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lating hormone, agouti-related protein, and co- 
caine-amphetamine-regulated transcript) that 
are implicated in the control of feeding and 
energy balance (23, 24). The perifomical LH 
includes neurons that express the long form of 
the leptin receptor (25). Orexin or melanin-
concentrating hormone (23. 26), neuropeptides 
that promote food intake and weight gain (27), 

have been found in LH neurons, and LH neu-
rons containing corticotropin-releasing hormone 
have been implicated in dehydration-induced 
anorexia (28). Working out the contribution of 
such cells to the rewarding effects of electrical 
brain stimulation and feeding could prove im- 
portant to understanding energy balance. Con- 
versely. progress in understanding the neural 
control of food intake and energy expenditure 
may shed light on the structure and function of 
brain reward circuitry. 
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A century ago, W. G. MacCallum identified distinct male and female forms in 
malaria parasites of both birds and humans. Since then, scientists have been 
puzzled by the high female-to-male ratios of parasites in Plasmodium infections 
and by the mechanism of sex determination. The sex ratio of malaria parasites 
was shown t o  become progressively more male as conditions that allow moti l i ty 
and subsequent fertilization by the male parasites become adverse. This re- 
sulted from an increased immune response against male gametes, which co- 
incides with intense host erythropoietic activity. Natural and artificial induction 
of erythropoiesis in vertebrate hosts provoked a shift toward male parasite 
production. This change in  parasite sex ratio led t o  reduced reproductive success 
in  the parasite, which suggests that sex determination is adaptive and is 
regulated by the hematologic state of the host. 

Malaria parasites are transmitted from the ver- 
tebrate host to the mosquito vector by sexual 
blood stages (gametocytes). when taken up in 
the bloodmeaibv the-en~orging female mos- " " "  
quito. male gametocytes (microgametocytes) 

lLaboratoire de Biochirnie et Biologie Moleculaire des 
Insectes, lnstitut Pasteur, 25 Rue du Dr. Roux, 75724 

undergo exflagellation, producing up to eight 
male gametes; a female gametocyte (macroga- 
metocyte) produces only one female gamete, . & 

which is fertilized bv a single male gamete. The " " 
gametocyte sex ratio tends to be female-biased 
in all species of malaria parasites ( 1 )  and sev- 
era1 authors have considered that the theorv of - - ~ - ~ . - - ~ - - - ~~ 

local mate which successfully ex-
~ ~ plains many paris cedex 15, F ~zlnstitute of ~ ~ ~~ , ~ l ~ cases~ biased~sex , (2). 

"8 

irnl qnrietv o f  l ondon R ~ r r e n t ' ~  London NG determines the gametocpe sex ratio of malaria Park.- - . -- - -., - . - - . - - ., . . - -. - - - .., -- . -- . . . . . 


4 ~ Y ,United to this theory, when an 
parasites (3). ~ c c o r d i n ~  
*To whom correspondence should be addressed. E- infection Consists of a few parasite Clones, 
mail: topotito@pasteur.fr whose offspring will mate among themselves. a 
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female-biased sex ratio is favored by natural 
selection, because it will reduce competition 
among brothers for mates (4). However, empir- 
ical data are conflicting (3, 5) and the mecha- 
nism of gametocyte sex determination in ma- 
laria parasites remains unknown. 

Gametocyte sex is not determined by segre- 
gation of sex-determining genes or chromo-
somes, because malaria parasites are haploid in 
the vertebrate host and a single clone can pro- 
duce both male and female gametocytes (I). 
Here, to evaluate the adaptive significance of 
gametocyte sex ratio in parasite transmission. 
we examine the gametocyte sex ratio of the 
avian malaria parasite Plasmodium gallina-
ceum and the murine malaria parasite Plasmo-
dium vinckei during the course of infection and 
after induction of erythropoiesis (6 ) .  

Most P. gallinaceum infections are cleared 
by the host in a predictable manner. From the 
time the infection becomes apparent, para-
sitemia increases to a peak about 4 days later, 
when there is an increase in the presence of 
reticulocytes followed by infection clearance. 
Peak parasitemia is highly variable and unpre- 
dictable, but it never exceeds 50% of erythro- 
cytes. Peak infectiousness to mosquitoes occurs 
the day before peak parasitemia (1, 7), and the 
day of infection with respect to peak para- 
sitemia is the strongest predictor of parasite 
infectiousness to mosquitoes (1, 7-9). At peak 
parasitemia, the host either dies or mounts an 
effective immune response, which is accompa- 
nied by intense erythropoietic activity. The days 
after peak parasitemia are characterized by in- 
tense hematologic activity, in whch most 
erythrocytes are replaced by reticulocytes. In 
lethal infections, there is no, or minimal, reticu- 
locyte production and the host dies as a result of 
very high parasitemia (>60% of erythrocytes 
parasitized) and hence extreme anemia. Parasite 
gametocytemia, by contrast, increases more 
predictably whatever the infection method 
(mosquito or injection) or outcome (lethal or 
cured) and reaches a maximum of 1% to 2% at 
peak parasitemia. In all infections in which the 
host recovered, the sex ratio was found to be 
initially very female biased (10% to 20% 
males), became less so during the course of 
infection, and approached equality at peak par- 
asitemia. By contrast, in cases of lethal infec- 
tion, the sex ratio remained highly female bi- 
ased until death (10% to 30% males). We found 
a strong correlation between the presence of 
reticulocytes and the gametocyte sex ratio 
(r2 = 0.65; P < 0.00001) (10). 

The blood environment of the malaria par- 
asite changes considerably during an infection, 
with an increase in both hematologic and im- 
mune factors that adversely affect gamete fer- 
tilization efficiency of the malaria parasite in 
the mosquito midgut (1, 7). Although Plasmo-
dium falciparum sex ratio data in vivo and in 
vitro suggest that there is no immune-mediated 
sex-biased gametocyte mortality (3), it is pos- 

sible that a frequency-dependent immune re- 
sponse might selectively act against female ga- 
metocytes (11). To test for sex-selective game- 
tocyte removal, we vaccinated chickens with 
either irradiated purified male gametes or an 
irradiated mixture of female gametes and mi- 
crogametocytes; then we infected the chickens 
with parasitized blood (12). There was no dif- 
ference from control infections in either the 
course of infection (the duration of infection 
from the appearance of parasites to peak para- 
sitemia, the maximum parasite and garnetocyte 
densities) or the sex ratio for any of the vacci- 
nation treatments (male. x2 = 0.04; female, 
x2 = 2.1) (13). Mosquito infection rates were 
very low (14), which indicates successful vac- 
cination, and male gamete immunization was 
more effective than female gametelmicrogame- 
tocyte immunization at transmission blocking 
(x2 = 24.9; P < 0.001) (15), as found in (8). 
These results suggest that immune factors do 
not affect the gametocyte sex ratio. 

Plasmodium gallinaceum normally invades 
mature erythrocytes and invades reticulocytes 
only at exceedingly high parasitemias (6). We 
observed no increase in reticulocyte invasion by 
P. gallinaceurn after induction of erythropoie- 
sis. The asexual eIythrocytic cycle of P. galli- 
naceum lasts 36 hours and gametocytes mature 
in 40 hours (16), although the exact stage at 
which sex is determined is unknown for any 
Plasmodiz~inspp. It is therefore unlikely that the 
observed shift to males was a result of the 
gametocyte developing in reticulocytes instead 
of in erythrocytes. However, to control for this 
eventuality, we injected reticulocytes into in- 
fected phlebotomized chickens to maintain he- 
matocrit and suppress erythropoiesis while cre- 
ating a reticulocyte-nch environment (1 7). 
There was no change in the sex ratio (X2 = 3.4). 
which suggests that the association between the 
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Fig. 1. Effect of erythropoietic treatment on 
mean gametocyte sex ratio (proportion male) of 
the avian malaria parasite P. gallinaceurn. The x 
axis is scaled according to  the day of the infection 
with respect to  infection peak P (9). Circles, phle- 
botomy on the first day parasites appeared in the 
blood [x-axis equivalent: four chickens treated on 
day peak - 3 (P - 3), two were treated on day 
peak - 2 (P - 2)]; triangles, hypoxia on the first 
day parasites appeared in the blood (x-axis equiv- 
alent: six chickens treated on day P - 3, two 
treated on day P - 2); squares, control (n = 30). 

presence of reticulocytes and the proportion of 
male gametocytes was not a result of the para- 
sites becoming male from developing within a 
reticulocyte. Reproductive success was not dif- 
ferent fiom controls as measured by infection 
rates in mosquitoes (x2 = 0.5). 

To investigate whether host erythropoietic 
activity could affect the gametocyte sex ratio, 
we induced erythropoiesis in the vertebrate host 
at the beginning of the infection before the 
normal appearance of reticulocytes and before 
development of the immune response in control 
infections. Erythropoiesis was induced by hem- 
orrhage (by phlebotomy of 20% to 30% total 
blood volume) and by mild hypoxia (by expo- 
sure to 15% oxygen for 16 hours after the 
appearance of parasites in the blood) (18, 19). In 
both treatments, the male-to-female sex ratio 
significantly increased after treatment up to, but 
not including, the day of peak parasitemia, when 
the control infections became similarly less fe- 
male-biased (Fig. 1) (phlebotomy: x2 = 11.8, 
P < 0.001; hypoxia: x2 = 26.5, P < 0.001). 
Apart from an increase in male-to-female sex 
ratios, no other difference was observed in par- 
asitemia, gametocytemia, and reticulocyte levels 
between control and treatment groups (Fig. 2). 
Mosquito infection rates were significantly low- 
er in both treatment groups compared with con- 
trols (Fig. 3) (phlebotomy: x2 = 75.9, P < 
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90 -0.5 
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Fig. 2. Examples of infection parameters during 
the course of a single P. gallinaceurn infection in 
its vertebrate host in control (A) and hypoxic 
treatment (B) infections. Infected vertebrate host 
was subjected to  hypoxic treatment (79) during 
the night after the first appearance of parasites in 
the blood. The following infection parameters 
were considered: crosses, parasiternia (%); circles, 
gametocytemia (for clarity, shown as % ob-
served X 10); triangles, reticulocytes (%); and 
squares, gametocyte sex ratio (proportion male). 
The course of infection runs from the first day 
parasites appeared in the blood (patency) until 
infection clearance. Phlebotomy treatment infec- 
tions gave a similar course of infection profile to  
hypoxic treatment. 
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P-3 P-2 P-1 P 
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Fig. 3. Effect of erythropoietic treatment on in
fection rates of mosquitoes (geometric mean oo
cyst load) by the avian malaria parasite P. galli-
naceum. Aedes aegypti mosquitoes (30 per chick
en per day) fed on P. gallinaceum-mfected chick
ens that had been subject to erythropoietic 
treatment on the first day parasites appeared in 
the blood. The x axis is scaled according to the 
day of the infection with respect to infection peak 
in the vertebrate host (9). The 99% confidence 
intervals are shown for the treatment group with 
mean oocyst loads the least different from the 
controls (hypoxia). There were no differences in 
daily gametocytemia or parasitemia between 
control and treatment groups (Table 1). Circles, 
phlebotomy (n = 3); triangles, hypoxia (n = 4); 
and squares, controls (n = 4). 

0.001; hypoxia: x2 = 38.2, P < 0.001), despite 
the lack of differences between the control and 
treatment groups in daily gametocytemia and 
parasitemia (Table 1). In contrast to phleboto
my, which affects other hematologic parame
ters, mild hypoxia stimulates only erythropoiesis 
(20). Other than the expected increase in reticu
locyte levels after erythropoietic treatment (Ta
ble 1), which does not affect mosquito infection 
rates (concluded from the reticulocyte transfu
sion experiment described above), parasite sex 
ratio was the only infection parameter to change 
(Table 1). Therefore, the decrease in infectious
ness to mosquitoes is probably a result of the 
change in sex ratio. Such a decrease in repro
ductive success (low mosquito infection rates) 
implies that the natural sex ratio is adaptive; 
gametocyte sex allocation optimizes zygote pro
duction. Here, manipulation of the sex ratio 
resulted in a suboptimal allocation of gameto 
cytes into males and females and reduced repro
ductive success (21). 

Erythropoietin (Epo) is a glycoprotein hor
mone that is responsible for erythropoiesis. In 
mammals, reticulocytosis usually occurs 3 to 4 
days after an acute increase in plasma Epo (22). 
Attempts to isolate erythropoietin from birds 
have been unsuccessful. However, mouse re
combinant erythropoietin (rM-Epo) is readily 
available; therefore, we tested the hypothesis 
that erythropoietin itself causes a shift in sex 
ratio by either injecting rM-Epo into mice in
fected with P. vinckei or subjecting infected 
mice to hypoxic conditions (6, 23). In control 
infected mice, there was a strong relationship 
between sex ratio and reticulocyte levels (r2 = 

Table 1. x2 test statistics (73) for the effect of 
erythropoietic treatment (phlebotomy, n = 3; 
hypoxia, n = 4), by comparison with control in
fections (n = 4), on the gametocyte sex ratio 
(male/female) and vertebrate host infection pa
rameters for the P. gallinaceum infections used for 
the mosquito infection studies (Fig. 3). 

<- r~ *. n Reticu-
Sex Gameto- Para- , 
ratio cytemia sitemia ,0,x 

(/o) 

Phlebotomy 19.9* 
Hypoxia 29.9* 

0.16 
3.5 

2.1 
1.9 

6.8f 
9.9f 

*P < 0.001. fP < 0.01. 

0.70; P < 0.00001), which was similar to the 
relationship observed in the avian malaria mod
el. We injected two doses (70 and 700 units per 
liter) into infected mice each day for 3 days 
starting on the day the parasites appeared in 
the blood. All three erythropoietic treat
ments resulted in significantly elevated sex 
ratios (Fig. 4) (hypoxia: x2 = 5.1, P < 
0.025; rM-Epo-70: X

2 = 13.3, P < 0.001; 
rM-Epo-700: x2 = 16.5, P < 0.001), de
spite the lack of differences from control 
infections in reticulocyte levels and in other 
infection parameters. 

Thus, stimulation of erythropoiesis is suf
ficient to provoke a significant shift in sex 
ratio toward males. This strongly suggests 
that the sex of malaria parasites is determined 
by host hormonal cues that the parasite nor
mally confronts when transmission condi
tions become adverse. Sex ratio adjustment in 
response to hormones has been documented 
in rats, where overcrowding stimulates pro
duction of adrenocorticotropin hormone and 
results in more female births (24). Such ad
justments occur in the face of chromosomal 
sex determination of rats. 

Our results demonstrate that transiently 
varying host cues can adjust sex ratio, thereby 
maintaining reproductive success. Many ani
mals adjust the sex ratio of their offspring 
according to the prevailing environmental 
conditions or those predicted to be experi
enced by their offspring (2). Malaria parasites 
appear to be a special case in which repro
ductive success is constrained by the effect of 
the immune system of the host directly on the 
process of fertilization. Parasites maintain 
their transmission success during the course 
of an infection by (i) increasing overall ga
metocytemia as parasitemia rises and (ii) ad
justing the gametocyte sex ratio in response 
to the changing host environment. Such an 
adaptive transmission capacity not only pro
vides insight into the hitherto unknown 
mechanism of sex determination in malaria 
parasites, but also may have pertinent rami
fications for the epidemiology of human ma
laria. Epo concentrations are suppressed dur
ing acute P. falciparum infection and the 
antimalarial drug chloroquine inhibits Epo 

'P-3 P-2 P-1 P 
Day with respect to peak Parasitemia 

Fig. 4. Effect of erythropoietic treatment on 
mean gametocyte sex ratio (proportion male) 
of the murine malaria parasite P. vinckei. The x 
axis is scaled according to the day of infection 
with respect to infection peak P (9). Triangles, 
hypoxia on the first day parasites appeared in 
the blood [x-axis equivalent: four mice treated 
on day peak — 3 (P — 3), one mouse treated on 
day peak - 4 (P - 4)]; circles, injection of 
low-dose rM-Epo 3 days after the first day 
parasites appeared in the blood (x-axis equiva
lent: all five mice treated on days P - 4 - > P -
2); crosses, injection of high-dose rM-Epo 3 
days after the first day parasites appeared in 
the blood (x-axis equivalent: two of five mice 
treated on days P - 4 - > P - 2; three mice on 
days P - 3 - > P - 1); and squares, control, n = 
10. Gametocytemia was too low on day P - 4 
to give reliable sex ratios. 

synthesis (25). Therefore, both the disease 
and the treatment may influence the gameto
cyte sex ratio and the transmission efficiency. 
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DNA Topoisomerase lip and 
Neural Development 

Xia Yang,1* Wei Li,2*f Elizabeth D. Prescott,1^ Steven J. Burden,1 

James C. Wang2 

DNA topoisomerase 11(3 is shown to have an unsuspected and critical role in 
neural development. Neurogenesis was normal in lip mutant mice, but motor 
axons failed to contact skeletal muscles, and sensory axons failed to enter the 
spinal cord. Despite an absence of innervation, clusters of acetylcholine re
ceptors were concentrated in the central region of skeletal muscles, thereby 
revealing patterning mechanisms that are autonomous to skeletal muscle. The 
defects in motor axon growth in 11(3 mutant mice resulted in a breathing 
impairment and death of the pups shortly after birth. 

Murine DNA topoisomerase 11(3 (11(3) is a 
member of the type II DNA topoisomerase 
subfamily that mediates the passage of one 
DNA double helix through another (J). Yeasts 
and Drosophila possess a single type II DNA 
topoisomerase, which is indispensable for 
segregation of intertwined pairs of newly rep
licated chromosomes (2). In yeasts, the en
zyme also shares the function of DNA topo
isomerase I in relieving torsional and flexural 
strains in DNA. Simultaneous inactivation of 
DNA topoisomerases I and II severely affects 
DNA and ribosomal RNA synthesis and ar
rests cell growth irrespective of the stage of 
cell cycle (5). 

In mammals there are two closely related 
type II topoisomerases, Ha and 11(3, encoded 
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by distinct genes (7). The Hot rather than the 11(3 
isoform appears to unlink DNA during chromo
some segregation. Cell lines expressing Hot but 
not 11(3 have been identified, indicating that 11(3 
is dispensable in cellular processes (4). To de
termine the role of 11(3 in vivo, we disrupted the 
murine TOP2& gene according to standard pro
cedures (5). Two adjacent exons in one copy of 
TOP2fi in embryonic stem cells, one of which 
contains the active-site tyrosine codon, were 
replaced by the neomycin-resistance marker 
(Fig. 1A) [see supplementary Web material (6) 
for details on targeting vector construction]. 
Germ line chimeras from blastocysts inject
ed with the mutated cells were then used 
to obtain heterozygous top2$+/~ mice (5). 
Whereas top2$+/~ mice are phenotypically 
indistinquishable from their wild-type (WT) 
littermates, homozygous top2$~'~ embryos 
from intercrosses of the heterozygotes are 
dead at birth. Genotypying of a total of 194 
progeny from these intercrosses identified 46 
top2$~'~ homozygotes among 50 perinatally 
dead pups, and none among the 144 surviving 
neonates. Analysis of mRNA from the liver 
of an embryonic day 18.5 (E18.5) fo/?2(3~/_ 

embryo showed no detectable 11(3 transcript 
[Web figure 1 (6)], and antibodies specific to 
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