
sions during periods of strong stratifica- 
tion. 

Note added in proof: A survey of 
oyster bars in the Choptank River on 6 to 
7 September 1984 along a transect with 
bathymetries from 3 to 10 m revealed the 
mortality of all shellfish as well as their 
fouling organisms on bars below 6 m. 
Seed-bed areas and bars above 5 m were 
unaffected. This has since been verified 
by two independent surveys, involving 
personnel of the University of Maryland 
Sea Grant program and the Maryland 
Department of Natural Resources. Dur- 
ing 4 to 12 September a precipitous drop 
in daily air temperatures by 12°C to 
below surface water temperatures pro- 
duced sufficient instability to erode the 
pycnocline downward. This terminated 
the shallow pycnocline-anoxic water 
conditions in the tributaries, saving the 
remaining benthic stocks above 6 m. 
This finding raises two questions. Have 
earlier anoxic excursions occurred unno- 
ticed and contributed to the decline of 
shellfish populations in the bay? Is the 
Chesapeake Bay ecosystem now less 
stable to extremes of climatic events 
than it was in the past? 

H. H. SELIGER 
J. A. BOGGS 

W. H. BIGGLEY 
McCollum-Pratt Institute and 
Department of Biology, Johns Hopkins 
University, Baltimore, Maryland 21218 
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Circadian Timing of Cancer Chemotherapy 

Abstract. Animal studies have indicated that the time of administration of 
adriamycin and cisplatin, two widely used anticancer drugs, has a profound effect on 
their toxicity. This effect in cancer chemotherapy was studied in 31 patients with 
advanced ovarian cancer. Patients received at least eight monthly courses of 
adriamycin that were followed 12 hours later by cisplatin, with adriamycin randomly 
administered at either 6 a.m. or 6 p.m. The results show that in the group receiving 
adriamycin in the evening and cisplatin in the morning (i) twice as many patients 
required reductions in dosage and delays in treatment, (ii) four times as many 
treatments had to be delayed, (iii) drug dosages had to be modiJied downward three 
times as often, and (iv) even with more dose attenuation and treatment delays, 
treatment complications were still about two times more common as in the group 
receiving adriamycin in the morning and cisplatin in the evening. These jindings 
show that the circadian stage at which anticancer drugs are given to patients should 
be carefully considered. 

Chronobiologic investigations have 
shown that the therapeutic indices of 
drugs can be affected by varying circadi- 
an drug timing. This phenomenon may 
be particularly important in anticancer 
chemotherapy. These powerful drugs 
can kill cancer cells but also kill or 
severely injure cells of normal tissues. 
Since the susceptibility of the normal 
tissues is rhythmically variable during 
the circadian cycle, whereas that of ma- 
lignant tissue may be less so, the timing 
of chemotherapy may be an important 
element allowing greater therapeutic 
specificity. 

The toxicity of at least 11 commonly 
used anticancer drugs has been shown in 
animal studies to depend on the time of 
administration (1-5). The therapeutic in- 
dex of these agents and curability of 
several transplantable cancers in mice or 
rats are governed by the circadian time 
of drug treatment (1, 2, 6). Indeed, ani- 
mal experiments had clearly indicated 
that the greatest toxicity of adriamycin is 
late in the activity cycle of the rodent 
and that of cisplatin near awakening (7- 
11). A test of whether circadian treat- 
ment time would affect human beings 
was designed. 

A preliminary crossover study of 21 
patients showed that post-treatment 
blood count fall and recovery, extent of 
decrement in creatinine clearance, and 
drug pharmacokinetics all differ substan- 
tially, depending on when patients are 

treated (12-14). Adriamycin given short- 
ly before usual awakening (6 a.m.) and 
followed 12 hours later by cisplatin was 
better tolerated during the month after 
treatment than was this therapy when 
begun in the evening (usually 6 p.m.) 
(15). Because of these interesting acute 
toxicity results, a simple two-arm ran- 
domization of treatment timing was initi- 
ated. 

Thirty-one women suffering from his- 
tologically verified ovarian cancer were 
each treated with an average of eight 
courses of adriamycin and cisplatin che- 
motherapy. None had received prior 
chemotherapy or irradiation therapy. All 
had widespread disease, which was lim- 
ited to the abdomen in 22 (Figo stage 3), 
and which was also extra-abdominal in 9 
patients (Figo stage 4). After patients 
were stratified by stage, the circadian 
treatment schedule was randomly allo- 
cated to each patient. The order of the 
two drugs and the span between them 
was kept constant. The planned doses 
were 60 mg per square meter of body 
surface for each drug. Circadian sched- 
ule A consisted of adriamycin infused 
between 6 a.m. and 6:30 a.m. (at or just 
before usual wakening) and followed 12 
hours later by cisplatin from 6 p.m. to 
6:30 p.m. Schedule B was administration 
of adriamycin at 6 p.m. and cisplatin at 6 
a.m. This regimen was repeated approxi- 
mately monthly to a planned total of nine 
treatments giving a total of 247 courses 
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Fig. 1 .  Even though patients on schedule B 
required more reductions in dosage and more 
delays in treatment than those on schedule A, 
therapy-associated complications that includ- 
ed infections, transfusions, and bleeding still 
occurred more commonly in schedule B pa- 
tients. 

o f  therapy for evaluation. The cisplatin 
hydration regimen is begun immediately 
following the 30-minute adriamycin infu- 
sion. Normal saline with additional po- 
tassium chloride (20 meq per liter) was 
infused at a rate o f  200 cm3 per hour for 7 
hours. This rate was increased to 350 
cm3 per hour 5 hours before the planned 
cisplatin infusion and was maintained for 
4 hours after cisplatin administration. 
The average hourly urine output during 
the 9-hour peri-cisplatin infusion span 
for these patients approached 200 cm3/ 
hour. No diuretics were used. 

Evaluation of  toxicity after each o f  the 
247 treatment courses included 8 a.m. 
weekly hemoglobin, total and differential 
white blood cell count, platelet count, 
and creatinine clearance. These weekly 
laboratory values combined with a 
monthly interim history and physical ex- 
amination served to guide dose and 
schedule modifications. 

Modifications o f  adriamycin dosage or 
schedule delays were forced by (i) a 
recovery (day 28) absolute granulocyte 
count below 1500 cells per cubic millime- 
ter, (ii) a recovery platelet count under 
100,000 cells per cubic millimeter, or (iii) 
interim infection or bleeding. Infection is 
defined as fever with temperature great- 
er than 102°F during leukopenia that 
responds to the administration o f  antibi- 
otics or culture-proven symptomatic in- 
fection requiring antibiotic administra- 
tion. I f  any o f  these conditions obtained, 
a 25 percent reduction in adriamycin 
dosage or a 1-week treatment delay with 
subsequent reevaluation was instituted. 
Adriamycin dosages were more often 
reduced i f  an infection or bleeding com- 
plication supravened, and treatment de- 

lays were more common with a poor 
recovery o f  blood cell counts. Cisplatin 
was discontinued i f  creatinine clearance 
fell below 30 cm3/mm. 

Treatment complications were defined 
as interim clinical infections as described 
above, interim bleeding episodes of  any 
kind whether or not platelet transfusions 
were administered, and anemia requiring 
a transfusion episode in order to main- 
tain the hemoglobin level above 10 g per 
deciliter. Each transfusion episode usu- 
ally required administration of  three 
units o f  packed red blood cells. 

The toxicity o f  chemotherapy was as- 
sessed in two ways: first, the number of  
patients from each timed (with regard to 
circadian rhythms) treatment group who 
suffered treatment complications or who 
had to have treatment modifications was 
compared; second, the number o f  indi- 
vidual monthly courses that were fol- 
lowed by treatment complications or that 
were modified was contrasted. 

More patients treated on schedule B 
had to have both dose reductions and 
treatment delays (6 of  15 compared to 13 
of  16 patients; X 2  = 4.0, P < 0.05). Indi- 
viduals receiving diminished drug dos- 
ages and modified schedules would be 
expected to have fewer complications. 
However, even though schedule B pa- 
tients had more dose reductions and 
more frequent treatment delays, epi- 
sodes o f  infection, bleeding, and transfu- 
sion each occurred more commonly in 
these patients than in those treated more 
frequently and with higher doses o f  che- 
motherapy on schedule A (8 o f  15 com- 
pared to 14 o f  16; X 2  = 2.9, 0.1 
> P > 0.05) (Fig. 1). 

A total o f  247 courses o f  adriamycin- 
cisplatin therapy were administered; 115 
of  schedule A and 132 o f  schedule B.  
Dose reductions were three times more 
frequent when the drugs were on sched- 
ule B (3 1 percent compared to 9 percent; 
X 2  = 17.4, P < 0.01). Treatment delays 
were four times more frequent on sched- 
ule B (17 versus 4 percent, X 2  = 8.4, 
P < 0.01). Despite dose reductions and 
treatment delays for patients on schedule 
B, 44 percent o f  schedule B treatment 
regimes were associated with bleeding, 
infection, or transfusion requirement, 
whereas only 23 percent o f  schedule A 
treatments were associated with these 
complications ( x 2  = 10.5, P < 0.01) 
(Fig. 2). 

In the last 40 years, reports o f  the 
dependence of  toxicity on the circadian 
stage o f  drug administration for the 
mouse and rat have been plentiful. The 
toxicity, therapeutic efficacy, or both, o f  
alcohol, theophylline, steroids, adreno- 

& D e l a y s  I n f e c t i o n s  r (631132) a  leed din^ 
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Fig. 2.  For every reduction in dosage on 
schedule A there were three on schedule B. 
Four times as many treatment delays were 
required for schedule B as for schedule A 
patients. Despite more treatment modifica- 
tions, nearly twice as many complications 
resulted from schedule B as from schedule A 
treatments. 

corticotropic hormone, and other drugs 
are clearly time-dependent in human be- 
ings. There is every reason to expect this 
to be the case for most, i f  not all, toxins 
and medications. These circadian sus- 
ceptibility and efficacy rhythms may be 
especially pertinent for drugs whose tox- 
ic-therapeutic ratios are narrow such as 
anticancer drugs. 

This investigation indicates that circa- 
dian timing o f  administration o f  adriamy- 
cin and cisplatin, which are the two most 
commonly used anticancer drugs in the 
United States, influences toxicity sub- 
stantially. Administration o f  adriamycin 
in the morning and cisplatin in the eve- 
ning caused fewer complications, dose 
reductions, and treatment delays than 
administration of  adriamycin in the eve- 
ning and cisplatin in the morning. Too 
few patients have been studied to deter- 
mine whether or not the timing o f  treat- 
ment affects tumor response or patient 
survival. There is, however, increasing 
evidence that any compromise o f  dosage 
or delays in treatment schedule diminish 
the likelihood o f  cancer control or cure 
(16). 

The practical problem o f  administering 
chemotherapy at a specific circadian 
stage also deserves comment. The cur- 
rent practice o f  medicine largely disre- 
gards timing o f  drug administration. 
Both inpatient and outpatient medical 
practice make the precise stipulation o f  
drug timing impossible. Even in medical 
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oncology wards where good communica- 
tion among staff is the norm, precise 
drug timing cannot be achieved. Howev- 
er, implantable and extracorporeal pro- 
grammable drug delivery systems will 
make clinical "chronotherapy" both 
possible and economical. Devices now 
available time therapy with an external 
clock, but a third generation of "closed 
loop" devices will eventually time each 
dose to the individual patient's internal 
circadian clock. 

The most crucial element in the suc- 
cessful application of cancer chemo- 
therapy is optimization of the antineo- 
plastic effects and minimization of sec- 
ondary toxicity to normal tissues, that is, 
selectivity (17). One approach to increas- 
ing this selectivity is administration of 
these highly toxic drugs at times associ- 
ated with their best tolerance. 

W. J. M. HRUSHESKY 
Department of Medicine and 
Laboratory of Medicine and 
Pathology, University of Minnesota 
Medical School, and Masonic Cancer 
Center, Minneapolis 55455 
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Evidence for a Malarial Parasite Interaction Site on the Major 
Transmembrane Protein of the Human Erythrocyte 

Abstract. Soluble oligosaccharides derived from the surface of human erythro- 
cytes were tested for their ability to competitively inhibit invasion of erythrocytes by 
Plasmodium falciparum, a malarial parasite. Invasion was most efectively inhibited 
by erythroglycan, a carbohydrate component of the band 3 transmembrane protein. 
The lactosamine chains of erythroglycan contributed much of the inhibitory activity. 
This indication of a primary parasite interaction site on band 3 supports a role for 
this protein in mediating the radical alterations of the erythrocyte cytoskeleton that 
accompany invasion. 

The molecular interactions at the cell version is unknown, we undertook to 
surface which determine and control the identity the components of the erythro- 
infection of a human erythrocyte by the cyte membrane with which the parasite 
falciparum malaria parasite are critical to interacts. We report that the oligosac- 
the life cycle of the parasite and the charide portion of the band 3 protein, 
course of disease (I). During invasion erythroglycan (2,3), is a primary interac- 
the parasite binds to and deforms the 
erythrocyte membrane and enters the 
cell by a process resembling endocyto- 
sis. In so doing, it subverts the elements 
of the erythrocyte membrane responsi- 
ble for maintaining cell shape and integri- 
ty. Because the mechanism of this sub- 

A B C  
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tion site for the Plasmodium falciparum 
merozoite (4). 

Ultrastructural (5) and biochemical 
studies of encounters between malarial 
parasite merozoites and erythrocytes re- 
veal two distinct interactions: (i) initial 
attachment, mediated by erythrocyte 
surface sialic acid (6), and (ii) subsequent 
formation of a tight junction between the 
anterior end of the merozoite and the 
erythrocyte membrane. Freeze-fracture 
studies of the junction zone have shown 
that junction formation is associated 
with a closely packed assembly of intra- 
membranous particles in the erythrocyte 
membrane. During invasion the junction 
zone changes from a cap to a constricting 
ring through which the merozoite enters 
an endocytotic vacuole of the host cell. 

The cytoskeleton of the erythrocyte 
membrane is a network of structural 
proteins with unique dynamic interac- 
tions that allow the cell to first resist but 
then accommodate external forces (7). A 
spectrin-actin mesh underlies the ' lipid 
bilayer (8) and is in part responsible for 
preventing internalization of membrane 
by endocytosis. Thus antibody to spec- 
trin within the cell can prevent drug- - induced endocytosis by strengthening 
the spectrin network and preventing for- 

Fig. 1. (A to C) Effect of trypsin on erythro- mation of the spectrin-free domain asso- 
cyte membrane proteins. Washed human ciated with endocvtotic events (9). The . , 
erythrocytes (10 percent by volume) were spectrin-actin netiork is anchored to the 
incubated for 60 minutes at 37'C with shaking 
in 25 mM Hepes, 135 mM NaCI, 5 mM CaCl, membrane the transmembrane pro- 
(DH 7.4). and tosvlamide ~henvlethvl chloro- teins of the erythrocyte. Band 3, the 
&ethyl 'ketone-tiypsin (worthinatdn). After maior transmembrane erotein. is ex- 
two washes in ~ O ~ ' V O I U ~ ~ S  of 2FmM Hepes posed to the outside, cr&ses thk bilayer 
and mM NaCl (pH 7.4) (HBS)9 the cells several times, and is firmly bound to the were treated with 1 mMphenylmethylsulfonyl 
fluoride (Sigma) in HBS for 20 minutes at cytoskeleton (10). Glycophorin A is nor- 
22°C and washed two more times. Membranes mally attached weakly or not at all, but if 
from 10' cells were prepared by hypotonic the externally exposed domain of glyco- 
lysis in 50 volumes of 10 mM tris-HC1 (pH pho,jn A is constrained by antibody or 
7.8), washed two times in the same buffer, and 
analyzed by SDS-PAGE (22). The effects of lectin binding, this g1ycoprotein be- 
trypsin at 0, 0.075, and 1 mg/ml are shown in comes firmly bound to the skeleton (11). 
(A), (B), and (C), respectively. It is reasonable to guess that the tight 
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