vestigate this unexpected result, \re quanti- 
fled the  HDL subfractions in these inlce by 
agarose electrophoresis. T h e  pre-P but not 
the a subfraction of HDL (a-HDL) is 
thought to participate in reverse cholesterol 
transport (1 5). T h e  HDL decrease producecl 
by illtroductioll of the CETP gene onto  the 
LDLROIAPOC3 hackgrou~ld was mainly in 
the a-HDL fraction (Table 2). This result 
tnay help explain why the HDL decrease did 
not enhance the developtnent of atheroscle- 
rosis in  the mice. 

Our  study suggests that genes, such as 
APOC3,  that cause hypertriglyceridelnia 
(increased VLDL) may be involved in  the  
pathogenesis of FCHL. O n  the  basis of 
transgenic mouse experiments, which 
she\\-eii that the exoressioll of hulnatl or 
mouse APOC3 transgenes, even a t  relative- 
ly low levels, caused hypertriglyceridemia, ~t 
has bee11 proposed that overexpression of 
4 P O C 3  in  humans may underlie hypertri- 
glyceridemla (7). Several lines of evlde~lce 
support this hypothesis. I n  clinical studies, 
two distlnct haplotypes of the  41lC31A4 
cluster-one characterized by the  minor 
allele (X2) of a n  Xmn I restriction fragment 

length polymorphism (RFLP) 5' to  the  gene 
complex and the  other by the  minor allele 
(S2) of an  Sst I RFLP in the  3' untranslated 
region of the  APOC3 gene-ha1.e been 
associated 1vit11 hypertriglyceride~nia (5, 
16-18). O n e  or two copies of the  X2 allele 
are present in about 40% of patients with 
hypertriglyceridet~~ia (1 8 ) .  T h e  S2 allele, 
present in 4L1 to 50% of hypertriglyceride- 
tnic patients (1 6 ) ,  is in  strollg linkage dis- 
equilibrium a.it11 polymorphisms in a n  in- 
sulin response eletnent in the  promoter of 
the  APOC3 gene (19).  I n  cell culture stud- 
ies, these polylnorphistns render the  
APOC3 gene insensitive to the  ~ l o r ~ n a l  in- 
sulin-mediateii down-regulation of tran- 
scription. Further el~idence that APOC3 
overexpressio~~ may underlle human hyper- 
trielrceridelnia comes from the  finding that 

" 2  

a l~ypotriglyceride~nic class of drugs, the  
fihric acids, do\\-n-regulate APOC3 tran- 

u 

scription in  the  liver through a peroxisolne 
proliferator-activated receptor-dependent 
lnechanism 120). , , 

T h e  combmed mouse and human data 
suggest that APOC3 tnay be a common hy- 
pertriglyceridernia gene, \\-hich, in the prop- 
er setting of diminished LDL receptor ac tn -  

Table 2. Dstrlbutlon of APOAl among pre-p-HDL and D-HDL In LDLRO. LDLRO/C3, and LDLRO/C3/ 
CETP transgenic mice. Mce  were fed the Western diet for 3 months. Pooled plasma from each group 
was quantitated. Values shown are means -t SD. Numbers in parentheses indicate number of mice per 
group. Lipoprotein fractions were separated by agarose gel electrophoresis and transferred to nltroce- 
ulose membranes. Mouse APOAl was detected with a rabbit poycona antbody. Areas contaning 
pre-p-HDL and a-HDL were detected and quanttated with a Phosphorlmager (Molecular Dynamics). 

Genotype 
APOAl 

Percent of APOAl In 
Pre-p-HDL 

(mg/ml) Pre-p-HDL a-HDL (mg/ml) 

LDLRO (5j 3.1 = 0.75 16 = 3 8 4 - t  3 0 50 
LDLRO/C3 (4) 1.4 = 0 20 3 3 =  2 6 7 2  2 0.46 
LDLRO/C3/CETP (5) 0.6 % 0.35 6 0 %  11 40 = 11 0.39 
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ity, can  result in  the  FCHL phenotype. 
Although decreased LDL receptor activity 
is not  thought to  he the  primary defect in  
human  FCHL ( 1 .  2 ) ,  LDL cholesterol and 
A P O B  amounts appear to  he  influenced by 
LDL receptor activity (21) .  In  4 P O C 3  
transgenic mlce, hypertriglyceridernia arls- 
es from a delay in  clearance of VLDL (j), 
reflecting a n  in  vivo lipolysis defect ( 7 ,  
22) ,  which may he caused hy decreased 
binding of VLDL to  endothelial  cell pro- 
teoglycans, impairing access to  LPL (22- 
24) .  I t  is possible tha t  low LDL receptor 
activity results in  increased conversion of 
accumulating VLDL into IDL and LDL. 
Othe r  hypertriglyceridemia genes also 
might produce the  FCHL phenotype. For 
example, deficiency of LPL activity has 
been found 111 some FCHL families (6 .  
25).  Although this is not  usually because 
of alterations in  the  LPL gene itself (25) ,  
other genes that  diminish LPL activity 
lnlght underlie FCHL in  some instances. 
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Linkage of G Protein-Coupled Receptors to the 
MAPK Signaling Pathway Through PI 3-Kinase y 

Marco Lopez-llasaca," Piero Crespo,* P. Giuseppe Pellici, 
J. Silvio Gutkind,? Reinhard Wetzker 

The tyrosine kinase class of receptors induces mitogen-activated protein kinase (MAPK) 
activation through the sequential interaction of the signaling proteins Grb2, Sos, Ras, Raf, 
and MEK. Receptors coupled to heterotrimeric guanine triphosphate-binding protein (G 
protein) stimulate MAPK through GPy subunits, but the subsequent intervening mole- 
cules are still poorly defined. Overexpression of phosphoinositide 3-kinase y (P13Ky) in 
COS-7 cells activated MAPK in a Gpy-dependent fashion, and expression of a catalyt- 
ically inactive mutant of P13Ky abolished the stimulation of MAPK by Gpy or in response 
to stimulation of muscarinic (m2) G protein-coupled receptors. Signaling from P13Ky to 
MAPK appears to require atyrosine kinase, Shc, Grb2, Sos, Ras, and Raf. These findings 
indicate that PI3Ky mediates Gpy-dependent regulation of the MAPK signaling pathway. 

T h e  rnuscarinic receptor 1112 was expressed 
In COS-7 cells together with an  epitope- 
tagged MAPK (HA-ERK?) (1 ) .  Treatment 
of cells with the aoonlst carbachol induced u 

actlvatlon of MAPK, and aortmannin, an  
inhibitor of phosphoinositlde 3-kinases 
(PI3Ks), nearly ahollshed this effect (Fig. 
1A).  Furthermore, MAPK activation In- 
duced by translent expression of GPy or hy 
coexpression of Gpy and the guanine nucle- 
otlde exchange factor Sos was also inhibited 
by \\-ortinannln (Fig. 1B). In contrast, n o  
effect of wortmannin n7as observed when 
MAPK was stimulated by epidermal growth 
factor (EGF); by a mutationally activated 
form of MEK, MEK E; or by a inembrane- 
targeted form of Sos, myrSos (Fig. 1, A and 
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B). These results support an  essential role for 
aortina~min-sensitive PI3K in signal trans- 
duction from G protein-coupled receptors to 
MAPK (2) ,  separately froin the EGF signal- 
illg pathway and upstream of Sos and MEK. 

Several specles of PI3K have been 
cloned and characterized. Heteroditneric 
PI3Ka and PI3KP, consisting of p l l 0  cat- 
alytic s ~ ~ b u n i t s  and different p85 adapter 
molecules, are regulated by receptors \\-ith 
intrinsic or associated tyrosine kinase actlv- 
ity (3) .  Another PI3K isotype, termed 
PI3Ky, can he activated 111 n t r o  hy both a 
and p y  subunlts of heterotrilneric G pro- 
teins but does not interact a ~ i t h  p85 (4 ) .  W e  
expressed the  a and y forms of PI3K in 
COS-7 cells and ~nvestigated their abillty 
to  induce MAPK actlvity (Fig. 2, A and B). 
PI3Ky induced a concentration-depen~lellt 
stimulation of MAPK. In  contrast, expres- 
sion of PI3Ka or a mutant of PI3Ky lacking 
lipld kinase activity, PI3Ky K799R (5) ,  did 
not  affect MAPK activity (Fig. 2, R and C ) .  
Stiinulation of MAPK by overexpression of 
PI3Ky (5; was abolished by \vortinannln 
(Fig. 2C) .  T'hese observations indicate that 
PI3Ky may mediate the  wortmannin-sensi- 
tive activation of MAPK hy receptors 
linked to  heterotrimeric G proteins. 

W e  found that expression of the  mutat- 
ed PI3Ky tliat laclcs lipid kinase activity 




