
zero field (shielding effect), and of cooling 
the sample in 100 Oe (Meissner effect). In 
both of these curves, superconductivity be- 
gins at a temperature (39.5 K) that is within 
21 K of that seen in resistance or a-c 
susceptibility, but the transition is consider- 
ably broader. For all the samples measured, 
the Meissner signal is 50 to 60% of the 
shielding signal,"which is evidence for bulk 
superconductivity. These measurements 
were repeated in fields up to 5 T.  At this flm 
density-a reduction of Tc along with a 
broadening of the transition is observed. 
From our measurements, we estimate 
dHcldT = 1.3 TIK, which extrapolates to a 
critical field of 40 T at 4.2 K. Preliminary 
critical field measurements at high fields 
support this value (1 8). 

- - 

Superconducting transitions are sensitive 
to changes in composition, vacancy order- 
ing, and phase segregation. The composi- 
tion x = 0.15 has a sharp transition as mea- 
sured by d-c resistance, a-c mutual induc- 
tance, and Meissner expulsion. These three 
measurements show this composition to be 
a bulk superconductor. At other composi- 
tions the transitions are broader, and some 
show structure. It is possible that all our 
samples have comparable inhomogeneities 
in the strontium content. A maximum in Tc 
as a function of x would mean that the 
minimum in the transition width simply 
reflects a maximum in Tc versus x near 
x = 0.15. We do not believe the structure in 
the transition is due to impurity phases, 
since none are observed by x-ray diffraction 
to 5% accuracy. It is also possible that the 
material is a single phase for x = 0.15, but 
not for other com~ositions, and that the 
phase separation is not complete for our 
cooling speed. However, a sample with 
x = 0.20 cooled in 16 hours instead of 1 
hour from 1100°C showed features in the 
superconducting transition similar to those 
in samples with the same x cooled in 1 hour 
or quenched. Sharp transitions over a nar- 
row range in composition also occur in 
Barbl-,BiXO3 (19). It has been suggested 
that inhomogeneities are responsible-for the 
broadening at other compositions (20). 

The superconducting transition is sensi- 
tive to sample composition and preparation, 
and it is possible that higher T, will be 
found. Oxygen vacancies are important, as 
shown bv the shift in T, with the auno- 
sphere used for annealing. We have also 
found evidence for T, = 40 K in these 
oxides where calcium replaces strontium, 
but in this case the superconducting transi- 
tion was more than 10 K wide. and further- 
more the Meissner effect indicated that only 
a small fraction of the sample was supercon- 
ducting. We are presently studying other 
compounds in these series. 
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Ribavirin Antagonizes the Effect of 
Azidothymidine on HIV Replication 

Azidothymidine and ribavirin both inhibit replication of human immunodeficiency 
virus in vitro and show promise of clinical utility in patients infected with this virus. In 
this study, the possible interactions of these drugs were examined in vitro, and a 
reproducible antagonism between azidothymidine and ribavirin was found to occur 
under a variety of experimental conditions. The mechanism responsible for this 
antagonism appeared to be inhibition of azidothymidine phosphorylation by ribavirin. 
Because similar effects may occur in vivo, clinical trials of these two drugs in 
combination must be performed only under carefully controlled conditions. 

H UM4N IMMUNODEFICIENCY VI- 

rus (HIV) causes a variety of clini- 
cal syndromes including the ac- 

quired immune deficiency syndrome 
(AIDS) and chronic neurological disorders 
(1-5). Several antiviral agents inhibit the 
replication of HIV in vitro (6). One, 3'- 
azido-3'-deoxythymidine (AZT, N3dThd) 
(7, reduces morbidity and mortality in pa- 
tients with AIDS (8), and another, ribavirin 
( 9 ) ,  has been reported to delay or prevent 
development of AIDS in patients with HIV- 
induced persistent generalized lymphade- 
nopathy (10). 

Control of HIV infections in patients for 
prolonged periods may require a combina- 

that deserves further study, particularly since 
both drugs are bioavailable when adminis- 
tered orally, cross the blood-brain barrier, 
and have acceptable toxicity (6, 12, 13). 
Furthermore, the mode of antiviral action of 
each is different: the triphosphate of AZT 
acts as an inhibitor of HIV DNA synthesis 
(14) and the triphosphate of ribavirin inter- 
feres with post-transcriptional processing 
(15). Therefore, we evaluated the effects of 
various dose combinations of AZT and riba- 
virin on HIV replication in vitro. To our 
surprise, the combination proved antagonis- 
tic. The mechanism of antagonism appears 
to be inhibition of AZT phosphorylation by 
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metabolic changes induced by ribavirin. 

In studies of AZT-ribavirin interactions, 
we used different cell types, different modes 
of HIV inoculation, and different times of 
drug addition. Four different target cell 
types, including phytohemagglutinin (PHA)- 
stimulated peripheral blood lymphocytes 
(PBL) from various healthy seronegative 
donors, acutely and persistently infected H 9  
cells (CD4 positive), and a human mono- 
cyte cell ~ i n h  (BT4) were used. Experiments 
were performed in which virus was added 
before, simultaneously with drugs, or after 
addition of drugs. In all experiments we 
used concentrations of AZT and ribavirin 
that are achievable in human serum and 
serial two- to fourfold dilutions of these 
concentrations. In all experiments, AZT 
alone inhibited HIV replication. Ribavirin's 
antiviral effect was variable, perhaps reflect- 
ing different sensitivities of cell pdpu~ations 
from different individuals. 

Initially, we used 3-day-old, PHA-stimu- 
lated PBL from a healthy HIV-seronegative 
donor. The cells were cultured at an initial 
concentration of 1 x lo6 per milliliter in 5 
ml of culture medium. Cell-free HIV, 5000 
tissue culture infectious doses (TCIDSO), 
was added to each flask. Appropriate con- 
centrations of AZT (0.01, 0.04, 0.08, and 
0.16 pA4) and ribavirin (4.1, 8.2, 16.4, and 
32.8 pA4), either alone or in combination, 
were added to the cultures simultaneously. 
In all the experiments, the culture medium 
was changed at 3- or 4-day intervals, and 
drugs were added at each medium change so 
that the original drug concentrations were 
maintained. 1 n  this first experiment we mea- 
sured only viral reverse transcriptase (RT) 
activity (1 6) as an indicator of HIV replica- 
tion, and found on davs 7 and 10 that the 
activity was elevated 1.5 to 5 times in cul- 
tures that received the drug combination 
compared to cultures that received only 
AZT. Cell viability, assessed by trypan blue 
exclusion, was similar among the cultures 
studied. Correction of the RT values for 
viable cell numbers did not affect the results. 
For those data showing a dose-related in- 
hibitory effect with each drug, interactions 
were mathematically evaluated by the medi- 
an effect principle and the isobologram tech- 
nique according to a computer program 
(Table 1) (17, 18). Strong antagonism be- 
tween AZT and ribavirin was found for the 
combined treatment by both methods. 

In experiment 2 we sought to confirm 
these preliminary results by a more detailed 
analysis (Fig. 1). PBL from a different do- 
nor were exposed to 500 TCIDso of HIV 
per 1 x lo6 cells for 60 minutes at 37°C and 
then washed three times to remove any 
residual extracellular virus. Cells plus AZT 
or ribavirin, or both, were added to dupli- 
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Fig. 1. HIV replication in 7-day PBL cultures from a single donor treated with various combinations of 
ribavirin and AZT: 1, infected control; 2,4.1 pikf ribavirin and 0.01 pA4 AZT; 3, 8.2 pikf ribavirin and 
0.04 pA4 AZT; 4, 16.4 pikf ribavirin and 0.08 pikf AZT; 5, 32.8 pikf ribavirin and 0.16 pikf AZT. All 
cultures were maintained in 5 rnl RPMI-1640 medium supplemented with 20% fetal bovine serum, 
antibiotics and 10% interleukin-2. Viral replication was assessed by (A) RT activity, (6) IFA, (C) virus 
yield, and (D) cell numbers, and all bars represent the mean value of duplicate cultures. Assays for RT 
and IFA with patient serum were performed as described (16,19). Virus yield assays, on cell-free culture 
supernatants, were performed in quadruplicate in 96-well plates with the use of uninfected H 9  cells as 
described (1 1, 24). 

cate culture flasks. On days 7, 10, 14, and 
18, cultures were assessed for RT activity, 
for HIV antigens by indirect immunofluo- 
rescence (IFA) (16, 19), and for virus yield 
(Fig. 1.) In addition to these analyses, ex- 
pressed HIV antigen was also assayed by a 
p24 competition radioimmunoassay (de- 
scribed in legend to Fig. 3). Results were 
mathematically evaluated after correction 
for viable cell numbers. Antagonism was 
observed at all time points (Table 1). 

In experiment 3 (Fig. 2), uninfected H 9  
cells were incubated with AZT, ribavirin, or  
both drugs for 60 minutes before 500 
TCID50 of HIV were added to all duplicate 
cultures except the negative controls. An- 
tagonistic interactions were documented on 
day 7 by virus yield, RT activity, and indi- 
rect immunofluorescence. 

In experiment 4, we evaluated the anti- 
HIV effect of a fixed concentration of riba- 
virin (32.8 with variable concentra- 

Table 1. Combination indices for AZT and ribavirin calculated for RT and virus yield (VY) assay data. 

Combination Combination indices at different Experi- 
Day Assay molar ratio 

percentages of inhibition* 
ment (AZT: ribavirin) ED50 

ED90 ED95 

1 7 RT 1:200 1.36 2.34 2.92 
2 7 RT 1:200 2.89 3.13 3.28 
2 10 RT 1:200 2.48 1.40 1.20 
2 7 VY 1:200 2.36 3.10 3.42 
2 10 RIA 1:200 3.49 3.93 4.12 

*Combination indices (CI) were determined by the median effect plot parameters and the multiple drug effect 
equation as described (17, 18). CI values of <1, =1, and >1 indicate synergism, summation, and antagonism, 
respectively. Analyses were carried out on the assumption of a mutually exclusive drug effect, with the CI being 
calculated according to the formula (D) l/(D,)l + (D)2/(D,)2, where D, is the dose required to inhibit a system x %, 
such as EDSO, EDgo, and so on, and the combination (D)I  and (D)z also inhibits x %. If a mutually nonexclusive 
assumption is used, a third term, which is the product of the first two terms, should be added for CI calculation (18). 
As a consequence, slightly higher CI would be obtained. The CI method also gives isobolograms (17) that similarly 
indicate antagonism between AZT and ribavirin. Peripheral blood mononuclear cells in experiments 1 and 2 were from 
two different healthy HIV-seronegative donors. Experiment 2 was performed in duplicate. 
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Fig. 2. HIV replication as measured by virus yield 
(TCIDJo per lo6 cells) in H9  cells after 7 days of 
exposure to different concentrations of ribavirin 
and AZT: 1, infected control; 2,4.1 CJM ribavirin 
and 0.01 CJM AZT; 3, 8.2 CJM ribavirin and 0.04 
CJM AZT; 4, 16.4 CJM ribavirin and 0.16 CJM 
AZT; 5, 32.8 CJM ribavirin and 0.64 CJM AZT. 
Duplicate cultures were maintained in RPMI- 
1640 medium supplemented with 20% fetal bo- 
vine serum. Similar results were obtained by 
measuring RT activity and antigen-positive cells 
by IFA. All bars represent the mean value of 
duplicate cultures. 

tions of AZT (0.04 to 10 pkf) in PBL 
cultures from a third donor. The use of a 
fixed concentration of ribavirin precluded 
the same mathematical evaluation, but the 
data in Fig. 3 demonstrate that HIV p24 
expression was constantly increased in cul- 
tures treated with both AZT and ribavirin. 
Furthermore, the Lineweaver-Burk plot 
(double reciprocal plot) of the data (Fig. 3) 
indicates that the anti-HIV effect of AZT is 
competitively reduced by ribavirin. HIV 
replication was no longer detectable when 
concentrations of 10 I.LM AZT were 
achieved, either alone or in combination 
with 32.8 pJ4 ribavirin. This concentration 
of AZT may be unachievable for prolonged 
periods in humans. 

In experiment 5, we exposed an acutely 
infected (CD4') human monocyte cell line 
(BT4) to various concentrations of AZT, 
ribavirin, or both drugs in combination. 
Cell-free supernatant fluid was evaluated on 
day 7 and antagonism between AZT and 
ribavirin was again observed by measuring 

RT activity and p24 expression. 
In experiment 6, persistently infected H 9  

cells (0.2 x lo6 per milliliter) were coculti- 
vated with the same number of uninfected 
H 9  cells and immediately exposed to AZT 
(0,0.1, 1.0, or 10 pl4) or ribavirin (0, 8.2, 
16.4, or 32.8 pkf), or both drugs at these 
concentrations. At days 4 and 7 the culture 
supernatants were evaluated for HIV repli- 
cation by radioirnmunoassay (RIA) and RT, 
respectively, and all combination indices in- 
dicated strong antagonism in cultures treat- 
ed with the drug combination. 

Thus, antagonism was demonstrated in 
six separate experiments under different con- 
ditions. AZT was nontoxic at the concentra- 
tions used. The cytotoxicity of the drug 
combination was equivalent to that ob- 
served with ribavirin alone, and generally 
became apparent with 216.4 pkf ribavirin, 
especially in experiments with prolonged 
culture time ( 2  14 days). 

Because both AZT and ribavirin are phos- 
phorylated intracellularly (14, IS), we sur- 
mised that ribavirin or one of its phosphory- 
lated derivatives might inhibit the phospho- 
rylation of AZT. To evaluate this, we ex- 
posed uninfected and infected H 9  cells and 
PBL to either AZT alone (0.4 pl4) or to a 
combination of AZT (0.4 pJ4) and ribavirin 
(32.8 pkf). The concentration of phosphor- 
ylated derivatives of AZT was lower in those 
cultures incubated with the combination of 
drugs than in control cultures exposed to 
AZT alone (Table 2). In additional experi- 
ments we found consistently a three- to 
fivefold diminution in azidothymidine tri- 
phosphate (AZ'ITP) when ribavirin was 
present. This effect was not the result of 
ribavirin directly inhibiting the phosphoryl- 
ation of AZT by the host cell cytosolic 
thymidine kinase (TK). Purified TK (14) 
was not detectably inhibited (<8%) by riba- 
virin at concentrations up to 20 pJ4 when 
the concentration of deoxythymidine 
(dThd) was at its apparent I(, [Michaelis 
constant, 3 pkf; see (14)]. For competitive 

Table 2. Effect of ribavirin on AZT phosphorylation. Uninfected and infected H9 cells (20 x lo6 H9) 
and PBL (20 x lo6 PBL) were cultured for 24 hours in 25 ml of medium (see Figs. 2 and 3) in the 
presence of 0.4 CJM [5'-3H]AZT (2.44 Cilmmol) (Burroughs Wellcome) or 32.8 CJM ribavirin, or both 
drugs at these concentrations. Neutralized perchloric acid extracts of the treated cells were analyzed by 
high-pressure liquid chromatography as described (14, 23). 

Azidothymidine (picomoles per lo6 cells) 
Cells Treatment 

Monophosphate Diphosphate Triphosphate 

PBL AZT 29 0.4 0.4 
PBL AZT + ribavirin 5.8 0.1 0.1 
HIV-PBL AZT 39 0.5 0.6 
HIV-PBL AZT + ribavirin 6.3 0.1 0.2 
H9 AZT 6.5 0.2 0.2 
H9 AZT + ribavirin 2.9 0.04 0.04 
HIV-H9 AZT 7.1 0.1 0.1 
HIV-H9 AZT + ribavirin 3.0 0.01 0.02 

" I . - C3 Infected control 
3 Rlbavlrln alone 
&Z AZT alone 
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Fig. 3. HIV expression of PBL exposed to a fixed 
concentration of ribavirin (32.8 CJM) and variable 
concentrations of AZT for 11 days: 1, infected 
control with ribavirin alone; 2, ribavirin and 0.04 
CJM AZT; 3, ribavirin and 0.16 CJM AZT; 4, 
ribavirin and 0.64 CJM AZT; 5, ribavirin and 2.5 
CJM AZT; 6, ribavirin and 10 CJM AZT. PBL 
cultures from a single donor were infected with 
500 TCIDSo cell-free HIV and immediately ex- 
posed to the drugs. A competition radioim- 
munoassay (DuPont Corp.) was run in duplicate 
to detect HIV p24 in cell-free supernatant fluids 
from all cultures as described in (11) and (25). 
Antagonism was confirmed by RT activity. 

inhibition by ribavirin, the inhibition con- 
stant would thus be > l o 0  pJ4. 

The effect of ribavirin on AZT phospho- - - 
rylation is probably due to the well-estab- 
lished ribavirin-induced increase in deoxy- 
thymidine triphosphate (dTTP) levels that 
results in a feedback inhibition of the TK by 
d?TP (20, 21). Furthermore, increasing the 
concentration of d?TP could reduce the 
interaction of AZTTP with the HIV reverse 
transcriptase. 

In a 6-month clinical trial, AZT reduced 
mortality in patients with AIDS and Pneu- 
mucystis can'n; pneumonia (8).  Ribavirin has 
been reported to reduce or delay the pro- 
gression of HIV-associated lymphadenop- 
athy to AIDS in a placebo-controlled clinical 
trial (1 0). Both drugs would thus appear to 
be logical candidates for use in combination. 
~ l t h o u ~ h  the results of studies in vitro must 
be interpreted cautiously, the results we 
report here suggest that clinical trials of 
AZT and ribavirin in combination should be 
attempted only under carefully controlled 
conditions. Animal studies of the interac- 
tions between these compounds might an- 
swer the questions of whether phosphoryl- 
ation inhibition and antagonism occur in 
vivo. 

Our observation of AZT-ribavirin antag- 
onism has another more general implication 
for the evaluation of antiviral com~ounds. 
Other combinations of drugs that undergo 
intracellular phosphoylation, even when 
the phosphorylation is catalyzed by different 
enzymes, may show similar antagonism. It 
will, therefore, be important to study the 
interactions between any drugs that utilize 
similar metabolic pathways, and may be 
used in combination, such as 2',3'-dideoxy- 
cytidine and other nucleoside analogs (22). 
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Region-Specific Expression of Two Mouse Homeo 
Box Genes 

Mammalian homeo box genes have been identified on the basis of sequence homology 
to Drosophila homeotic and segmentation genes. These studies examine the distribu- 
tion of transcripts from two mouse homeo box genes, Hox-2.1 and Hox-3.1, 
throughout the latter third of prenatal development. Transcripts from these genes are 
regionally localized along the rostro-caudal axis of the developing central nervous 
system, yielding expression patterns very similar to patterns of Drosophila homeotic 
gene expression. 

M ANY LABORATORIES ARE CUR- 

rently pursuing three general 
strategies that should help to de- 

fine specific genes that regulate morphogen- 
esis and cellular differentiation during verte- 
brate development. The first strategy is the 
isolation of region-, stage-, or tissue-specific 
embryonic gene products (RNAs or pro- 
teins), with the anticipation that these local- 
ized factors are involved in specific determi- 
native events (1). The second uses insertion- 
al mutagenesis to induce developmental mu- 
tations that can be molecularly characterized 
after using the inserted sequences as a tag for 
the cloning of the disrupted genes (2). The 
third approach, and the one that we are 
pursuing, is the analysis of vertebrate genes 
containing sequences homologous to mor- 
phogenetic loci of the fruit fly, Drosopbila 
melanogaster (3). 

We and others (4-11) have previously 
reported the isolation of several murine 
genes containing sequences homologous to 
the "homeo box sequences" found in many 
of the homeotic and segmentation genes of 
Drosophila (12-14). On the basis of sequence 
conservation, homeo boxes are currently 
divided into two classes: the Antennapedia 
class and the Engrailed class. 

In Drosopbila, Antennapedia class homeo 
boxes have been empirically defined as high- 
ly conserved, 180-bp, open reading frames 

found in various genes of the Antennapedia 
and Bithorax gene complexes (13). Each of 
the homeotic genes of these complexes ap- 
pears to be required for the proper morpho- 
genesis of a distinct region along the antero- 
posterior axis of the fruit fly (14, 15). Mu- 
tant alleles of these genes can cause cells 
from one region of the embryo to form 
structures no~mally found elsewhere in the 
body. The region-specific functions of these 
genes are reflected by region-specific pat- 
terns of expression. To a first approxima- 
tion, the expression of any one b f  these 
genes during embryonic and larval develop- 
ment appears to be spatially restricted to 
those cells that will give rise to the body 
segments most disrupted by mutations in 
that particular gene (13, 16-19). 

w e  have previously proposed that marn- 
malian homeo box genes of the Antennape- 
dia class might perform similar region-spe- 
cific determinative functions during mam- 
malian development (4,lO). This hypothesis 
is supported by the spatially restricted 
expression of a murine homeo box gene, 
Hox-3.1, within the newborn and adult 
central nervous system (CNS) (1 0). Another 
possibility that has received some experi- 
mental support is that mammalian homeo 
box genes are involved in the differentiation 
of specific cell or tissue types (5, 6, 8, 10, 
11). Although not mutually exclusive, these 

two hypotheses lead to different expected 
patterns of mammalian homeo box gene 
expression: the first to patterns that are 
region-specific, irrespective of cell or tissue 
type; and the second to patterns that are cell 
type-specific. 

We recently reported that Hox-3.1 
expression within the newborn mouse CNS 
is spatially restricted to cells posterior to the 
third cervical vertebra (10). We have now 
examined the distribution of Hox-2.1 tran- 
scripts within the CNS of the newborn 
mouse. The Hox-2 complex on chromo- 
some 11 contains at least four homeo box 
sequences. The Hox-2.1 and Hox-3.1 
probes used for Northern blot and in situ 
hybridization analysis are shown in Fig, la. 
The Hox-2.1 probe used was a 265-bp Hae 
I11 fragment that contains all but the first 10 
bp of the homeo box. To date, only one 
homeo box sequence, Hox-3.1, has been 
identified in the Hox-3 locus on mouse 
chromosome 15 (10). The Hox-3.1 probe 
used was a 320-bp Hae I11 fragment that 
contains the entire homeo box sequence and 
140 bp of flanking sequences (1 0). Hox-2.1 
transcripts of between 1.7 and 1.9 kb were 
detected by Northern blot analysis with 
RNA samples from the brain (Fig. lb, lane 
1) and the cervical and thoracic regions of 
the spinal column (lanes 2 and 3, respective- 
ly). No transcripts were detectable in the 
RNA sample from the lumbar spinal column 
(lane 4). Figure l c  shows the results of a 
control hybridization of the same filter with 
a Pz-microglobulin probe, demonstrating 
comparable amounts of RNA in each track. 
When this same filter was hybridized with a 
probe from the Hox-3.1 gene (lo), tran- 
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