0022- 1767/89/ 1424-1224502.00/0
T w JOIJKNAI.
or IMMUNOI.lIl:S

Vol 142. 1224-1234. No. 4. February 15. 1989
Printed In U.S.A.

Copyright (c, 1989 by The Amencan Assoclation of Immunologists

INHERITANCE OF IMMUNE RESPONSIVENESS, LIFE SPAN,ANDDISEASE
INCIDENCEININTERLINE
CROSSES OF MICE SELECTED FORHIGHORLOW
MULTISPECIFIC ANTIBODY PRODUCTION
VINCENZO COVELLI,*DENISEMOUTON,+
VINCENZO DI MAJO," YOLANDE BOUTHILLIER,+
CATERINA BANGRAZI," JEAN-CLAUDE MEVEL,'SIMONETTAREBESSI,,GIN0
DORIA," AND
GUIDO BIOZZI l t
From the *Laboratoryof Pathology, ENEA-CRE, Casaccia, Rome,
Italy: and 'E.R.305 CNRS, Service d'Immunogenetique.
Institut Curie. Paris. France

High (H) and low (L) antibody responder lines of
mice separated by selective breeding present a maximal interline difference in antibody (Ab)response
to Ag of different specificities (general genetic regulation).
The analysis of SRBC agglutinin response in H
line, L line, F, hybrids, Fz. and backcross segregants
demonstrates that Ab responsiveness is a polygenic
trait regulated by the additive interaction of 5 to 7
independent loci,with an incomplete dominance
(44% f 7 % )of the high response character, and a
30% f 10% impact of the environmental factors.
The life span of H, L, F,, Fzrand backcross populations is correlated positively with 2-ME-resistant
agglutinin response (r = 0.97,p < 0.001) and negatively with 2-ME-sensitive agglutinin response (r =
0.95, p = 0.01)(interpopulationcorrelation). Similar
correlations are also observed in individuals of the
various populations, especially inF1x L backcross,
in which the largest phenotypic variance is found.
The positivecorrelation between Ab responsiveness
and life span was confirmed by ELISA titration for
distinct IgG isotypes (intrapopulation correlation).
Malignant lymphomasand chronic nephritis were
the two most common diseases observed. The ageadjusted incidence of such diseases, which is largely
affected by environmental factors, accounts for the
longer life span of H, as compared with L, mouse
populations. The longevity of the 30% or less survivors, chieflydetermined by the rateof physiologic
aging, is a polygenic character regulated by the
cumulative interaction of 3 to 7 independent loci,
with a complete dominance of the long lifetrait and
an impact of the environmental factors of about

The major teleonomic function of the immune system
is to confer on natural animal populations the optimum
protection against all types of endemic and epidemic
infections (1-3). Much less obvious, though, is the part
playedby immunereactions in antitumorresistance,
although a great many experimental and clinical observations uphold the concept of a n immune surveillance
on initial proliferation of malignant cells (4, 5). These
protective functions of the immune system are bound to
have a significant impact
on a population life span. Early
studies in inbred mice demonstrate that life span and
disease are controlled by the interaction of genetic and
environmental factors (6-14). Life span is a polygenic
character, and the number
of loci involveddoes not seem
large enough to preclude a genetic analysis (15- 17).The
incidence of changes in the immune functions of aged
individuals led to the formulation of a n immunologic
theory of aging (1 8-20). This theory was strengthened
up by the finding that theMHC containing the specific Ir
genes (2 1) was linked
also to genes affecting
the incidence
of various pathologic phenomena and life span (22-27).
Selective breedings of Hz and L Ab responder lines of
mice clearly demonstrated that immune responsiveness
to natural polydeterminant immunogens, such a s bacteria or heterologous SRBC and proteins, is a polygenically
controlled character (general review in Ref. 1) in which
MHC-linked genes play but a partial and irregular role
(28).
Several selective breeding experiments were carried out
from distinct Fo of outbred mice, by using different immunogens and various immunization procedures. In all
selections the effect was multispecific, the difference in
Ab responsiveness between H and L lines being not re60%.
stricted to the selection Ag, but common to several Ag of
Thus we have grounds for regarding general Ab distinct specificities (1).
responsiveness and life span as polygenic traits regI n both selections I and 11, carried out from distinct Fo
ulated by a small number of identical or closely populations for primary Ab response to heterologous E,
linked gene loci, and immune responsiveness as a H lines presented amarkedly longer life span anda lower
defense mechanism against neoplastic and inflam- incidence of tumors than L lines (29, 30).
matory diseases.
In order to produce homozygous lines at the levels of
all the independent loci regulating Ab responsiveness,
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line constituted therefore a closed colony presenting a n
inescapable increase in genetichomogeneity due to random drift (31).It was not clear whether the effect on life
span andtumor incidence observed in selections I and I1
was (1) due to the genes involved in immunoregulation,
or (2)to any fortuitous concomitance of genetic modificationselsewhere. But if ever a common inheritance
pattern of these traits were found in segregant hybrids
from H and L line crosses, the first(1) eventuality would
then be confirmed.
In the present study we investigate the Ab response,
life span, incidence of tumors and other diseases in H
and L lines of selection 11, in their interlineF, hybrids, in
the F, segregants and in the progeny of F, backcrossed
with H or L lines.
MATERIALS AND METHODS

Mice. Selection I1 was carried out at the lnstitut Curie, Paris,
France, formaximum (H line) or minimum (L line) serum agglutinin
response toSRBC (32). The maximum interline separation
(selection
limit) was reached after 15 succedent generations (FI5)of selective
breeding. The assortative mating was then pursued
in the subsequent generations ( F l s to F4’). H and L lines a t selection limit may
be considered as homozygous at thelevel of all loci participating in
the regulation of Ab responsiveness.
Starting from parents of the FZ9generation, colonies of H and L
responder mice were established in the facilities of the Laboratory
of Pathology a t ENEA. Casaccia, Rome (Italy]. The results presented
in this article, apart from those in Table I, were obtained in mice
a cage,
produced a t ENEA. The mice were houseda t random, three to
and maintained on standard pellet food plus water ad libitum. The
animals quarterswere kept a t 20°C and a 60% relative humidity, on
a 12 h light and 12 h dark cycle.
Antibody response. Male and female mice were immunized i.v. a t
was
60 days old with the optimal dose of 5 X 10’SRBC.Blood
withdrawn from the retro-orbital sinus 7 and 14 days post immunization. and individual sera were titrated for total agglutinins and
also, after 2-ME treatment (33).for 2-ME-R agglutinins. The 2-MES agglutinins were calculated by substracting the2-ME-R titer from
the total agglutinin titer. The agglutinin titer was expressed as the
highest doubling [log,) serum dilution producing a positive SRBC
agglutination. lsotype distribution of SRBC antibodies wasevaluated
on pooled sera titrated by the ELISA technique. Plates were coated
with 4 x IO6 SRBC/well, and fixed with 0.25% glutaraldehyde as
described by Heyman et al. (34). Rabbit anti-mouse isotype sera.
conjugated to @-galactosidase(IgG2a, IgG2b) or to alkaline phosphatase (IgG, IgGl, IgG3). were obtained from ZYMED (San Francisco,
CA). Results are given as log, titers for OD values equal to 30% of
the optimal plateau level (H line value).
Life s p a n a n d pathology. Mortality was scored daily (six checks
a week) for the entire experiment. In a few cases, moribund mice
weresacrificed. Soon after spontaneous death, complete autopsy
was performed on 870 out of 878 mice (99%) under investigation.
The necropsy included complete external and internalgross examination. Tissue massesas well as sections of the major organs were
taken and processed for histologic analysis. Tissues were fixed in
Bouin’s fluid and processed for paraffin embedding and sectioning.
Sections were stained with hematoxilin and eosin routinely: some
sections were also processed for Congo red stain according to Bennhold’s method, to ascertain the presenceof amyloid substance.
Histologic diagnoses were coded and entered in a computer for
statistical analysis.
Life span was measured in each population as the mean (X]of
male and female + SD or SEM. median life span, mean age to death
SD% of the 10% shortest lived mice (first percentage),of the 30%.
20%. and 5% longest lived ones [last percentages). and of the last
two [one male, one female) survivors. The Weibull method (35)was
used to model mortality distribution with time for all causes in the
different populations. This model is a generalization of the exponential distribution. as it does not assume a constant hazard rate and
therefore has a broad application. The cumulative mortality M [ t ) as
a function of time ( t ) is expressed as M ( t ) = 1 - [exp - ( A t ) ’ ] where y
and X are the shape and scale parameters, respectively, The maximum likelihood estimates of y and X were obtained for each population by means of a n iterative procedure. A two-sample test proposed by Thoman and Bain (in 35) for samples without censoring
was used to compare mortality distributions. Disease occurrence

*

was evaluated in terms of percentage of lesion-bearing animals
(hereafter referred to as incidence), without or with age-adjustment
for the differences in the
mortality rate of the different populations,
in accordance with the method described in detail by Ulrich et al.
(361,modified to accountfor accidental losses during theexperiment
(37). Furthermore, age-related death rates for lesions diagnosed at
death were computed and plotted as cumulativeprobabilitiesin
function of time, according to the model of Rosenblatt et al. (38).
This methodology analyzes both the frequency of a disease a t death
and the timeof its occurrence by means of a single set of statistics,
taking competing risks andlosses into account: it is therefore useful
for the comparison of the differentexperimental populations investigated.
Genetic analysis. The two polygenic characters “Ab response”
and “life span” were analyzed according to the samemodels used in
the previous studies on immune responsiveness (1).as described in
detail by Falconer (39). andby Cavalli-Sforza and Bodmer (40).
The mean (X)and variance[ V) values of longevity and Ab response
in each population were established from the individual life span i_”
days, and from individual lo& agglutinin titers respectively. The X
and V of life span for the firstdead and lastsurvivors were calculated
from normalized distributions by including symmetrical data.
The following expressions were ;sed. Ad_itive_effect: a = ( X H %)/2. Dominance deviation: d = X F I - ( X H
XL)/2: dominance
effect: d / a : phenotypic variance of Fz segregant populations VP FP
= VA + VD + VE: phenotypic variance of the two backcrosses (Bc):
BcH BcL = VA 2 VD + 2 VE, where VA is the additive variance,
VD the dominance variance, and
VE the environmental variance.
VE was calculated as the meanof the phenotypic variance of the
three genetically homogeneous populations: H, L, and F1.
The percentage of the phenotypic variance (VP) determined by
genetic factors [VG) was calculated in the interline segregant Fzand
Bc as: VG = 1 - (VE/VP) X 100.
VA and VD values were calculated from the equation VD/VA = I /
2(d/a]’.
Heritability of the character investigated (h2) wasestimated in F2
segregants: hZ= VA/VP F2.
The number of gene loci ( n )participating, by additive effect, in
the quantitative regulation of the character investigated may be
evaluated as: n = a 2 / 2 V A . The n value should be considered as a
segregation index estimating the number of chromosome segments
containing therelevant genes which,being located far apart,segregate independently.

+

+

+

RESULTS

Ab responsiveness. A s demonstrated in our previous
studies (1). the individual log2 agglutinin titers have a
normal frequency distribution in H and L lines and in
their various interline crosses, which is verified in the
present study. The mean and variance of Ab responses
are thus correctly measured. The principal immunogenetic parameters established in
homozygous H and L
lines after selection limit (Fls - FdH)
and in the progeny
of their interline crosses produced at the Institut Curie
are shown in Table I.
The results in TableI demonstrate theextremely large
modification in Ab responsiveness produced by the selective breeding. The interline difference in the 14-day agglutinin response (2a = 9.8) corresponds to a 900-fold
difference in terms of serum agglutinin titers (H = 1/
7600, L = 1/8.5).
The character “high response” presents an incomplete
dominance effect of 49% (d/a= 0.49).
Considering that thephenotypic variance of the genetically homogeneous H, L, lines and F, hybrid populations
is produced by environmental effects, it may be calculated that approximately 55%of the phenotypic variance
in segregant F, and Bc populations is due to the interaction of 5 to 10 independently segregating loci. The variance produced by the dominance effect ( V D )accounts for
approximately 10%of the genetic variance in the segregant populations.
The 14-day agglutinin responses of H and L mice orig-

1226

INHERITANCE OF IMMUNE RESPONSE, LIFE SPAN, AND PATHOLOGY

TABLE I
Fourteen-day totalSRBC agglutinin response in H a n d L responder
Ilnes and in the progeny
o/ interline crosses bred at the
Institut
Curie. Paris. France"
Total Agglutinin Titer

No. of

Mlce

Mice

x+SD

Variance ( V )

f 1.1
3.1 f 1.3
10.4 f 1.0
f 1.7
10.5 f 1.0
7.7 f 2.1

1.2
1.7

2.9
1.0
4.4

d / a = 0.49

VE = 1.3 f 0.14

12.9 950
926
24 1
9.8 363
262
248

H

L
F,
F2
BcH
BcL

a = 4.9

d

=

2.4

1 .o

VG Fz = 55%
VG Bc = 52%
V A FZ = 1.43 f 0.59
V A Bc = 2.26 ? 0.59
VDFz=0.17
V D Bc = 0.27
n Range = 6.9 - 10.5
n Range = 4.7 - 6.2
X n = 6.9 f 2.2
a V BcH + V BcL
for other symbols.

=

V Bc. For V E , V A . and n values: f = SE. See text

inating from the Fgggeneration at theInstitut Curie, and
bred at ENEA, were: 13.2 f 1.O and 3.8 k 1.1,respectively
(2a = 9.4). These results, compared with those in Table
1, demonstrate that these two distinct environments did
not significantly modify the expression of the genes involved in the regulation of Ab responsiveness.
A large part of the results in this article concerns the
early (7 day) responses when
2-ME-Sagglutinins can still
be evaluated. The complete immunogenetic analysis of
the 7 day responses in the mice produced at ENEA are
presented in Table 11. Table I1 shows thetotal and 2-MER agglutinin responses in H and L lines and in theprogeny of their interline crosses. The main immunogenetic
parameters have alsobeen entered.
The total agglutininlevel in H line increased from 11.4
to 13.2 during the
7 to 14 day post-immunization period,
whereas it decreases from 5.2 to 3.8 L
inline. As a result,
the interline difference in the total agglutinin response
is smaller on day 7 (2a = 6.2) thanon day 14 (2a= 9.4).
In all populations, the variancevalues of the 7-day total
agglutinin responses are somewhat smaller than those
presented in Table I. However, the resultsof the variance
analysis are comparable, indicating that a similar gene
interaction regulates both the 7-day and the 14-day responses.
The 7-day response of H mice mainly consistsof 2-MER agglutinins which accountsfor 96%of the total agglutinins. On the contrary, in theL line, only 60% of the 7

day agglutinins are 2-ME-R. Nevertheless, the immunogenetic characteristics of the total and 2-ME-R agglutinin
responses are comparable.
The 14-day post-immunization responses consist almost entirely of 2-ME-R Ab in both H and L lines, and in
the progeny of their various crosses. These dataand the
results of the variance analysis are similar to those reported in Table I (data not shown).
Lge span. Females display a slightly longer mean life
span than males, but the difference is not significant in
all populations, which led us to pool together data from
both sexes.
Thecumulative mortality of the sixdistinct mouse
populations are shown in Figure 1, which also indicates
the median life span.
In each population, the mortality distribution conforms
closely to the theoretical Weibull's curve, represented by
the continuous line. The paired comparison of the mortality curves demonstrates statistically significant differences ( p c 0.02) between H and L, F1, andH, F,, and L,
F,, and BcH, F,, and BcL, BcH, and BcL. The difference
between F, and Fz is lower ( p = 0.1). Themean life span
values for the total population, for the first 10%dead a s
well a s for the last lived 30%, 20%,lo%,5%,and for the
longest lived male and female are reported in Table 111.
The individual distribution of life span in the total populations is in acceptable agreement with the theoretical
normal distribution curve, as the median and the mean
life span areconcordant in eachpopulation (Fig. 1, Table
111). Nevertheless, the SD keeps correlated to the mean.
The meanage to death of the total population is a crude
parameter for longevity, since it is largely affected by
environmental factors related to disease incidence. Previous studies in selectionsI and I1 (29, 30) demonstrated
that theshortened life span of L lines is partially due to
a higher tumor incidence. The resultsof the present study
confirm the impact of the specific disease incidence on
life span (see Fig. 4). It is usually considered, though, that
the life span of the small percentage of longest lived
survivors is chiefly determined by the intrinsic genetic
factors that regulate longevity throughout the physiological aging process (12, 4 1).
The longevity of H mice largely exceeds that of L mice
for the total population, and all its percentages a s reported in Table 111. A marked difference also discriminates BcH from BcL populations ( p C 0.001). except for
the first 10% dead. This early mortality is very largely

TABLE I1
Seven-day total and 2-ME-R SRBC agglutinin response in HandL responder line andin the progenyof interline crosses bred atENEA.
Casaccia. Rome,Italu"
Mice

H
L
F,

FZ
BcH
BcL
~~

No. of
Mlce

Total Agglutlnins
-

134
123
153
192
174
102

11.4 0.8
5.2 f 1 .O
9.4 f 0.7
9.8 f 1.2
10.8 f 0.9
7.5 f 1.4

X?SD

*

a =d3=. 1
l.l
VE = 0.7 f 0.17
VG F, = 50%
V A F, = 0.66 f 0.4
V D Fz = 0.04
n = 5.6 - 10.4

Variance
IVl

2-ME-Resistant Agglutinins
+SD

Variance
(VI

0.6

10.9 f 0.8
3.3 f 1.0
8.9 f 0.7
8.8 f 1.4
10.1 f 1.1
5.7 f 2.0

0.6
1.0
0.5
2.0
1.2
4.0

1.O

0.5
1.4
0.8
2.0
d/a=0.35

VG Bc = 50%
V A B c = 1.25f0.4
V D Bc = 0.07
n = 3.3 - 4.6
Xn = 5.8 f 2.5

n = n ranges. V BcH

+ V BcL = V Bc. For V E ,

x

a = 3.8
d = 1.8
d / a = 0.47
V E = 0.7 f 0.17
VG F, = 65%
VG Bc = 73%
VABc=3.11*0.7
V A F 1 = 1.17f0.7
V D F, = 0.13
V D Bc = 0.35
n = 4.7 - 8.8
n = 2.1 - 2.6
?7n= 4.4 f 2.6

V A and
.
n values: f = SE. See text for other symbols
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Figure 1 . Cumulative mortality and median survival
time in the various populations: H, L,(H x L)F,. (F, X
F,)F,.(F, X H)BcH, and (F, X L)BcL. Curvesfitted as
described in Matertals and Methods.
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TABLE 111
Life span of H , L fines.and interline crosses in selection I1
Life Span (days)
Percent of Population

Total Population
Mice
No. of
mice
~

~~

H

L
F,
F.

BcH
BcL

134
123
153
192
174
102

Mean f SD

First 10%dead
Mean f SD

Last 30%
survivors
Mean f SD

Last 20%
survivors
Mean f SD

Last 10%
survivors
Mean f SD

Last 5%
survivors
Mean f S D

Last 2
survivors
Mean 2 d

~

612 f 148
346 4 110
549f 186
5132 183
530f215
464 f 158

408 2 137
155 f 52
297 f 87
243 f 83
24484
239 f 82

694 k 88
407 f 87
670 f 90
639 k 100
693 f 101
531 f 106

752 f 64
444 f 74
747 f 62
681 f 85
748 f 71
608 f 100

787 f 45
490 f 61
785 f 64
724 f 87
786 f 64
670 f 96

822 5 850
25
522 f 605
59
864 f 892
60
78
773 f859
853 f 879
20
70
745 f 819

H-L
266 ( p < 0.001) 253 ( p < 0.001) 288 ( p < 0.001) 308 ( p < 0.001) 298 ( p < 0.001) 300 ( p < 0.001) 245
149144
154
150
122.5
127 a
133
164.5 119
152 159
147
d
70
15
1.34
d l a 1.01
0.53 0.99
0.111.03
0.83

affected not only by genetic factors acting upon disease measuring life span. A very small dominance effect is
incidence, but also by environmental effects, as demon- found for the first 10%mortality group, in which the F1
SD is correlated to the mean hybrids’ life span is nearly intermediate between that of
strated by the fact that the
in all populations, regardless
of their genetic constitution. H and L lines. In the total population, there is a clear-cut
This effect. though impinging mainly on the first 10% incomplete dominance effect of long life character. This
mortality, is large enough to also
alter theSD of the whole effect is stronger still for the last30%survivors. When it
population. Aversely, life span in the last 30% or less
comes to the last 20% or smaller percentages ( 1 0% and
survivalpercentages (20%. lo%, and 5%).which are 5%).a complete dominance of the long life character can
scarcely affected by early disease-induced mortality, is be observed, the F, hybrids living as long as the H mice.
essentially determined by genes acting on the intrinsic And it is remarkable that for the last two F, survivors,
physiologic longevity. The SD of genetically heteroge- there is a definite overdominance effect of the long life
neous interline segregants (F, and Bc) are in fact larger character. Thecomplete dominance effect of the long life
than those of the genetically homogeneous populations trait in the last20% or less long-lived mouse percentages
(H, L, and Fl).It is interesting to notethat thedominance explains thelarger SD values in BcL compared with BcH.
effect (d/a)
varies according to the parameter used for
Because the last survivors’ (30%.20%, 10%.and 5%)
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S D values areconsistentwitha
polygenic regulation
model, the variance partitioning wasperformed by using
the individual data of the last 30%.20%. and 10% survivors. The results in Table IV indicate that physiologic
longevity, as assessed in the longest lived mice, is a
character determined by the interaction of genetic and
environmentaleffects.The
genetic component of the
variances in the two segregant populations (VG F1 and
VG Bc) increases as thepercentage of the last survivors
decreases. Approximately 50% of the last 10% survival
variance is due to genetic factors, whereas this ratio
decreases to 25% in the last 30%
survivors. The interaction of 3 to 7 independent
loci accounts for approximately
40% of the individual variability in segregant hybrids,
the remnant being determined by the effects of the environment. Themajor part of the genetic variability of F,
and Bc (VG F2 and VG Bc) is produced by a n additive
genetic effect ( V A ) :the remaining part, due to the dominance effect (VD), accounts for approximately 45% of
the V A values. Postulating that the additive fraction of
the genetic FY variance is heritable, h, could then be
calculated, and is entered into Table IV. The hY value,
related a s it is to the percentage of VG, is maximal when
taking into account the smallest percentage0%)
(1 of the
population.
The data in
Table IV are inkeeping with the hypothesis
that intrinsic physiological longevity is a polygenic character regulated by a small number of independent loci
(4.5 k 1.5).with a n h, value of about 0.3,largely affected
moreover by environmental effects(60%).

Interpopulation correlation between Ab responsiveness and life span.Figure 2 represents theleast square
linear regression between H, L, F1,F,, BcH and BcL
populations’ life span andtotal a s well as 2-ME-S agglutinin responses measured 7 days
post immunization. The
values of the slopes and of the correlation coefficient ( r )
for total agglutinin responses
on the 14thday, and for 2also
ME-R agglutinins on the 7th and 14th days are
indicated.
Results clearly demonstrate a very significant positive
correlation between longevity and total or 2-ME-RAb
responses 7 and 14 dayspost immunization. The 14-day
responsesalmost
exclusively consist of 2-ME-RAb,
whereas a n appreciable production of 2-ME-Sagglutinins
occurs 7 days post immunization. It has to be stressed
that the correlation between longevity and 2-ME-S response is negative.
With regard to 2-ME-R agglutinin responses, a 30-day
increase inlife span corresponds to doubling
a
in Ab level
(1 log,). Seven days post immunization, the slope X 30
days of total responses is decreased to 0.72 log, due to
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the concomitant negative correlation of 2-ME-S Ab (slope
= -0.21).
In L mice, 2-ME-S Ab represent 40% of total agglutinins, whereas in the H line, this proportion is reduced to
2%.I n the various interline crosses investigated,
the level
of total and 2-ME-R agglutinin responses is intermediate
between H and L values, which is consistent with the
similar degree of incomplete dominance effect of the two
characters investigated, Ab responsiveness ( d l a ) =
0.35-Table 11) and longevity ( d l a )= 0.53-Table 111).
intrapopulation correlations between l$e span and
Ab responsiveness. Due to the dominance effect of the
two characters investigated, life span andAb responsiveness, the largest intraline individual variance was produced in the BcL population (Tables 11, 111, and IV). Consequently, the BcL segregants provide the best opportunity to demonstratea positive individual correlation
between the above two characters. In Table V A are summarized the resultsof the individual correlation between
life span and total 2-ME-R and 2-ME-S agglutinin responses measured 7 and 14 days post immunization in
BcL segregants.
The most significant positive correlation is found between life span and the
7-day 2-ME-RAb response,
whereas a weaker, but significant
negative correlation is
observed for 2-ME-S agglutinins.
A positive correlation is also found for the 14-day responses mainly orexclusively consisting of 2-ME-R Ab,
although their slopes and significance levels are lower.
This correlation is not verified for the total 7-day agglutinin response, because of the opposite effect due to the
negative correlation of 2-ME-S Ab which are produced in
this post-immunization period.
Since the early (7-day)2-ME-R A b titer gives the strongest correlation between Ab responsiveness and life span,
this immunological parameter was elected to investigate
that correlation in theother populations of interline
crosses, that is F1, F,, and BcH. The results of the calculations, summarizedin Table VB, indicate a weak positive correlation between Ab responsiveness and life
span, which is at thelimit of statistical significance.
As previously indicated for the total population, the
left-hand tail of the normal mortality frequency distribution curve is mainly affected by disease-induced mortality, while the right-hand tail is essentially related to
the physiologic aging-induced mortality. The individual
correlation between 7-day 2-ME-R and mortality established in the first 20%
dead of the BcL population gives:
slope X 30 days = 0.35, r = 33, p = 0.1, whereas that
established on the last 20% mortality gives: slope X 30
days = 0.43, = r = 0.52, p < 0.02. These resultspoint out

TABLE IV
V a r i a n c e a n a l y s i s i n t h30%
e
a n d s m a l l e r p e r c e n t a g eofs t h e l o n g e s t l i v e d m i c e “
Percent of
Population

VE f
SE

VG F2

1%)

VG Rc
(9,)

F2
VP

10.000
Last
1.638
27
558
7,804
22
30%

VA

Bc

VD

VA

n

hzC

6

21,437
0.16
3,469
1.180

3

0.35

n

hzb

VP

VD

e156
Last
4.472
38
20%

40

7,225
1.799
954

7

15,041
0.25
2,959
1,569

4

0.41

50

7,569
2.878
1,411

4

13,312
0.38
3.410
1.671

3

0.45

+507
Last 10%
3.280
56

f637
“VBc=VBcH+VBcL.
’VA FJVP F,.
VA BcIVP F,.
Xn = 4.5+. 1.5.
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Slope x 3 0 days = 0 . 7 2
r.O.94
p<O.OI

BcL

Agglutinins

days

2”Ereslstant
Total
2 - ME res~stant

7
14
14

x ~ ~ ~ ar y s

0.93
1.03
I . IO

P

0.95 cO.01
0.97 <0.01
0.98 <0.001

r-12”Esensltlve

agglutinins

Slope x 3 0 days = -0 21
r = -0.95
p < 0.01

300

400

500
Mean
lite
span
days

700

600
+SEM

Ftgure2. Least squarelinearregressionbetweenmeanagglutinin
responses and mean life span inH. L. F , , F,, BcH. and BcL [interpopulation correlation].
TABLE V
Individual intrapopulation correlation between &fespan and A b
responsiueness
A. Individual correlationa between life span and aggiutlnin responses in BcL
segregants
Aglutlnins

Day

Total
2-ME-R
2-ME-S

7
7

Total
2-ME-R

14
14

7

x 30 Days

Correlation
Coefficient
r

0.049
0.150
-0.009

0.15
0.33
-0.20

0.087

0.20
0.25

0.100

P

0.2 [NS)
co.01

co. 1

0.05
0.02

B. lndlvidual correlationo between life span and 7-day2-ME-R agglullnin responses
In F , hvbrids and in F2 and EkH segregants
Mice

F,

FZ
BcH
a

No. of
Mice

153
192
174

x

3o oays
0.036
0.019
0.030

Correlation
Coefficient
r

0.15
0.10
0.17

P

0.1
<0.2 [NS)
<0.05

Least square linear regression:life span (x);
Ab titer [ y)

that Ab responsiveness is more closely correlated with
the genetically programmed physiological longevity than
with disease-inducedlife shortening.
The rather low r and slope values observed in all the
above-reported intrapopulationcorrelations are essentially due tothe large impact of environmental factorson
both Ab responsiveness and life span (see VE in Tables
11, 111, and IV), which is amplified when individual correlation is being measured.
A s we had in mind to reduce the impact of the environmentaleffects so a s to get a finer evaluation of the
correlation between genetic regulation of Ab responsiveness andlife span, we calculated the mean and S D values
of these two characters from data pooled on two different
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criteria.
First, the mean agglutinin response of mice within
periods equivalent to1/10 of the time separating the first
and last dead mice, a s shown in Figure 3A. Second. the
mean life span calculated in groups of mice presenting
the same agglutinin titer (1 log, interval), a s shown in
Figure 3B.
Figure 3 shows the least square linear
regression of 7day 2-ME-R and 2-ME-S Ab responses in BcL population
following the above two approaches. Slope and r values
of the other populations (F1,F2, and BcH) are indicated
as well.
The analysis presented in Figure 3 confirms the general meaning of the results shown in Table V. Although
the experimental data f i t much better the
regression
straight line,a s shown by higher r values, the statistical
significance of the results is not improved, because of
the decreased number of paired data used to establish
the correlation.
The results in Figure 3 give a definite confirmation of
the opposite correlation between 2-ME-R vs 2-ME-S Ab
and life span in the BcL segregant population. It may be
calculated from Figure 3B that 2-ME-S agglutinins constitute 60%of total agglutinins in
the shortestlived group
of BcL, whereas they account
for 19%in thelongest lived
group.
The tendency to a positive correlation between the 7
day 2-ME-R responses and longevity in the other
interline
crosses, F,and BcH, is alsoconfirmed, a s shownin
Figure 3, A and B, though with lower significance and
slope than in BcL mice.
The correlation between life span and Ab response
obtained in pooled data (Fig. 3A) being consistent with
that calculated in individual mice (Table V), we could
investigate such correlation at Ab isotype level, using
pooled sera. The 14day sera were accordingly pooled by
age-matched mouse groups, constituteda s shown in Figure 3A. Ab titrations were made by indirect ELISA for
either totalIgG or distinct IgG isotypes.
These Ab titers, which largely depend on the affinity
of the second Ab, cannot becompared to each other or
to
agglutinins. A s could be expected, for all isotypes Ab
titers in 14-day sera were high in H mice and undetectable in L mice [our unpublished data).
The data summarized in TableVI show, in the various
populations of hybrid mice, the Ab titers’ variability in
the 10 age groups, a s measured by the coefficient of
variation ( C V )and the parametersof least square linear
Ab titers ( LJ). As
regressions between z age (x)and
expected, the CV is generally higher in segregants than
in F1 hybrids,except in BcH where the dominance effect
of the high response lessens genetic variability.
The correlation obtained for the total IgG response is
close to that found with 2-ME-R agglutinins in F 1 , BcH
and BcL populations. This correlation, which is not significant in F, for agglutinin titer (Table V and Fig. 3). is
statistically significant for IgG ELISA titration, which is
more accurate.
In all hybrids, the correlation concerning the distinct
isotypes: IgG1,IgGBa,IgG2b. and IgG3, has a positive
value (except for IgG1 in BcH). Highlysignificant r values
are found in F, for all isotypes, whereas in BcH and BcL
the degree of significance of r values varies according to
the isotype.

x
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FLgure3. Least square linear regression between agglutinin responsesand
life span in F,. F2, EkH. and BcL mice.
Data pooledin age matched groups [ A )and
agglutinin titer matched groups [B)(intrapopulation correlation).

+I

In
2.

0
0

a-• 2 - M E resistant

c
0

a-• 2 - M E resistant
B c L I O 2 mlce
Slope 2 3 days
r 5 0 . 8p9C O . 0 0 1

4

-

Slope x 30 days 2 0. I45
r ~ 0 . 7 6 p CO.01

a

”

- 400c
0

r’
1-1

-

\

BcL 102 rnlce

r=-0.94

2 - M E sensitive

BCL 1 0 2rnlce
Slope 3 2 d a y s
r = 0.94 p i O . 0 0 1

piO.001
I

1

200

600
span
days
Mean
life

The positive correlation is also generally significant in
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Neoplastic diseases. Tumors of the lymphoreticular
system were recorded according to the Pattengale classithe regression slope is much lower than in segregant
fication (42, 43). Follicular center cell-lymphoma of B cell
hybrids. A s a whole, the results of IgG ELlSA titrations type was the most frequent among all lymphoid neoconfirm the positive correlation between 2-ME-R agglu- plasms, though a small number of lymphoblastic T cell
tinin andlife span.
type lymphomas was also observed (Table VII). The morPathology. A large spectrum of neoplastic and non- phology of these neoplasms has already been described
neoplastic diseases was observed at death time in the in previous articles (29. 30,44).
The incidence data and the age-related death rate of
various populations investigated. A synopsis of pathologic data appearsin Table VII.
malignant lymphomas are presented in Table VI1 and
Figure 4B, respectively. The interpopulation significance
Non-neoplastic diseases. Chronic nephritis was the
major inflammatory disease observed in all populations of these incidence data is shown in Table VIII. All lymphinvestigated. Briefly, the kidneys were reduced in size oid neoplasms are more frequent inL responder mice and
and characterized by a n irregular scarring of the cortex. in the progeny of the various interline crosses than in
Histologic observation revealed damage involving pri- the H responder mice. All interpopulation differencesare
mary tubules, whichwere dilated and occasionally filled statistically significant,except for the two Bc (Table VIII).
with colloid casts, a pattern referred to a s tyroidization,
A large spectrum of benign and malignant solid tumors
associatedwithinterstitialchronicinflammation
and was also observed, mostly localized in the lungs, liver
fibrosis. Various degrees of hyalinization were also pres- and mammary glands. Tumors at other sites, less freent in the glomeruli, associated with mild periglomerular quent, areirregularly distributed amongthe various popfibrosis. These kidney lesions were often accompanied ulations. Although the rough total incidence of all solid
with secondary deposition of amyloid substance in the tumors is higher in H line (Table VU), when tumor inciliver and spleen, revealed by a positive Congo red stain dence is being corrected by life span the L line appears
and a green birefringence when observed by means of to be more susceptible to tumordevelopment than theH
line. This differenceis statistically significantat p < 0.0 1
polarizing microscopy.
The age-adjusted incidence of chronic nephritis in H (Table VIII).
Chronic nephritis and malignant
lymphomas should be
and L lines a s in theprogeny of their interline crossesis
shown in Table VII, the significance of the differences considered as the two main diseases accounting for the
between the various populations investigated in Table reduced life span of the two lower A b responder populations: L and BcL, especially for the first 10%mortality
VIII. Results point out that the incidence of the renal
disease correlates with the level of immune responsive- (Table 111).
ness. Age-adjusted incidences are significantly higher
DISCUSSION
and more forward in L and BcL mice populations that
The results in Tables I and I1 illustrate the remarkable
present the lower Ab responses. A similar incidence in
F, hybrids and in H line suggests a complete dominance magnitude and constancy, intwo distinct environments,
of the “resistance” character against thisinflammatory of the modification in Ab responsiveness produced by
selective breeding. Theextent of interlinedifference
disease.
Mortality due to early incidence of chronic nephritis shown in Table I persists when mice are immunized at
contributes to the shorter life span of the L and BcL different periods of their life time [our unpublished obpopulations (Fig. 1). affecting principally the first10%of servations). The analysisof the large mouse populations
confirms our former findingson the 14-day total SRBC
these populations (Table 111, Fig. 4A).

F, hybrids where, however, except for IgGl , the value of
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agglutinin response (28). which demonstrated the polygenic regulation of this character,with a large impact of
environmental effects (about 45%) and an incomplete
dominance of high response ( d l a = 0.5).The number of
independent loci involved, previously estimated 2 to 8 , is
at presknt more finely determined a s 5 to 8. Similar
values of these immunogenetic parameters are foundfor
the 7-day totaland 2-ME-R agglutinin responses. This is
in agreement with our results demonstrating a common
global genetic regulation of all isotypes of both normal
serum Ig (45) andspecific Ab responses after immunization (our unpublisheddata).
All parameters used for measuring life span (Fig. 1 and
Table 111) clearly demonstrate a marked and constant
superiority of H over L line ( p 0.001). Thisinterline
difference is similar (250 to 300 days) for all measurements (253 daysfor the first 10%dead and 245days for
the last two survivors). The genetic constitution of the
two lines does then account for the early mortality, together with nephritis and lymphoma, and also for the
later mortality due to physiologic aging. The impact of
environmental factors is larger, though, in the 10% first
dead mice than in the other population fractions, since
in the distinct populations the SD values vary with the
mean values rather thanaccording to the genetic constitution. Conversely, in the 30%or smaller percentages of
last survivors,the variance valuesare, asexpected, larger
in genetically heterogeneous F, and BcL segregants than
in genetically homogeneous H, L, and F1populations. The
results of variance analysis in the 30%, 20%, and 10%
last survivors (Tables I11 and IV) clearly show that the
dominance effect (dla),the genetic variance (VG) and h2
increase steadily a s decreases the percentage of survivors.
Results from the 10% lastsurvivors would thus be the
most reliable evaluation of the genetic parameters regulating life span, in spite of the large error imputable to
small sample size. A s a matter of fact, the number of
independent loci controlling life span is similar in the
three population percentages considered. The data are
consistent with the hypothesis that the differencein
physiologic life span between H and L lines is regulated
by the additive interaction of a small number of independent loci, and is largely affected by environmental
effects ( V E = 60%).The large impact of environmental
factors on the early death ratedoes not seemto be related
to different sets of endemic viruses, since both H and L
colonies and their hybrids were bred in the same room.
The viruses' specific serology of the two lines shows
occasional borderline increase of Ab threshold limited to
H line mice. These mice have a higherlevel of natural Ab
against several non pathogenic immunogens, such a s
heterologous E and proteins. Moreover, similar resultson
interline incidence of malignant lymphoma have been
observed in two distinct mouse units (Institut Curie,
Paris, andENEA, Rome).
Significantdifferencesin
life span between some
inbred strains of mice have been reported. At least 4
independent loci linked with coat color (chromosome 4).
MHC (chromosome 17),sex,and Ah locus have been
shown to influencethe life span of inbred strains (8,25,
46). Thehpvalue for life span, asmeasured in the present
study ( h p= 0.16 to 0.45), is compatible with the estimate
of genetic variability for life span in inbred strains, a s

pe
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TABLE VI1
Neoplastic and nonneoplasticdiseases at spontaneous death inH o r L responder mice and in the progeny
oJ interline crosses
Tumor

Specifiration

L

No. of autopsied mice

Inflammatory diseases
Chronic nephrytis
Percent incidence"
Lymphoid neoplasms
FCC lymphomab
Percent incidence"
Lymphoblastic lymphoma'
Percent incidence"
Total
Percent incidence"
Myeloid leukemia
Solid tumors
Lung
Liver
GI tract
Adrenal
Kidney

Bladder
Skin
Soft tissues
Vascular system
Bone
Salivary gland
Utherus
Ovary
Mammary gland

119

131

FI

153

191

BcH

174

BCL

102

24
18 (18)

52
43 (70)

16
11 (12)

23
12 (19)

11
6 (91

40
39 (52)

18
14 (14)

24
20
(50)
18
15 (27)
42
35 (62)
48
(45)

66
43 (42)
2
1 (2)
68

45
24 (28)
10
5 (6)
55
29 (32)
1

66
38 (38)
4
2 (3)
70
40 (40)

27
27 (37)
5
5 15)
32
31 (40)

6
9
5
14

5
11
4
7

1

1
1

4
7

3

4
4
1
1
1

1

18
14 (14)

5

Alveolar adenoma
Alveolar adenocarcinoma
Hepatocellular adenoma
Hepatocellular adenocarcinoma
Adenocarcinoma
Cortical adenoma
Adenoma
Adenocarcinoma
Carcinoma
Squamous cell carcinoma
Fibrosarcoma
Rabdomyosarcoma
Malignant hemangioendothelioma
Osteogenic sarcoma
Adenocarcinoma
Leiomyofibroma
Leiomyosarcoma
Schwannoma
Tubular adenoma
Luteoma
Teratocarcinoma
Adenoacanthoma
Adenocarcinoma

F?

9
6
4

4

6
14
5
18

3
8
5

1

2

1
5

7
1
3
3
3

3
6

1

7

1
2
1

1

2
42
(27)
27

Total

Percent incidence"

3
15
(451
12

5
10
73
39 (381

2
1
1
2
3
67
29 (381

1
2
6
51
26 (30)

3
22
18 (36)

Numbers in parentheses are age-adjusted incidences (see text
for details].
Malignant lymphoma, follicular center cell
(FCC] type.
" Lymphoblastic lymphoma,T cell-type.
a

TABLE VI11

x 2 probability for heterogeneity of age-adjusted incidenceof d i s e a s e s in H or L responder mice. andin the progeny
of interline crosses"
Total FCC
Lvrnohoma

T-cell
Lvrnvhoma
Nephritis

H vs L
F, vs H

p < 0.001
p < 0.001

p < 0.001

F, vs L
F, vs F,
BcH vs BcL

NS"
p < 0.01

Llne

Comvarlsan

NS

Sohd

Chronic

p < 0.001
p < 0.001

p < 0.01
p < 0.05

p < 0.01
p < 0.025
NS

NS
NS
NS

p < 0.001
NS
p < 0.001
p = 0.1

Tumors Lvmvhomas

NS
p < 0.001
p = 0.06
NS

p < 0.001

" p > 0.1 = NS.

determined by the ratio between intraline and interline
variances (0.20 to 0.37)(9,11). These inbred strains,
though, display but very small and irregular differences
in Ab responsiveness to natural polydeterminant immunogens of distinct specificity. It seems thenunlikely that
the same genes canoperate in inbred strains and in our
H and L Ab responder lines.
The major purpose of the present study hasbeen the
demonstration of a correlation between Ab responsiveness and life span, correlation suggested by the similar
modification of life span observed in three selective
breedings: selections I and 11, started from distinct foundation populations, and selection GS (47), characterized
by a n amplified interline difference in immunoresponsiveness. In this GS selection, the mean life span was
516 -C 162 days in H line, versus 3 19 & 108 days in L
line [our unpublished data]. These concordant observationsrule out thechance for a similarrandomdrift
fixation, inthe threehigh or low lines, of genes affecting

life span unlinked to those involved in immunoregulation.
The results of interpopulation correlation reported in
Figure 2 are also compatible with the hypothesis of a
causal relationshipbetween immune responsivenessand
life span.The conclusive results, however, are those
obtained from intrapopulation correlation between the
two characters in theinterline segregant hybrids(Fig. 3,
Tables V and VI). Highly significant positive correlation
was demonstrated between life span and2-ME-Ragglutinin production in BcL population. The positive correlation was confirmed by ELISAfor totalIgG and for distinct
IgG isotypes in BcL a s well a s in F2segregants.
A weak positive correlation between Ab response and
life span was also constantlyobserved in the genetically
homogeneous F, hybrid population. This finding clearly
indicates that the individual life span is determined by
the level of immuneresponsiveness,whatever
be its
origin (genetic or environmental).

1233

INHERITANCE O F IMMUNE RESPONSE, LIFE SPAN.
PATHOLOGY
AND

A
ar

l

t

0

^

'

200

400

500

800

1000

1200

T 1me [doysl

I
B

0

230

400

500

BOO

1000

1200

TI me [days]
Figure 4. Cumulative age-specific death rates for nephropathies (A]
and malignant lymphomas (B)in H, L. F,. Fz.BcH. and BcL populations.

An unexpected finding was the lower, but significant,
negative correlation between 2-ME-Sagglutinin response
and life span, as demonstrated in both inter and intrapopulation studies. The seeming detrimentaleffect of 2ME-S Ab on life span may result from genetic modification of the regulatory mechanisms activating the switch
from IgM to IgG during the immune
response. Impairment
of the ability to switch from low affinity IgM to high
affinity cytophilic IgG antibodies is likely to affect life
span negatively.
The intrapopulation positive correlation between Ab
responsiveness and life span in segregant interline hybrids demonstrates that these two characters are controlled by the interaction of either one set of pleiotropic
genes, or two sets of closely linked loci. According to the
first hypothesis, theapparent pleiotropic gene effect
would, in fact, resultfrom a causal relationship between
immune responsiveness and life span. The detrimental
effect of low response on life span is more obvious than
the beneficial effect on it of high response. This results
from the asymmetric effect of the selective breeding on
both Ab response and life span. When compared to the
foundation population (28)or to Fz hybrids (TableIII), the
decrease of these two characters in the L line is larger
than their increase in theH line.
The conclusion that Ab responsiveness and life span
have a common polygenic regulation is not backed up by

the results of selection 111, according to which the H and
L Ab responder lines do not differ in either life span or
tumor incidence (30).But what looks at first like a discrepancy happens, in fact,to shed some light upon how
to identify the immunologic mechanisms influencing life
span. In Selections I and 11, based on primary Ab response, the differencebetween H and L responder lines
is chiefly due to genetic modifications in macrophage Ag
metabolism and presentation (2, 48). This interline difference therefore involves humoral and T cell mediated
responses (49).Selection 111, on the contrary, was based
on secondary response, and no detectable difference in
accessory cell activity between H and L Ab responder
lines could ever be demonstrated, which suggests thatit
is only the genetic regulation of humoral responsiveness
that is being affected (50, 51). The
concomitance of high
primary Ab responsiveness, longevity and low tumor incidence, as demonstrated in the present study, might
reflect a n increased expression of T cell-mediated immunity. The major role of T cells in genetic resistance
against spontaneous tumorsis also brought forth by the
observation that a line of mice selected for low T cell
response to T
mitogens displays a higher tumorincidence
than thehigh T cell responder line (44, 52).
It should be stressed that, although selection I1 was
carried out for Ab response to SRBC, its effect is general
upon responsiveness to many unrelated
immunogens (1).
The high incidence of malignant lymphoma in L line is
consistent with the clinical observation of frequent occurrence of lymphoma in transplanted humans submitted to drug-induced general immunosuppression. This
consideration substantiatesthe above-formulated hypothesis on the protective effect of a n efficient immune
system against neoplasia.
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