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vides information about the transition 20 kHz and ow-pass filtered at I kHz wlth an 24. N. Unwin, ibid. 373, 37 (1995). 
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sub~nillisecond resolution, the motion of spe- 
cific domains of the channel protein as gat- 
ing proceeds. This technique, in conjunction 
with labeling at other locations, should aid 
in the structural characterization of gating 
domains and shed light on conformational 
rearrangements that have so far been "invis- 
ible" because they neither move charge nor 
directly open or close the channel. 
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Activation of Ventrolateral Preoptic 
Neurons During Sleep 

J. E. Sherin, P. J. Shiromani, R. W. McCarley, C. B. Saper* 

The rostral hypothalamus and adjacent basal forebrain participate in the generation of 
sleep, but the neuronal circuitry involved in this process remains poorly characterized. 
lmmunocytochemistry was used to identify the FOS protein, an immediate-early gene 
product, in a group of ventrolateral preoptic neurons that is specifically activated during 
sleep. The retrograde tracer cholera toxin B, in combination with FOS immunocytochem- 
istry, was used to show that sleep-activated ventrolateral preoptic neurons innervate the 
tuberomammillary nucleus, a posterior hypothalamic cell group thought to participate in 
the modulation of arousal. This monosynaptic pathway in the hypothalamus may play a 
key role in determining sleep-wake states. 

Clinical observations tnade at the begin- 
ning of this century indicated that an intact 
rostral hypothalamus is critical for the pro- 
duction of normal sleep in hutnans (1) .  
Subsequent experitnental studies in animals 
demonstrated that lesions in the preoptic 
area and adiacent basal forebrain (POA- 
BF) cause insomnia (2),  whereas chemical 
or electrical stimulation of this region caus- 
es sleep (3, 4). Although neurons that are 
selectively active during sleep have been 
identified in the POA-BF (5, 6), no such 
population with an implied role in sleep 
generation has been anatomically charac- 
terized. Because FOS protein accumulates 
in recently activated neurons ( 7 ) ,  we im- 
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m~~nocytochetnically examined the expres- 
sion of FOS in the brains of 20 rats whose 
spontaneous sleep-wake behaviors were re- 
corded (8), in order to identify sleep-acti- 
vated cell groups. Animals were killed dur- 
ing the light cycle at 10:OO (n = 8) or 
16:00 (n = 7)  or during the dark cycle at 
22:00 (n = 5) ,  after which their brains were 
processed for itntn~~noc~tochetnical visual- 
ization of FOS protein (9). 

In agreetnent with published reports 
( l o ) ,  we observed fewer FOS-itnmunoreac- 
tive (FOS-ir) neurons in brains from ani- 
mals that were killed during the light cvcle, - - ,  
when rats sleep, than in brains frotn animals 
that were killed during the dark cycle, when 
rats are awake. However. two structures 
thought to mediate circadian rhythms [the 
intergeniculate leaflet (IGL) and the dorsal 
suprachiasmatic nucleus (SCNd)] and a 
group of cells in the ventrolateral preoptic 
area (VLPO) showed a pronounced and 
focal increase in the nutnber of FOS-ir cells 
in brains from anitnals killed during the 
light cycle as compared with the dark cycle 
(1 1 ). Although the IGL and SCNd consis- 
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recent sleep experience than to circadian 
time. To  examine the relation between 
FOS-ir cells in the VLPO and sleeping be- 
havior, we counted FOS-ir cells systemati- 
cally in the ventral-most sector of the lat- 
eral preoptic area of each brain and corre- 
lated the number of FOS-ir cells with the 
behavioral states the animals had experi- 
enced in the hour before they were killed 
(12, 13). Animals were coded so that cell 
counting and behavioral state scoring were 
conducted blinded to data origin. 

Those rats killed during the dark cycle at 
22:OO (n = 5), which slept an average of 
only 16 ? 12% (mean ? SD) of the hour 
before they were killed, contained an aver- 
age of 3.7 ? 1.4 (mean ? SD) diffusely 
distributed FOS-ir cells per VLPO sector 
(Fig. 1A). Likewise, two rats that slept only 
21 and 23% of the hour before they were 
killed in the light cycle contained just 0.5 
and 7.2 FOS-ir cells per VLPO sector. The 
remaining rats, all killed during the light 
cycle (n = 13), slept an average of 68 + 
19% of the hour before they were killed and 
contained an average of 27.5 + 11.7 FOS-ir 
cells per VLPO sector. FOS-ir VLPO cells 
were often spatially clustered (Fig. 1B) and 
in general were more abundant in animals 
that had experienced long sleeping bouts 
before they were killed. Plotted as a func- 
tion of sleep experienced during the hour 
before the animal was killed, the average 
number of FOS-ir cells per VLPO sector 
increased with increasing percent total 
sleep time (Fig. ID) (14). The number of 
FOS-ir cells in the VLPO was also exam- 
ined in relation to both synchronized and 
desynchronized sleep as separate indepen- 
dent variables. However, desynchronized 
sleep occured in brief, repeated bouts within 

synchronized sleep epochs, thus preventing 
anv additional correlation. 

In spontaneously behaving animals the 
number of FOS-ir cells in the VLPO 
seemed to reflect a sleep-related process 
rather than a circadian one. But because 
sleeping behavior was tightly coupled to 
circadian time in all but two of these ani- 
mals. a second ex~eriment was carried out 
in which the normal relation between 
sleeping behavior and circadian rhythym 
was deliberately dissociated by depriving 33 
animals of sleep for 9 hours (07:OO to 
16:OO; n = 24) or 12 hours (07:OO to 19:OO; 
n = 9)  of the light cycle (15). After sleep 
deprivation, some animals were killed im- 
mediately (n = 5), whereas others were 
killed after a recovery period (n = 28) 
during which they were permitted to sleep 
or wake spontaneously for 45, 90, or 180 
min before they were killed. Brain tissue 
was then processed for immunocytochemi- 
cal visualization of FOS protein. Sleep scor- 
ing and analysis of FOS-ir staining were as 
described previously (1 2). 

The sleep-deprivation experiments suc- 
ceeded in dissociating sleeping and the ex- 
pression of FOS in the VLPO from the 
circadian rhvthm. In the SCNd and IGL. 
for example, the pattern of FOS-ir staining 
followed the light-dark cycle, as in sponta- 
neously behaving animals. In contrast, FOS 
staining in the VLPO reflected recent sleep 
experience with no significant differences 
between the 9-hour and 12-hour sleep de- 
privation groups. Thus, animals that were 
killed immediately after 9 hours of sleep 
deprivation (in the light cycle; n = 3) and 
animals killed immediately after 12 hours of 
sleep deprivation (in the dark cycle; n = 2) 
contained 6.3 + 3.2 FOS-ir cells per VLPO 

sector. In contrast, animals allowed to re- 
cover from 9 hours (n = 21) and 12 hours 
(n = 7) of sleep deprivation slept 64 ? 23% 
of the hour before they were killed and 
contained 25.6 ? 9.9 FOS-ir cells per 
VLPO sector. As in spontaneously sleeping 
animals. the FOS-ir cells in the VLPO of 
animals allowed to recover after sleep de- 
privation were often spatially clustered (Fig. 
1C) and in general were more abundant in 
animals that experienced long sleeping 
bouts before they were killed. Plotted as a 
function of sleep experienced during the 
hour before the animal was killed, the av- 
erage number of FOS-ir cells per VLPO 
sector increased with increasing percentage 

Fig. 2. (A) Photomontage of a coronal section 
through the posterior hypothalamus showing dor- 
somedial and ventrolateral components of the 
TMN (black) as delineated with an antibody 
against adenosine deaminase. CTB (brown) is 
shown deposited into the right ventrolateral TMN, 
where a large cluster of histaminergic neurons is 
located. (6) Photomontage of a coronal section 
through the preoptic hypothalamus of an animal 
that received a CTB injection into the TMN region 
[depicted in (A)] and then was killed 1 week later at 
10:OO. (C) High-power photomontage of immu- 
nostained neurons from the boxed field in (B) ro- 
tated clockwise 90°, demonstrating a singly la- 
beled FOS-ir cell (black nucleus; single arrow), a 
singly labeled CTB-ir cell (brown cytoplasm; two 
arrows), and a doubly labeled cell (black nucleus 
and brown cytoplasm; three arrows) in the VLPO. 
OC, optic chiasm; 3V, third ventricle. Scale bar, 

0.0001). OC, optic chiasm. Scale bar, 150 pm. 

SCIENCE VOL. 271 12 JANUARY 1996 

1.6 mm in (A), 400 pm in (B), and 40 pm in (C). 

21 7 



of total sleep time (14).  T h e  paucity of 
FOS-ir cells ~n the  VLPO of sleep-deprlved 
animals killed without s l e e ~  recoverv also 
illustrates that FOS ~mmunoreactivlty in 
cells of the  I'LPO is not related to the  need 
for sleep [whlch 1s highest after forced wak- 
Ing (1 6)] but to sleeping. 

Wi th  the exception of the  SCNd and 
IGL, where FOS stalning reflects circadian 
time, our observations indicate that the 
nulnber of FOS-ir neurons throughout the  cz 

brain declines during sleep (1 0) a t  the  satne 
time that it increases 111 a discrete collec- 
tion of VLPO cells. Because FOS immuno- 
reactivity has been shown to reflect recent 
neuronal activation (7) ,  we propose that 
VLPO cells that accumulate FOS protein 
iiuring sleep may constitute a subpopulation 
of the  sleep-active neurons in the  POA-BF 
that have been postulated to participate in 
the generation of sleeping behavior (5,  6) .  

O n e  potential mechanism of sleep gener- 
ation by the POA-BF is suggested by the 
observation that lnanv inhlbitorv neurons in 
this region innervate posterolateial hypotha- 
lamic cells that (by n-ay of extensive projec- 
tions to cortex) are thought to participate in 
arousal (1 7). In  we have shown 
that neurons in the VLPO s~?ecificallv inner- 
vate cell bodies and dendrites of 
histaminergic cells in the ipsilateral tube- 
romalnrnillarv nucleus ITMN) 11 8). Because ,~ , 

histaminergid neurons in the T M N  are con- 
siciered to be a critical colnponent of the  
posterolateral hypothalamic arousal system 
(1 9) ,  we investigateel whether the T M N  is 
innervated bv sleeo-activated VLPO cells. 
W e  injected the retrograde tracer cholera 
toxin subunit B (CTB) into the T M N  region 
of 15 rats (20).  Five to 7 days later anllnals 
were killed as before at 10:00 after sponta- 
neous sleen bouts. Preontic tissue was then 
processed immunocytochemically for C T B  
and FOS ~ r o t e i n  while iniectlon sites were 
determined hy processing posterior hypotha- 
lamic tissue imm~~nocytochemical l~  for C T B  
and adenosine ileaminase, an  enzyrne that is 
coexpresseci with histamine in T M N  neu- 
rons (21 ). C T B  injections into sites that did 
not include the T M N  did not produce ret- 
rograde labeling in the VLPO. However, 
each of three anirl~als Injected with C T B  
into sites that included the T M N  containeel 
retrogradely labeled neurons in the ipsilater- 
a1 VLPO, roughly half of whlch contained 
FOS-ir nuclei. O n e  such case, in which the 
ventrolateral colnponent of the T M N  on 
one side was filled with C T B  (Fig. 2A),  
produced 20 retrograiiely labeled ipsilateral 
VLPO cells (from a one in four series; 40 
km) ,  15 of which were FOS-ir. Thus, VLPO 
neurons that accumulate FOS protein iiuring 

al) are tonically active during waking, be- 
come less active durlng slow wave sleep, and 
cease firing during rapid eye movement 
(REM) sleep (22).  Because the  activity of 
histalninergic neurons is thought to modu- 
late arousal. the VLPO cells described here 
are strategically positioned to modulate 
sleep-wake behaviors through state-specific 
synaptic inputs to histaminergic neurons. 
Although the neurotransmitter used in this 
pathway is not known, recent lnicrodlalysis 
data demonstrate that during sleep, h-ami- 
nobutvric acid IGABA)  levels in the  Doste- 
rior hipothalamus are increased (23).  injec- 
tion of a G A B A  agonist into the  T M N  
reglon has been shown to restore sleep in 
preoptic lesioned, otherwise insomniac, cats 
(24).  In  addltlon, electrical stimulation of 
POA-BF sites in the horizontal hypothalarn- 
ic slice preparation produces GABAA-medi- 
ated fast inhibitory postsynaptic potentials 
in histaminergic neurons (25). Lastly, ultra- 
structural studies have shown that histamin- 
ergic cell bodies and proxllnal dendrites are 
contacted by GABA-ergic terminals of un- 
known origin 126). These observations sug- 

u 

gest that the  histalninergic system (which 
promotes arousal durlng wakef~ilness) is in- 
hibited during sleep by GABA-ergic inputs 
that originate In the VLPO (2 ,  27). Such a 
relation between the  anterior and posterior 
hypothalamus, predicted by the  work of 
Nauta almost 50 years ago [in (Z)], may be 
key to the  mechanism hy which the hypo- 
thalamus influences sleep-wake state. 
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I 1. Because the IGL, SCNd, and VLPO contained only a 
few FOS-ir neurons in dark cycle (waking) animals, 
Increased staining in light cycle (sleepng) anmals in 
these regons was quite conspicuous Although FOS 
stanng generally decreased dur~ng the Ight cycle in 
the rest of the bran, some areas, ncudng the cin- 
guate cortex, pr~form cortex, paraventricular thaa- 
mus, and medial preoptic area, contained FOS-ir 
cells under all conditions. We focused on the SCNd, 
GL, and VLPO because they were the only cell 
groups w~th a clear-cut increase in FOS staining dur- 
ing the Ight cycle Wecannot, however, eimnate the 
possibility that neurons scattered in other cell groups 
accumulate FOS during the l~ght cycle. 

12. The VLPO was demarcated for FOS quantficaton in 
a coronal plane approxmating that In the Paxinos rat 
brain atlas Beginning at the rostra pole of the su- 
praoptic and suprachiasmatc nuclei and continung 
rostrally, SIX 40-p,m sect~ons were analyzed b~later- 
ally from a one n two series, such that 12 VLPO 
sectors were counted and averaged for each brain 
Each VLPO sector was demarcated by the base of 
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Plasmodium Hemozoin Formation Mediated 
by Histidine-Rich Proteins 

David J. Sullivan Jr., llya Y. Gluzman, Daniel E. Goldberg" 

The digestive vacuole of Plasmodium falciparum is the site of hemoglobin degradation, 
heme polymerization into crystalline hemozoin, and antimalarial drug accumulation. An- 
tibodies identified histidine-rich protein II (HRP II) in purified digestive vacuoles. Recom- 
binant or native HRP II promoted the formation of hemozoin, and chloroquine inhibited 
the reaction. The related HRP Ill also polymerized heme, and an additional HRP was 
identified in vacuoles. It is proposed that after secretion by the parasite into the host 
erythrocyte cytosol, HRPs are brought into the acidic digestive vacuole along with he- 
moglobin. After hemoglobin proteolysis, HRPs bind the liberated heme and mediate 
hemozoin formation. 

Plasmodizim falciparzim, the etiolo,' uic agent 
of severe malaria, ingests inore than 75% of 
its host cell hemoglobin in a short period 
during the trophozoite stage of its in- 
traerythrocytic cycle (1 ). Proteolysis occurs 
inside an acidified digestive vacuole where - 
aspartic and cysteine proteases degrade the 
hemoglobin, releasing the toxic heme moi- 
ety (2) .  Lacking heme oxygenase, plasmo- 
dia detoxify heme by polymerization into an 
insoluble crvstalline substance called hemo- 
zoin (3),  in which the iron of one heme is 
coordinated to the propionate carboxylate 
group of the next heme (4). Hemozoin can 
be made in vitro by adding whole tropho- 
zoite lysate to acidified heme at pH 5 to 6 
(5). The observed properties of this reaction 
suggested the existence of an enzymatic ac- 
tivitv, but the identification and ourifica- , , 
tion of the proposed enzyine (named heme 
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polymerase) have remained elusive. Hemo- 
zoin appears to be structurally identical to 
p-hematin (4), which can form spontane- 
ously under nonphysiological conditions 
without the addition of protein (6). Purified 
hemozoin devoid of proteins or p-hematin 
can seed the polymerization reaction under 
more physiological conditions (7); this 
finding raised the possibility that hemozoin 
formation may be a nonenzymatic process, 
but it shed no light on the mechanism of 
initiation of heme polymerization before 
the first crystals exist. Chloroquine, a main- 
stay of antimalarial therapy, inhibits hemo- 
zoin formation during chemical synthesis 
( 6 ) ,  hemozoin-initiated reaction (7), or tro- 
phozoite extract-mediated production (5). 
In vivo, the consequences of free heme 
accumulation during chloroquine treatment 
are membrane lysis (8) and inactivation of 
the hemoglobin-degrading proteases (9). 
This appears to be the mechanism of action 
of 4-aminoquinoline antimalarials (5, 10). 

When a ring-stage complementary DNA 
(cDNA) P. falciparzim library was screened 
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clones that were isolated encoded the se- 
quence for HRP 11. A specific inonoclonal 
antibody (mAb) identified HRP I1 in puri- 
fied digestive vacuoles by both protein im- 
munoblot and immunofluorescence (Fig. 1, 
A and B).  In contrast, neither preiinmune 
sera nor antibody to knob-associated HRP I 
recognized the vacuoles. In whole in- 
traerythrocytic trophosoites, the 
reported pattern of intense HRP I1 staining 
of the erythrocyte cytosol and paucity of 
staining in the trophozoite (12) was con- 
firmed. However, staining could also be 
seen internal to the parasite, over the diges- 
tive vacuole (Fig. IC).  Thus, a substantial 
portion of the parasite's HRP I1 is internal- 
ized into the digestive vacuole. This new 
route contrasts with HRP 11's previously 
established path of secretion into the blood- 
stream, which forins the basis of the recent 
Parasight test that detects HRP I1 in lysed 
finger-prick samples (1 3). 

HRP I1 contains 51 repeats of the tri- 
peptide His-His-Ala (14); together, histi- 
dine and alanine make up 76% of the ina- 
ture protein. Recent work with human his- 
tidine-rich glycoprotein (HRG) demon- 
strated the existence of a heme-binding site 
in the histidine-rich donlain (1 5). Its heme- 
binding motif, Gly-His-His-Pro-His-Gly 
(16), has similarities to the repetitive HRP 
I1 sequence Ala-His-His-Ala-His-His-Ala- 
Ala-Asp (14). We hypothesized that HRP 
I1 could bind heme in the digestive vacuole 
and might play a role in hemozoin forma- 
tion. To examine this hypothesis, we ligat- 
ed a cDNA clone of HRP I1 in-frame into a 
PET 15b vector for Escherichia coli expres- 
sion (17). The recombinant protein was 
collected by nickel chelation chrotnatogra- 
phy. Sitnilarly, native HRP I1 was purified 
from Plasmodium culture supernates (18). 
Each molecule of HRP I1 bound an estimat- 
ed 17 molecules of heme in 100 mM sodium 
acetate at pH 4.8 (Fig. 2A). In an in vitro 
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