
produce and release prostacyclin but re- 
quire some specific stimulating agent, 
such as thrombin. Similar observations 
have been made for vascular endothelial 
cells of human origin (12). 

Cultures were exposed to aspirin at a 
concentration of 0.2 mM for 30 minutes. 
The aspirin was then removed, the cell 
monolayer washed, and the ability of 
these cells to synthesize prostacyclin 
from exogenously supplied ['4C]arachi- 
donic acid was measured at intervals. 
After aspirin treatment the synthesis 
of 6-keto-PGFia from exogenous arachi- 
donic acid was completely eliminated, 
but within 1 hour after removal of aspirin 
the levels of prostacyclin synthetic ac- 
tivity approached those found in untreat- 
ed cells, and by 2 to 3 hours had increased 
to 2.5 times the concentrations in cells 
before aspirin treatment (Fig. 2). This 
recovery was completely blocked in cul- 
tures to which the protein synthesizing 
inhibitor cycloheximide (20 uM) was 
added. 

The ability of aspirin-treated labeled 
cells to release prostacyclin in response 
to the initiator thrombin was measured in 
similar experiments (Fig. 2). In contrast 
to the rapid and full recovery of the cy- 
clooxygenase as evidenced by prosta- 
cyclin synthesis from [C4C]arachidonic 
acid, the cells were completely unre- 
sponsive to thrombin even 5 hours after 
removal of aspirin in confluent non- 
dividing cell cultures. 

In longer-term experiments, thrombin 
responsiveness was still 75 percent im- 
paired even 4 days after aspirin treat- 
ment. However, when parallel cultures 
were stimulated to divide by trypsiniza- 
tion and subculturing in fresh medium, 
substantial recovery occurred within 24 
hours (Fig. 3). 

Aspirin is known to irreversibly inhibit 
the cyclooxygenase by acetylating the 
enzyme (9). It must be presumed that the 
rapid recovery of prostacyclin synthesis 
from arachidonic acid in aspirin-treated 
cells represents synthesis of a new en- 
zyme. This conclusion is confirmed by 
the observations that recovery of the cy- 
clooxygenase is inhibited by cyclohexi- 
mide. This rapid replacement of the 
cyclooxygenase indicates that synthesis 
and turnover of the enzyme are probably 
a continuous process even in nondivid- 
ing cells. The failure of aspirin-treated 
cells to produce prostacyclin in response 
to thrombin, despite full recovery of the 
cyclooxygenase, indicates therefore that 
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treatment may require more than mere 
replacement of the cyclooxygenase com- 
ponent of the prostacyclin synthetase 
system. Full recovery of the system in 
a functional sense may require replace- 
ment of cellular components that are 
regenerated only during cell division. 
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Kin Selection: Its Components 
Abstract. Change in gene frequency under kin selection is the sum of two com- 

ponents, namely, Aq1, a change in gene frequency caused by individual selection, 
and AqG, a change caused by group selection. For the evolution of altruistic traits by 
kin selection, Aq, is always negative-that is, individual selection operates against 
altruism-and AqG is always positive, so that selection between groups favors al- 
truism. Hamilton's rule specifies the conditions under which AqG > Aq1j--that is, the 
conditions necessary for intergroup selection to override individual selection. 
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Kin selection (1, 2) is the evolutionary 
process that occurs when individuals 
within a population interact with one an- 
other in a nonrandom way with respect 
to kinship, and these interactions affect 
fitness. This process is believed to have 
exerted a significant influence on the 
evolution of social behaviors-that is, on 
the ways in which individuals interact 
(3). 

Maynard Smith (1) originally defined 
kin selection in contrast to, and as an al- 
ternative for, group selection. The key 
distinction between the two evolutionary 
processes was the presence or absence 
of discontinuities in the population 
breeding structure. Kin selection did 
"not require any discontinuities in popu- 
lation breeding structure" (1), whereas 
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the existence of partially isolated breed- 
ing groups was "an essential condition 
for group selection" (1). Smith later pro- 
posed (2) that the term "group selection" 
be restricted to those cases in which the 
group was the unit of selection; that is, to 
those cases in which changes in gene fre- 
quency are brought about by the dif- 
ferential extinction and proliferation of 
groups (4). However, similarities be- 
tween kin and group selection are pro- 
nounced. Kin selection depends upon 
the structuring of the population into kin 
groups, whether the groups exist as ac- 
tual physical entities or exist as a result 
of the facultative expression of social be- 
haviors (5). This feature of kin selection 
has led several authors (3, 6) to consider 
that kin selection is a form of group se- 
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Table 1. Family types, family frequencies, allele (a) frequency per family, offspring fitnesses, and mean family fitnesses, and allele frequency 
changes within families for the general single-locus model of kin selection. 

Frequen- 
Family cy of a Offspring fitnesses within families* Meanfamily within 

type y, Fi n family, WAA) W(Aa) Waa) fitness, Wt families 

AAA X pA 0 1 1 0q 
AA x AA p4 0 1 1 0 
AA x Aa 4p3q 1/4 1 + D l + D + F 1 + D + F/2 F/82 < 0 
AA x aa 2p2q2 1/2 1 + 2D + F 1 + 2D + F 0 
Aa x Aa 4p2q2 1/2 1 + D + G 1 + D + F + G 1 + D + E + G 1 + D + G + (E + 2F)/4 E/8W4 < 0 
Aa x aa 4pq3 3/4 1 + D + F + 2G + D + E + 2G + D + 2G + (E + F)/2 (E - F)/8W < O 
aa x aa q4 11 + E+ 4G 1 + E + 4G 0 

*The family types are indicated by i = 1, 2, .. 6. W(AA) represents the fitness of genotype AA in family i and Wi is the mean fitness in family i. D = bN(1 - h)12 > 
0, E = (c - b) < 0, F = (c - b)(l - h) < 0, and G = bN/4 > 0. 

lection intermediate between individual groups. The groups in this case will be 
and populational selection, although this families. The analysis will follow the tra- 
suggestion has been strongly opposed dition in population genetics of dis- 
(2). Recently, Dawkins (7) called the idea secting total selection into components 
that "kin selection is a form of group se- within and between families (13). Al- 
lection" one of the "common errors" in though Aq in any model of selection 
discussions of sociobiology. could similarly be partitioned into com- 

The theoretical foundation of socio- ponents, kin selection is unique in that 
biology is Hamilton's rule, bTr > Icl (8), Aqi is always negative for altruistic social 
which is widely recognized as specifying behaviors and AqG is always positive. I 
the conditions necessary for the evolu- will show that Hamilton's rule specifies 
tion of altruistic social behaviors. An al- the conditions for group selection to 
truistic social behavior is favored by kin override the opposing force of individual 
selection if the total benefit, bT, dis- selection, that is, for AqG > IAqlI. 
pensed by an individual performing the Let A, having frequency p, represent 
behavior, times the average degree of ge- the "nonaltruistic" allele in a hypotheti- 
netic relatedness, r, between performer cal diploid organism and a, having fre- 
and receiver exceeds the cost, c, of per- quency q = (1 - p), represent the "al- 
forming the behavior (9). Several genetic truistic" allele. Define (1 - h), where 
models of population have shown Hamil- 0 < h < 1, as the fraction of Aa hetero- 
ton's rule to be valid for a wide range of zygotes exhibiting altruistic behavior. 
conditions (10, 11). When expressed as After mating at random, each female 
bTr > Icl, Hamilton's rule seems to sup- produces N offspring whose genotype 
port the view that kin selection is an ex- frequencies conform exactly to the ex- 
tended form of individual selection. pected Mendelian ratios (14). The off- 
However, deriving the equation for spring remain together in what Wilson 
change in gene frequency under kin se- (6) calls a "trait group" and, during de- 
lection makes the importance of popu- velopment, perform behaviors that affect 
lation structure explicit and clarifies the the survival of themselves and their sib- 
relationship to group selection. lings. To focus solely on the evolution of 

The change in gene frequency under social behaviors, I make the usual as- 
kin selection, Aq, has been independent- sumption that the initial fitness of each 
ly derived by several workers (10, 11) in- family member is 1. An aa or Aa individ- 
terested in various problems in social ual performing the behavior incurs a cost 
evolution, from sibling altruism and pa- c, but changes the fitness of every other 
rental manipulatior to social selection family member by an amount b. The to- 
against certain genetic diseases. The tal fitness effect, bT, of an altruist on the 
general features of all these family-struc- other (N - 1) members of its sibship is 
tured models are summarized by.Michod b(N - 1). For altruistic behaviors 
(12). For the fitness function used here, c < 0 < b. 
Aq has been shown (11) to be If selection is weak and mating is ran- 

dom, the frequencies of the parental mat- 
Aq = Npq[(c - b)/N + b/2]x ing types, Fi(i = 1, 2,.. .,6), are given 

[q + (1 - h)(p - q)]/W] (1) by terms in the expansion of 
(p2 + 2pq + q2)2 and are listed in Table 1 

I will show that this expression is the with the frequency qi of allele a in family 
sum of two components, Aqi and AqG, i, the offspring fitnesses within families, 
that represent, respectively, the change W1(AA), Wi(Aa), and Wi(aa), and the 
in allele frequencies within groups and mean family fitnesses, Wi. The change in 
the response to selection between gene frequency, Aqi', owing to selection 
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among individuals in family i, is found 
from standard population genetics theo- 
ry to be 

Aqi' = [Wi(aa)fh(aa) + 

Wi(Aa)fi(Aa)/2]Wi - qi (2) 

where fi(Aa) and fi(aa) are the genotype 
frequencies expected in family i on the 
basis of Mendel's laws. The values of 
Aqi' are given in Table 1, column 8, and 
are less than or equal to zero for all i fam- 
ilies. 

Clearly, nonaltruists are increasing 
within families at the expense of al- 
truists. The cause of the spread of the al- 
truistic allele is the difference in fitness 
between families as is shown below. 
Each Aqi' is evaluated relative to the 
mean family fitness, Wi. A different and 
uniform relative standard is needed to 
determine the mean change in q by selec- 
tion within families. These changes in 
gene frequency within families must be 
evaluated relative to the mean popula- 
tion fitness, W. Thus, Aqi = (WJ/W)(Aqi') 
and the mean change in q by individual 
selection within families, AqI, is 

6 

Aq, = )' AqiFi 
i= 

(3) 

Substituting values from Table 1 yields 

Aqi = pq(c - b)[q + 

(1 - h)(p - q)]/2W < O (4) 

because (c - b) is always negative and 
W - p2W(AA) + 2pqW(Aa) + q2W(aa) 

(15). If families are treated as units, the 
change in gene frequency, AqG, owing to 
selection between family groups is ob- 
tained by substituting into Eq. 2 the fam- 

ily counterparts, Wi, Fi, and qi, for the 
genotypic fitnesses, frequencies, and al- 
lelic compositions, respectively 

6 

AqG= qiFiW/W- q= 

pq(c + bT)[q + (1 - h)(p - q)]/2W 
(5) 
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This expression is always greater than 
zero when bT > Icl. It is positive because 
there is a positive covariance between qi 
and Wi. Kin selection for altruism is thus 
a special case of Price's model (16) of se- 
lection based on covariance mathemat- 
ics. Here, the positive covariance be- 
tween allele frequency and group fitness 
exceeds the negative covariance be- 
tween the number of a alleles in a gen- 
otype and the genotype's fitness. How- 
ever, for the altruistic gene to spread, 
not only must AqG be positive, but it 
must also exceed the absolute value of 
AqI. That is, selection between family 
groups must override the opposing selec- 
tion within family groups. Setting 
AqG > IAqII and simplifying yields Ham- 
ilton's rule for family groups, bT/2 > Icl 
(17). 

The total change in gene frequency un- 
der kin selection, Aq, is 

Aq = AqG + Aqi = Npq[(c - b)l 

N + b/2][q + (1 - h)(p - q)]/W 

(6) 

as was given in Eq. 1 and derived from 
other models (11). 

This derivation illustrates that kin se- 
lection involves individual and group se- 
lection as opposing processes. Hamil- 
ton's rule specifies the conditions under 
which group selection in favor of sociali- 
ty is sufficiently strong to overcome the 
opposing effects of individual selection 
against sociality. Whether a family is 
called a group or a set of kin, this deriva- 
tion shows that kin selection involves 
two evolutionary processes (opposing 
one another in the case of altruism) 
which have been classically recognized 
(13) as different levels of selection. 

MICHAEL J. WADE 

Department of Biology, 
University of Chicago, 
Chicago, Illinois 60637 
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One of the most intriguing extensions 
of the Neo-Darwinian research program 
is the recent theory of kin selection (1). 
There are two key elements of this theo- 
ry. First, Hamilton's rule (1), c/b < r, 
provides the conditions for increase of 
an allele that codes for an "altruistic" 
behavior between two individuals who 
are related by r. In this rule, c and b are 
additive increments to the fitnesses of, 
respectively, the donor and recipient of 
the altruistic act. Hamilton's rule has 
revolutionized research on the evolution 
of behavior, and there has been a consid- 
erable amount of theoretical work to de- 
termine the precise conditions under 
which the rule holds (2-12). 

The second key element of kinship 
theory has received less theoretical at- 
tention, although it plays an important 
conceptual role in applications. Hamil- 
ton (1) claimed that gene frequency dy- 
namics proceed along adaptive topogra- 
phies (13) determined by the average in- 
clusive fitness effect (1). The inclusive 
fitness effect of an individual's behavior 
is defined as the sum of the additive ef- 
fects of the behavior on the individual fit- 
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nesses of the donor and the recipient, the 
effects on the latter being weighted by 
the degree of relatedness of recipient and 
donor. Hamilton's claim is fundamental- 
ly important for, if true, it relates kinship 
theory to Wright's (13) adaptive topogra- 
phy, which is one of the most useful the- 
oretical and conceptual tools in evolu- 
tionary biology. However, Hamilton (1) 
was not able to demonstrate this claim 
rigorously. Consequently, inclusive fit- 
ness seems to have fallen into disuse in 
recent family-structured models of kin 
selection (3-8, 10-12). Yet, other studies 
(14) based on Hamilton's original model 
(1) have demonstrated this claim. How- 
ever, genetic identity coefficients were 
used in these selection models (14). 
Since these coefficients have concrete 
meaning only for neutral genes, many 
workers have been unwilling to accept 
results of selection models based on 
them. For this reason, most recent theo- 
retical studies of kin selection have fo- 
cused on sibling interactions in family- 
structured models (3-8, 10-12). In these 
models, individual fitness is a function of 
the social interactions occurring in the 
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