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13. Using in situ hybridization t o  polytene chromosomes, 
we mapped the d-axin gene t o  99D in the third Segregation Distorter (SD) in Drosophila melanogaster is a naturally occurring 
chromosome. The genomic PI clone DS00026 from meiotic drive system in which the SD chromosome is transmitted from SD/SDt 
the Berkeley ~ rosoph i la  Genome Project contained 
the genomic region corresponding t o  the d-axin 
cDNA. The genomic organization of the d-axin locus 
and the intron-exon structure were determined by 
Southern (DNA) blot analysis and subsequent se- 
quencing across the exon-intron boundaries. 

14. A Drosophila strain containing the P-element-induced 
lethal line 1(3)5044230 was obtained from the Europe- 
an Drosophila P-element-induced lethal stock center 
(Szeged Center, Hungary). The precise point of P-ele- 
ment insertion was determined by genomic sequencing. 
Association of the observed lethal phenotype with the 
P-element insertion was confirmed by mobilization of 
the P-element with a Ki, pp, A2-3 strain [H. M. Robert- 
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19, d-axin mutant clones were generated by use of the 
FLP-FRT technique [T. Xu and G. M. Rubin, Develop- 

males in vast excess over its homolog owing t o  the induced dysfunction of 
SDt-bearing spermatids. The Sd locus is the key distorting gene responsible for 
this phenotype. A genomic fragment from theSd region conferred ful l  distorting 
activity when introduced into the appropriate genetic background by germline 
transformation. The only functional product encoded by this fragment is a 
truncated version of the RanGAP nuclear transport protein. These results dem- 
onstrate that this mutant RanGAP is the functional Sd product. 

Examples of meiotic drive, in which a partic- 
ular allele or chromosome of a heterozygous 
pair is preferentially transmitted to the off- 
spring, have been described in natural popu- 
lations of fungi, plants, insects. and mammals 
(1) .  This violation of the fundamental princi- 
ple of Mendelian genetics can subvert the 
evolutionary process, which is contingent on 
the unbiased exposure of competing genes to 
selective forces. The molecular mechanisms 
of meiotic drive have remained elusive. 

One of the best characterized meiotic drive 
systerns is Segregation Distorter (SD) in Dro- 
sophila melanogaster (2). SD chromosomes are 
transmitted from SD/SDt males to more than 
95% of the progeny; transmission from females 
is nonnal. Sd, a dominant gain-of-function mu- 
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tation, is the primary gene on SD chromosomes 
required for distortion. Shong distortion also 
requires several linked modifier loci, including 
Enhancer [ECSD)], Modij5er [M(SD)], and Sta- 
bilizer [StCSD)] (2-4). The target of distortion is 
the Responder ( h p )  locus, which consists of an 
array of repeated satellite sequences whose 
copy number is correlated with sensitivity (4, 
5). Chromosomes carrying Rsp' (sensitive) or 
h p "  (supersensitive) loci are subject to distor- 
tion, whereas SD chromosomes, which carry 
Rspi (insensitive), are resistant. Distortion ulti- 
mately involves sperm dysfunction, first visibly 
apparent as failed chromatin condensation in 
half of the developing spermatids (6) .  

The Sd locus was isolated by positional 
cloning and found to be associated with a 
tandem duplication that replaces the wild- 
type (Sdt) 6.5-kb Eco RI fragment with an 
11.5-kb Eco RI fragment (7). When intro- 
duced into appropriate genetic backgrounds 
by germline transformation, the 11.5-kb frag- 
ment confers full distortion, which indicates 
that Sd activity is contained entirely within 
this fragment (8) .  Transformants that have 
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lost either half of the duplication fail to cause 
distortion, demonstrating that Sd activity re- 
quires juxtaposition of particular sequences 
in both halves of the duplication. 

To identify the particular gene or genes 
within the duplication that are responsible for 
distortion, we sequenced the 6.5-kb Sd+ and 
11.5-kb Sd genomic clones as well as cDNAs 
derived from these chromosome segments. 
Two nested transcription units were identified 
in Sd', both of which are represented twice in 
the duplication (Fig. 1, A and B). One of these 
genes (dHS2S7) encoded the Drosophila ho- 
molog of mammalian heparan-sulfa& 2-sulfo- 
transferase (9). The other, dRanGAP, was iden- 
tified as the Drosophila homolog of marnrnali- 
an RanGAPl, the guanosine triphosphatase 
(GTPase) activator for the Ras-related nuclear 
regulatory protein Ran (1 0, 11). 

The organization of the two transcription 
units in the proximal half of the Sd duplica- 
tion is essentially the same as in Sdt (Fig. 1, 
A and B). Although the proximal dHS2ST 
transcript in some SD lines contained a pre- 
mature stop codon, resulting in truncation of 
46 amino acids, other strongly distorting lines 
lacked this single base polyrnorphis~. The 
proximal dRanGAP transcript is identical with 
the wild type except for a 9-base pair (bp) 
deletion near the 3' end. Because this deletion 
occurs outside the 11.5-kb fragment, this poly- 
morphism is also unlikely to be responsible for 
the Sd phenotype. 

The dHS2ST transcript in the distal half of 
the duplication encoded a wild-type protein. A 
cDNA representing a previously identified SD- 
specific 4.2-kb transcript (8, 9) initiated in the 
proximal half of the duplication and read 

through the distal copy of the dHS2ST gene, 
resulting in an aberrant mRNA that contained a 
wild-type dHS2ST coding region preceded by a 
long untranslated leader (Fig. 1B). 

The remaining distal transcript encoded a 
mutant version of dRanGAP whose COOH- 
terminal portion differed f?om that of the wild 
type beginning at the duplication junction (Fig. 
1B). Analysis of SD cDNAs (10) indicated that 
the distal dRanGAP transcript extended about 

date for the Sd gene product. 
To be capable of causing distortion, the 

postulated truncated dRanGAP must be stable 
and expressed in testes. The dRanGAP cDNA 
sequences predict proteins of 66 kD encoded 
both by Sd* and by the proximal half of the Sd 
duplication, as well as an Sd-specific 40-kD 
protein encoded by the distal half of the Sd 
duplication. Affinity-purified antiserum (13) 
detected the expected 66-kD protein in males of 

300 to 400 bp beyond the junction into the all genotypes on protein irnmunoblots of pro- 
proximal half of the duplication. The juxtapo- tein extracts from testes (Fig. 2, lanes 1 through 
sition of sequences at the junction site intro- 7). The 40-kD protein was detected in all native 
duced an in-frame stop codon immediately ad- SD lines examined but not in the wild type (Fig. 
jacent to this site. The resulting dRanGAP 2, lanes 1 and 2) (14, 15). Furthermore, three 
mRNA encoded a truncated polypeptide miss- independent germline transformants for the 
ing 234 amino acids at the COOH-terminus 11.5-kb duplication that showed strong distort- 
(12). Because this truncated dRanGAP was the ing activity expressed the truncated protein 
only substantially altered protein encoded by (Fig. 2, lanes 3 through 5) ,  whereas another 
the 11.5-kb fragment, and because its genera- transformant that spontaneously lost part of the 
tion required the fusion of sequences from both duplication and failed to distort did not express 
halves of the duplication, it was the best candi- this protein (Fig. 2, lane 6). Thus, expression of 

Fig. 2. Protein immunoblot of testes proteins 1 2 3 4 5 6 7 
probed with Drosophila antibodies to  RanGAP. 
Three pair of testes were dissected from newly - -  66 kD 
eclosed flies, boiled in SDS sample buffer, and 
run on a 15% polyacrylamide gel. The proteins 
were transferred to  nitrocellulose and probed , - 40 kD 
with a polyclonal antiserum (1:500) raised 
against the amino-terminal region of wild-type 
dRanCAP. Horseradish peroxidase (HRP)-con- 
jugated goat anti-rabbit secondary antibodies (Bio-Rad) (1:3000) were detected by chemilumi- 
nescence (Amersham). Lane 1, SD-Mad; lane 2, Canton-S (wild type): lanes 3 through 5, three 
independently generated transgenic lines containing the 11.5-kb Sd duplication (8). These three 
transformant lines show high Levels of distortion. Lane 6, a transgenic line transformed originally 
with the 11.5-kb Sd duplication that has undergone spontaneous loss of a significant portion of the 
duplication. No distortion is observed in this line. Lane 7, transgenic flies containing the 
P[(w+Sd)lZA] transformation construct that specifically encodes the truncated form of dRanGAP. 
This transgenic line shows high levels of distortion. 

Fig. 1. Organization of dHS2ST and dRanCAP transcription A 
units in SD+ and SD genomic DNA. The upper line in each Sd* I I 
panel represents the genomic clones. The wild-type genomic W ~ / Y ~ ~ / , f ~ ' / " ~ " , ' , ' / , ' ' l  

5' 
sequence that is tandemly duplicated in SD is represented by -rrm r dHS2ST 

the hatched bar. The alignment of cDNAs with the genomic dRanGAP 5' 
sequence is indicated underneath the genomic fragment. 
Exons containing translated sequences are represented by 
boxes. Solid boxes represent dHSZST exons and open boxes B 
represent dRanCAP exons. A space between boxes indicates Sd + 

V""" 
Junction 

the presence of an intron. lntrons in noncoding sequences , distal proximal I 
are indicated by a V-shaped line. (A) Two cDNAs transcribed w / / ~ / x  / / /  ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r J ~ ~ ~ ~ ~ r r ~ ~ ~ ~ ~ ~ ~  '4 

from opposite strands were identified in wild-type flies. The --.IWIIC- 5' -=-.I- 5' 

dHS2ST cDNA is entirely contained within a large (2.7-kb) 
-mm- 

5' 
intron at the 5 '  end of dRanCAP. (B) The junction of the 
tandem duplication is marked. Each half of the duplication 5'? 

v 
contains both dHS2ST and dRanGAP transcription units. The -\ 
distally encoded dRanCAP polypeptide is truncated at the \ -. / / 

,--n- v-""" 
junction site. The 5' end of the distal dRanCAP transcription '. / 

\/ 
unit is drawn so that it corresponds with that of the proximal 
dRanCAP transcript. However, cDNAs for this transcript are 12A 

incomplete at the 5 '  end, so the exact starting point is I + - 
unknown. This uncertainty is indicated by the broken line I , / ~ , K ~ / , ~ ~ / ~ ~ / ~ ~ / ~ , ' / / I ~ ' ~ " ~ ' J  I kb 

' 5' 
representing the presumptive intron and the question mark ---.I==-- 
at the 5' end of the transcript. An aberrantly large dHS2ST 5'? 

-\ /-a-- 
transcript that initiates ectopically in the proximal part of \ / 

the duplication and results in the production of a long 5 '  \ / 
\ / 

untranslated leader is shown. (C) The 12A genomic transfor- \/ 

mation construct includes the entire distal half of the Sd 
duplication plus approximately 500 bp from the right half of the duplication. Two in-frame stop codons (asterisk) were introduced into the dHS2ST 
coding sequence to eliminate expression of this protein from the 12A transformation construct. 
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Table 1. Segregation distortion caused by the 12A construct expressing a scored for cn or cn bw eye color markers, I t  and pk are eye color and bristle 
truncated dRanGAP protein. The second chromosome genotype of the tested markers, respectively. The data (mean + SD) are presented as the relative 
males, which includes the indicated components of the SD system, is shown in proportion of the total progeny that inherited the Rsp homolog from the tested 
columns 2 and 3. At least 10 males of the indicated genotypes, either lacking males. The total number of offspring (n) counted for each cross is indicated 
(column 4) or carrying (column 5) the 12A construct inserted on the TM3 third beneath the segregation ratios. The data have been corrected for small intrinsic 
chromosome were individually crossed to cn bw females, and the progeny were viability differences associated with the segregating homologs as described in (8). 

Row Genotype SD components present 12A absent 1 2A present 

1 Rspi16 cn bw/RspSs It/pk cn Rspi/Rsp" 0.490 i 0.056 0.568 i 0.064 
(n = 2063) (n = 1896) 

2 SD-SReV7/Rsp" I t  pk cn E(SD) Rspi M(SD) St(SD)/RspS 0.509 t 0.085 0.980 t 0.037 
(n = 910) (n = 929) 

3 SD-SRev7/Rsp' cn bw E(SD) ~ s p  M(SD) s ~ ( s D ) / R s ~ '  0.494 t 0.055 0.516 t 0.070 
(n = 791) (n = 2371) 

4 SD-MadRe"77/Rsps' I t  pk cn E(SD) Rsp M(SD) St(SD)/RspS 0.507 t 0.058 0.845 t 0.079 
(n = 987) (n = 2973) 

5 SD-MadRev77/Rspi cn bw E(SD) Rspi M(SD) St(SD)/Rspi 0.487 t 0.062 0.537 i 0.083 
(n = 2263) (n = 1909) 

6 SD-SRev'6/Rspss I t  pk cn Su(SD) Sd E(SD) Rspi M(SD) St(SD)/RspSs 0.494 i 0.045 0.472 i 0.061 
(n = 2392) (n = 943) 

an Sd-specific truncated dRanGAP coi-related 
with distorting activity. 

To test directly whether expression of the 
tiuncated dRanGAP was responsible for dis- 
tortion, we generated a transformation con- 
struct capable of expressing oiily this protein. 
Beginning with tlie intact 11.5-kb Eco RI 
fragment, all but 562 bp of the proxinlal half 
of the duplication was removed to eliminate 
both proximal-specific transcripts and the 
4.2-lib version of the distal dHS2ST tran- 
script (Fig. 1C). The coding potential of the 
renlaiiiiilg distal-specific clHS2ST trailscript 
was abolished by introducing two in-frame 
stop codons. We used this modified genoin- 
ic construct to generate a gerinline trans- 
fonnant, P[(wpScl) l2A]. This construct di- 
rects the production of the Scl-specific 40- 
1cD dRanGAP protein although its level of 
expressioil appeared somewhat reduced 
(Fig. 2, lane 7) (1.5). 

We introduced P[(u,--Scl)12A] into different 
genetic backgrounds where the other compo- 
nents of the SD systein were varied and tested 
its ability to cause distortion. The resulting seg- 
regation ratios are shown in Table 1. Distoition 
is indicated by the excess transmission of the 
h p '  clron~osome relative to the Rsp" lio- 
molog. In the absence of any upwards modifiers 
of Sd, P[(u,-'-Sd)l2A] caused oiily a low level 
of distoition (Table 1; row 1). This result cor- 
responds with results obtained for the intact 
11 5-kb duplication as well as for native Sd in 
the absence of other drive elemeiits (8).  To 
introduce the full constellation of modifier loci, 
we used derivatives of two different SD chro- 
mosomes. SD-jRe"7 aiid SD-:WcidRe"". from 
which the Sd locus had been deleted, leaving 
tlie other drive elements intact (4, 16). These 
reveited SD chromosomes have coinpletely lost 
the ability to distort (Table 1, rows 2 and 4). 
However, when P[(~<+Sd)l2Al was introduced 
into these baclqgounds, seong distoition of the 
Rsp" chron~osome was observed in both cases 
(Table 1, rows 2 and 4). The strength of distor- 

tion caused by P[(n,+Scl)l2A] vaiied with the 
inseltion site, as fill1 distoition in both baclc- 
gro~mds was observed when the iilseit was 
reinobilized to new locations (15). The coin- 
plete distortion caused by P[(>ts-'-Sd)12A] in 
the appropriate background establishes its 
filiictioilal equi~~aleiice to Sd. To denlollstrate 
that this distoition depended exclusively on 
the action of the SD system. comparable 
crosses were carried out in which both lio- 
nlologs carried a Rspi allele. As expected, no 
distoition was observed in these baclcgrouiids 
whether or not P[(1i,~Sd)12A] was present 
(Table 1. rows 3 and 5). Fuithennore, distor- 
tion by P[(>v--Sd)l2A] Lvas eliminated in the 
presence of SD-JRe" 16,  a strong suppressor of 
distoition (4) (Table 1, row 6). Thus, 
P[(1v--Sd)12A] reproduces the behavior of a 
native Sd in every respect. Therefore. we 
conclude that the tiuncated dRanGAP is the 
functioiial Sd product (1 7). 

Much recent work iii yeast and inainmaliail 
cells has shown that iiucleocytoplasmic trans- 
poit is dependent on the small n~~clear  GTPase 
Raii (18). Genetic aiid biochemical data dem- 
onstrate that regulators such as the guanine 
nucleotide exchange factor (RanGEF) and the 
GTPase-activating protein RanGAP 1, which 
cycle Raii between its GTP- aiid GDP-bound 
foims, are also critical (18). Ran and its cofac- 
tors have also been implicated in other fi~nc- 
tions, including cell cycle progression, RNA 
synthesis aiid processing, and inaiiitenaiice of 
nuclear struckre. but it remains uiiclear wheth- 
er the effects on these processes are direct or 
secoildaiy to effects on nuclear transpoit (18). 
In either case; the central role played by Ran 
aiid its regulators in coordinating lcey events of 
nuclear fuictioil place then1 iii an ideal position 
to be subveited by a iiieiotic drive system. For 
example, Sd may preferentially iinpair nuclear 
transpoit in RspS-bearing spei~ilatids at a key 
stage in their development. The asymmetric 
effect on hp" bbut not Rsp'-beaiing spei~ilatids 
could result either froin biased distributioil of 

tlie mutant dRaiiGAP to the affected spermatids 
or from enhanced sensitivity of RspS-bearing 
speilnatids to impaired nuclear transpoit. 
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no acid position 9 in all SD strains examined, and a 
C-to-Y substitution a t  position 146 in  only some SD 
strains. In addition, because the mutant  cDNA is 
incomplete a t  the 5' end, we have been unable t o  
confirm that  the distal dRanGAP transcript initiates 
at the equivalent point as the wild-type and proximal 
dRanCAP transcripts. If there is a difference here, i t  
should affect only the 5 '  untranslated leader and no t  
the coding sequence. 

13. A genomic fragment encoding amino acids 1 through 
251 of the wild-type dRanCAP protein was cloned 
into the pQE30 expression vector (Qiagen) and ex- 
pressed in  Escherichia coli. The gel-purified polypep- 
t ide was injected into a rabbit, and subsequent bleeds 
were examined by protein immunoblot analysis for 
the ability t o  identify the wild-type and mutant  
dRanCAP proteins in  Drosophiia testes. The ex- 
pressed protein was bound t o  nitrocellulose strips 
and incubated w i th  crude antiserum t o  aff inity purify 
the antibodies t o  RanCAP. 

14. Ten independently isolated SD lines f rom the United 
States (SD-MAD, 50-5,  50-72, and SD-Weymouth), 
Italy (SD-Roma, SD-Oviedo, and SD-V077). Spain 

(SD-Los Arenos), Japan (SD-NHZ), and Australia (SD- 
Armindale) were examined by protein immunoblot 
analysis and found t o  express both the 66-kD and 
40-kD proteins. Both proteins were present a t  con- 
sistent levels in  testes, whole flies, carcasses (minus 
testes or ovaries), heads, larvae, and pupae. Because 
no somatic phenotypes are seen in  SD heterozygotes 
or homozygotes, i t  is likely that  some step in  sper- 
matogenesis, such as the high degree of chromatin 
compaction that  takes place, is particularly sensitive 
t o  perturbations caused by expression o f  the truncat- 
ed dRanGAP. 

15. The apparent reduction in  dRanCAP protein expres- 
sion in the P[(w-Sd)l2A] transformant is likely due 
t o  the particular location o f  the insert on the TM3 
chromosome, because both increased and decreased 
levels o f  dRanGAP expression are observed when 
P[(w-Sd)l2A] is remobilized t o  new insertion sites 
(C. Merri l l  and B. Canetzky, unpublished results). 

16. J. Brittnacher and B. Canetzky, Genetics 103,  659 
(1983). 

17. Although how the truncated dRanCAP is functionally 
altered remains unknown, i t  is wor th noting that  the 

Linear Differentiation of 
Cytotoxic Effectors into 
Memory T Lymphocytes 
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A central question in immunology is the origin of long-lived T cell memory that 
confers protection against recurrent infection. The differentiation of nai've T cell 
receptor transgenic CD8+ cells into effector cytotoxic T lymphocytes (CTLs) 
and memory CD8+ cells was studied. Memory CD8+ cells that were generated 
after strong antigenic stimulation were the progeny of cytotoxic effectors and 
retained antigen-specific cytolytic activity 10 weeks after adoptive transfer to 
antigen-free recipient mice. Thus, potential vaccines based on CTL memory will 
require the differentiation of na'ive cells into post-effector memory T cells. 

The engagement of T cell receptors (TCRs) nai've CD8+ lymphocytes differentiate into 
011 CD8+ T cells by antigen peptide-class I inemoiy cells is unclear. There are two mod- 
major histocoinpatibility complexes (pMHC) els for the developnlent of memoly CD8-'- 
on the surface of cells leads to the prolifera- cells. The linear differentiation inodel pre- 
tioil and differentiation into CTLs. which lyse dicts that meinoiy T cells are the progeny of 
cells presenting antigen pMHC (I).  After the CTLs that escape AICD. Conversely, weak 
effector phase, a period of death ensues dur- antigenic stinlulation could result in memory 
iilg which activated T cells undergo apopto- T cells that are derived from a precursor that 
sis. kno\vn as activation-induced cell death precedes CTLs and so differentiate through a 
(AICD) (2). The third phase of the T cell lineage parallel to effectors (decreasing po- 
respoilse is characterized by the appearance 
of menlory cells that persist for nlany years. 
Accelerated T cell responses seen upoil re- 
exposure to antigen are due to increases in the 
frequency of antigen-specific T cells and to 
qualitative changes in memoly cells that al- 
low thein to respond to antigen more effi- 
ciently than naive cells (antigen hypei~eactiv- 
ity). However. the precise lineage by which 

tential model) (3). 
To address the issue of CD8+ cell memoly 

differentiation. we analyzed the development of 
transgenic meinoiy CD8+ cells that express a 
H-2Db-restricted TCR (B6.2.16) specific for a 
male antigen (H-Y) (4). Activation of B6.2.16 
C D 8  cells with male cells ( 5 )  or H-Y peptide 
( 6 )  gives rise to long-lived anti-H-Y memoiy 
CD8+ cells that persist in the absence of anti- 
gen. In the absence of markers that distinguish 
between effector and memorv C ~ 8 - l -  cells. we 

'Commi t tee  o n  Immunology,  'Depar tment  o f  Pathol- 
ogy, 3Committee on Developmental Biology, The Uni- 

followed the differentiation of naive CD8.- 
versitv of  chicaeo, cwen K~~~~ center for L~~~~ and cells into effector and memory-precursor cells 
lrnrnu2nology ~e;earch, c h i c a i d ,  IL 60637, US'A. in vitro by "co~mting" the number of cell divi- 
* T ~  whom correspondence should be addressed, ~ - ~ ~ i l :  sions. B6.2.16 CD8+ cells were labeled with 
pashton@midway.uchicago.edu the vital dye carboxyfluorescein diacetate suc- 

truncation eliminates the lysine residue a t  position 
533, which is the presumed target site for covalent 
linkage t o  the small ubiquitin-related modif ier 
SUMO-1 (8. Saitoh, R. T. Pu, M .  Dasso, Trends Bio- 
chem. Sci. 22, 374  (1997); R. Mahajan, L. Gerace, F. 
Melchior, 1. Cell Bioi. 140, 259 (1998)l. Because this 
modif ication is essential for targeting dRanGAP t o  
nuclear pore structures, subcellular mislocalization of 
the truncated dRanCAP is one potential consequence. 
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cinimidyl ester (CFSE). then incubated wit11 
H-Y peptide (7 ) .  The proliferation of B6.2.16 
CD8+ cells was controlled by using various 
doses of H-Y peptide for 4 days of culture, and 
cell division was monitored by measuring 50% 
decreases in CFSE fluoresceilce (Fig. 1A). 
Staining of cells with the TCR-clonotypic 
monoclonal antibody (inAb) T3.70 (8)  revealed 
that all of the divided CD8+ cells in culture 
were B6.2.16 TCR-positive (9). Low doses of 
antigen resulted in little cell division and little 
detectable anti-H-Y cytolytic activity (0.1 nM 
H-Y peptide: 4 %  specific lysis). At 100 nM 
H-Y peptide we observed substantial cell divi- 
sion and a high degree of cytolytic activity 
(>50% specific lysis), demonstrating that anti- 
gen dose can control the differentiation of anti- 
11-Y CTLS (1 0). 

At a fixed antigen concentration (100 nM) 
over 4 days in culture, B6.2.16 CD8+ cells 
proliferated over the first five cell divisions 
(generation 1; 2 X lo" cells: generatioil 5, 
29 X lo4 cells) then decreased (generation 9, 
6 X 10%ells) due to AICD (Fig. 1B). We 
observed an increase in anti-H-Y cytolytic 
activity with each generation (Fig. 1C). The 
cytolytic activity of CD8+ cells remained 
constant until generation 7 ;  after which it 
diminished. presumably because of AICD. 
The onset and maintenance of cytolytic ac- 
tivity over the course of cell divisioil corre- 
lated with accuin~llation of cytoplasmic per- 
forin, a inolecule required for efficient target 
cell lysis by CTLs (11) (Fig. ID), and by five 
divisions eveiy CD8+ cell was positive for 
iiltracellular perforill (Fig. 1E) (12). Because 
eveiy B6.2.16 CD8+ cell had cytolytic ma- 
chinely after five cell divisions, all cells had 
differentiated illto effectors. 

To examine the effect of antigen dose on 
nlenloiy cell differentiation we quantitated 
the number of ineinoiy cells generated froin 
B6.2.16 CD8+ cells that had been cultured 
with various doses (Figs. 1A and 2A). Equal 
numbers of naive and activated CFSE-labeled 
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