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Summary 

The relative efficacy of 5-methoxymethyl-2'-deoxyuridine (MMdUrd), arabinosyl- 
adenine (ara-A) and the combination of MMdUrd and ara-A in the treatment of 
experimental genital herpes (GH) was investigated using mouse and guinea pig mod- 
els. The infection was initiated by intravaginal inoculation using either HSV-2, 
strain X-265 or HSV-2, strain MS. Treatment was initiated 3 h post virus inoculation. 
The parameters used to evaluate efficacy were: (i) percent mortality; (ii) mean day of 
death; (iii) virus yield from the vaginal secretions; and (iv) mean lesion score. The 
simultaneous application of 5% MMdUrd and 5% ara-A was an effective treatment for 
controlling primary GH in both animal models. Combination chemotherapy was also 
effective in preventing recurrence of infection as well as the emergence of drug resistant 
virus. At 20% concentration, ara-A was effective in providing protection against GH. 
However, lesions due to recurrent G H  appeared after cessation of treatment and the 
virus isolated from vaginal secretions of ara-A treated animals required higher concen- 
tration of drug for inhibition of virus replication in cell culture. 20% MMdUrd was 
only partially effective in controlling GH. 

The production of infectious virus particles (virus yield) in cell culture after exposure 
to either ara-A of MMdUrd alone or in combination was determined. When 
MMdUrd and ara-A were used together, a substantially lower amount of each drug 
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was needed to inhibit virus production completely and removal of drugs did not result 
in an increase in virus yield. 

genital herpes; methoxymethyl-2'-deoxyuridine; ara-A; combination chemotherapy 

Introduction 

A wide variety of drugs have been tested for their antiviral activity against herpesvi- 
rus and a few have been licenced for use in humans (for reviews see Refs. 
6,11,14,34,36,37). Although these drugs have brought some relief from genital herpes 
[6,11,14], keratitis [14,34] and other herpes virus infections [14,36,37], the search for 
selective antiviral drugs is being actively pursued [7,8]. An alternative to the develop- 
ment of new drugs is the possibility of using existing drugs in combination. The use of 
combination chemotherapy in the treatment of cancer and bacterial infections is well 
established. This approach, however, has only received moderate attention in antiviral 
chemotherapy [1,3-5,9,21,26,28,29,32,38]. 

In our laboratory, we have been studying the antiviral activity and biological 
properties of an antimetabolite, 5-methoxymethyl-2'-deoxyuridine (MMdUrd, 
[ 1-4,12,21 ]). These studies have shown that MMdUrd in combination with arabinosyl- 
adenine (ara-A) shows synergistic activity against herpes simplex viruses in cell 
culture [ 1] and is considerably more effective in reducing the production of infectious 
virus particles of HSV-1 as compared to individual drugs [2]. Interestingly, synergistic 
activity was achieved without concurrent increase in cytotoxicity. The simultaneous 
application of 2% MMdUrd and 2% ara-A was found to be effective for the treatment 
of keratitis [21]. Of particular significance was the finding that there were no therapeu- 
tic failures when drugs were used in combination; whereas 5-10% treatment failures 
were recorded with the use of 5% MMdUrd or 5% ara-A. Thus potential benefits 
expected from use of antiviral drugs in combination which show synergistic interaction 
are: (i) better therapeutic response for the treatment of herpes simplex infections; (ii) 
decreased chances for the emergence of drug resistant mutants during treatment; and 
(iii) possibly reduced chance of toxicity to host. This communication describes results 
of efficacy trials of MMdUrd and ara-A alone and in combination for the treatment of 
primary genital herpes infection of mice and guinea pigs. 

Materials and Methods 

Drugs 
Trifluorothymidine (F3dThd), arabinosyl adenine (ara-A), and phosphonoformate 

(PFA) were purchased from Sigma Chemicals Co., St. Louis, MO. Acyclovir (ACV) 
was obtained from Burroughs Wellcome, Research Triangle, NC. 5-Methoxymethyl- 
2'-deoxyuridine-5'-monophosphate (MMdUrd-MP) and MMdUrd were synthesized 
[3,12]. Molecular weights of these drugs are: ACV, 225; ara-A, 267; F3dThd, 296; 
MMdUrd, 273; MMdUrd-MP, 353; and PFA, 192. For antiviral assay in cell culture, 



35 

all compounds were dissolved at the required concentration in Eagle's minimal 
essential medium (MEM) (GIBCO Laboratories, Grand Island, NY) and filter-steril- 
ized immediately before use. Derma base was purchased from Borden Company, Don 
Mills, Ontario, Canada. For  in vivo studies, MMdUrd dissolved in water and ara-A in 
suspension were incorporated in derma base to provide the desired concentrations. 

Animals 
Swiss Webster mice (6-8 weeks old) and female albino guinea pigs (Hartley strain, 

weighing about 200 g) were obtained from the Animal Resources Centre, University of 
Saskatchewan. 10-day pregnant mice were randomly selected and five animals were 
transferred to each cage. The guinea pigs were randomly divided and placed two per 
cage. The infected animals were housed in a special cabinet (HEPAIRE, Model No. 
DAE- 18, Canadian Cabinets, Ottawa, Canada) designed for infectious disease studies. 
All animals were allowed free access to standard commercial pelleted diets and tap 
water in bottles (Vitamin C was added for the guinea pigs) with stainless steel sipper 
tubes. 

Cell culture 
RK-13 (rabbit kidney) cells were cultured in MEM supplemented with 10% fetal 

bovine serum (FBS) as previously described [2,4]. Confluent monolayers were prepar- 
ed by seeding 5 X 104 cells into each well of a microtitre tissue culture plate (No. 3040; 
Falcon Plastics, Oxnard, CA). The cultures were incubated at 37°C in a humidified 
CO2 (5%) atmosphere, and the monolayers were confluent within 24 h. 

Viruses 
HSV-2, strain X-265 and strain MS were kindly provided by Dr. V. Pavilanis, 

Armand-Frappier  Institute, Montreal, Canada. The conditions for the preparation of 
virus stocks and antibodies have been described [1]. 

Drug inhibition assay 
(i) Plaque reduction assay. For antiviral assays, confluent monolayers were infect- 

ed with 10 or 50 plaque forming units (PFU) of virus per well in a microtitre plate as 
described previously [1]. Each antiviral compound, at the appropriate concentration, 
dissolved in MEM containing 1 or 2 units of antibody against HSV-2 and 4% FBS, was 
added to respective wells. Plaques were allowed to develop for 72 h before fixation, 
staining and enumeration [1-3]. In each experiment, toxicity controls (containing test 
compound and medium only), cell controls (containing medium only), and virus 
control (containing virus and medium only) were run simultaneously. From dose 
response curves, the concentration of each compound required to reduce the number 
of plaques by 50% was determined [1-3]. 

(ii) Virus yield studies. The reduction in virus yields in the presence of individual 
drugs and in combination was determined according to the procedure described earlier 
[2,3]. In combination chemotherapy experiments, MMdUrd and ara-A were used in 
the ratio of 4 : 3. These concentrations were chosen because MMdUrd in combination 
with ara-A shows maximum synergistic activity at this ratio [1]. Antiserum was 
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omitted from the overlay. The medium from samples which had similar treatments 
were pooled and titrated to determine the amount of virus present. The assay for each 
drug was carried out in quadruplicate. In all experiments, virus control (virus and 
medium) and drug control (drug and medium) were also included. 

Experimental design 
(i) Virus. HSV-2 strains X-265 and MS were used for GH infection. The choice of 

these two strains was based on the fact that low concentrations of either MMdUrd or 
ara-A inhibited the replication of HSV-2 strain X-265 in cell cultures; whereas the MS 
strain was relatively resistant to these drugs 11]. 

(ii) Initiation of infection, Animals were lightly anesthetized with ether and inocu- 
lated intravaginally with 50 ~tl of virus suspension containing either 2.5 × 105 PFU 
(mice) or 3.75 × 103 PFU (guinea pigs) of HSV-2 strain X-265. The dose of HSV-2, 
strain MS was 3.75 >( 103 PFU for guinea pigs. An 18 gauge polyethylene catheter 
attached to a tuberculin syringe was used for inoculation of virus. 

(iii) Symptoms of genital herpes in mice and guinea pigs. In both animal models, the 
first clinical signs of GH infection were erythema, slight swelling and a few vesicles. 
The infection then progressed to severe erythema, severe swelling, and increased 
number of vesicles by day 5 to 7. This was followed by coalescing of vesicles, sores, 
alopecia and partial resolution of lesions in animals that survived beyond day 7 
post-infection. In the majority of animals infected with strain X-265, posterior paraly- 
sis began on day 5 post-infection with subsequent inability to defecate and urinate. In 
contrast, posterior paralysis did not occur with strain MS. Perivaginal alopecia was 
commonly observed in animals inoculated with HSV-2, strain X-265 and was more 
prominent in mice than in guinea pigs. Recurrence of infection was frequently observ- 
ed within 30 days in animals infected with strain MS but was not seen in guinea pigs 
inoculated with strain X-265. Rectal prolapse also occurred in approximately 20% 
animals infected with strain MS. The symptoms of GH in mice were similar to those 
reported earlier [16,23]. 

(iv) Evaluation. Each animal was examined daily for perivaginal alopecia, erythe- 
ma, swelling, vesicles, sores or ulcers and scabs, paralysis, bleeding and mortality. 
Alopecia, erythema and swelling were graded from 0 to 4+: 0 (normal), 1+ (slight), 
2+ (moderate), 3+ (severe), and 4+ (very severe). For vesicles, grading from 0 to 5+ 
was used: 0 (no vesicles), 1+ (1 or 2), 2+ (3-5), 3+ (6-8), 4+ (9-12) and 5+ (>  12). The 
scores of these parameters were added together to obtain total lesion score for each 
animal. The mean lesion score for each group versus days post-treatment was plotted. 
All scoring and grading was done by the same person for each experiment. 

Treatment 
For each treatment, animals were lightly anesthetized and 0.05 ml of placebo or drug 

at the desired concentration was instilled intravaginally using a catheter (18 gauge 
polyethylene) attached to a tuberculin syringe. An additional amount  of drug (0.05 ml) 
or placebo was also smeared on the external genitalia at each time of treatment. In 
combination chemotherapy experiments, both MMdUrd and ara-A at desired concen- 
trations were combined into a single preparation. All medications were supplied under 
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code by the Pharmacy Section, Western College of Veterinary Medicine, University of 
Saskatchewan. The code was broken after completion of efficacy trials in both animal 
models. In each experiment, virus control (virus only), placebo (virus and vehicle only) 
and toxicity controls (drugs only) were run simultaneously. Treatment was initiated 3 
h post virus inoculation. Treatment was carried out twice daily (0900 h and 2100 h) for 
6 days and once daily (0900 h) for 4 more days. 

Assay for virus in vaginal secretions 
On days 1, 3, 5 and 7 after virus inoculation, vaginal swabs were taken and placed in 

1.0 ml of MEM. Virus titre was determined within 3 h after the swabs were taken. To 
minimize the interference with virus isolation by residual quantity of drug that may 
have been present in the samples, two approaches were taken: (i) all swabs were 
collected 12 h post-inoculation of drugs, and (ii) after infection the indicator cells were 
washed with medium. Stock solution of virus was serially diluted with MEM and virus 
yield was determined by infecting RK-13 monolayer cells. The infected cells were 
incubated for 3 days before staining and enumeration of virus titres [1]. 

Sensitivity of virus isolated from vaginal secretions to some antiviral drugs 
Virus from guinea pigs which failed to respond to treatment, was grown, passaged 

once in cell culture, titrated, and used for drug sensitivity testing. The sensitivity of 
each virus isolate to ACV, ara-A, F3dThd, MMdUrd, MMdUrd-MP, and PFA was 
determined [1]. 

Plaque isolation and sensitivity testing of HSV-2, strain MS 
Confluent monolayers in a microtitre plate were infected with approximately 10 

PFU/well  of HSV-2, strain MS. After 72 h of incubation at 37°C and 4% CO2, the wells 
containing only 1 plaque were harvested, and each plaque was passaged once to obtain 
enough virus stock for drug sensitive testing. Drug sensitivity on each plaque isolate 
was performed as described previously [1]. 

Statistics 
The data for mean day of death was analyzed by the Mann-Whitney U-test. The 

data for mortality was analyzed by the Fisher exact test and chi square (P<0.05) .  
Analysis of variance (ANOVA) and least significant difference (LSD) tests (P < 0.05) 
were used for the evaluation of virus yield and mean lesion score data. 

Results 

Clinical manifestations of primary herpes genitalis 
The clinical symptoms of GH in guinea pigs after vaginal inoculation by HSV-2, 

strains X-265 and MS are quite different (see under symptoms of genital herpes). On 
the basis of  these results, it appears that strain X-265 is considerably more neurotropic 
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than MS. In contrast, strain MS appears to be more epithelotropic than strain X-265. 
The symptoms of G H in mice were similar to those reported earlier [ 16,25]. Our results 
of GH pathogenesis in guinea pigs are similar to recent reports [15,33.] but are at 
variance with earlier reports [ 18,19]. The reasons for this discrepancy are not clear at 
this time. 

Comparative efficacy of MMdUrd, ara-A and combination of MMdUrd and ara-A against 
primary genital herpes 

(i) Mice. MMdUrd and ara-A at 5%, 10% and 20% concentration and the combi- 
nation of 5% MMdUrd and 5% ara-A in derma base was applied twice daily. There 
were no significant differences in final mortality and the mean day of death between 
animals treated with drugs and the controls (Table 1). All mice that survived the 
infection and those that delivered before paralysis, had normal delivery with approxi- 
mately 10% giving birth to dead fetuses. Mice paralysed prior to delivery could not 
deliver and the fetuses died in utero. The mean lesions scores (MLS) were significantly 
lower for 10% ara-A, 20% ara-A and the 5% MMdUrd and 5% ara-A combination 
treatments compared to the placebo. Comparison of the daily mean lesion scores for 
different treatments is shown in Fig. 1A. The combination of 5% MMdUrd and 5% 
ara-A almost completely prevented progression of primary genital herpes and devel- 
opment of lesions and this treatment was as effective as 20% ara-A. 

TABLE 1 

Comparative efficacy of different treatment regimens on mortality, mean day of death, virus yield and mean 
lesion scores against primary genital herpes in pregnant mice using HSV-2, strain X-265 a 

Treatment  b Day of death Mortality Virus yield c Mean lesion 
(mean) (%) (geometric mean) score ~ 

Virus (control) 10.0 100 2.4 ± 0.1 4.7 ± 0.5 
Control (virus + placebo) 10.4 88 2.4 ± 0.2 3.8 ± 0.7 

5% MMdUrd  10.4 100 1.9 ± 0.4 3.7 ± 0.7 
10% MMdUrd  11.1 88 1.7 ± 0.2 3.6 ± 0.6 
20% MMdUrd  12.4 88 1.6 ± 0.2 3.5 ± 0.6 

5% ara-A 11.0 88 1.6 ± 0.2 2.9 ± 0.5 
10% ara-A 14.0 63 1.5 ± 0.2 1.8 ± 0.4 
20% ara-A 14.4 63 1.4 ± 0. I 1.1 ± 0.2 

5% MMdUrd  + 5% ara-A 12.3 50 1.4 + 0.1 1.2 ± 0.2 

a Infection was initiated by instillation of 50 lal of  virus (2.5)< 105 PFU/ml )  in the vagina. This virus dose 
produced 100% infectivity. Eight mice per group. 

b Treatment  was initiated 3 h post inoculation of virus. 
c Virus shed (log~0 TCIDs0/ml + S.E.) in the genital tract secretions. Data  were analyzed by ANOVA 

and LSD (P<0.05) .  LSD, d =  0.5. 
Average of the total daily mean lesion scores + S.E. Data  were analyzed by ANO VA and LSD (P < 0.05). 
LSD, d = 1.0. 
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(ii) Guinea pigs. The results of  mean lesions scores are shown in Figs. 1B and C and 
the other parameters  are summarized in Table 2. Treatment  with the simultaneous 
application of 5% MMdUrd  and 5% ara-A was also very effective in arresting the 
progression of G H  by both virus strains. Under similar conditions, treatment with 5% 
ara-A was partially effective; whereas application of 20% ara-A was almost as effective 
as the combination of drugs. In contrast, t reatment with MMdUrd  was not effective. 
However, it was able to prolong the mean day of death of  animals inoculated with 
HSV-2, strain X-265. Mortality in guinea pigs infected with HSV-2, X-265 was also 
preceded by paralysis in a manner  similar to that observed in mice. 

Lesions often reappeared within a week to ten days after treatment with MMdUrd  or 
ara-A was stopped in animals infected with strain MS. Interestingly, treatment with 
the simultaneous application of 5% MMdUrd and 5% ara-A prevented recurrence of 
infection during the 60-day observation period. In contrast, lesions due to recurrent 
infection appeared in all other treatment groups from day 13 onward post-infection. 
The recurrent infections were generally milder and of shorter duration than the 
primary infection. 

Effect of drug treatment on viral shedding in the genital tract 
In both animal models, viral shedding from the vagina was detectable 24 h after 

virus inoculation and animals continued to shed virus until day 5 post-infection. 
MMdUrd  significantly reduced the amount  of  virus shed in the genital secretions of 
mice but only had a slight effect on virus shedding in the genital secretions of guinea 
pigs. In contrast, 5% ara-A, 20% ara-A and the combination of 5% MMdUrd  plus 5% 
ara-A significantly decreased the virus yield from the vaginal secretion in both animal 
models, infected with HSV-2, strain X-265. However, none of the treatments had a 
significant effect on virus shedding if the infection was initiated with HSV-2, strain 
MS. The results of  virus yield data are shown in Tables 1 and 2. 

Susceptibility of virus isolated from vaginal secretions of guinea pigs to antiviral drugs 
In order to determine whether treatment with these antiviral drugs resulted in an 

alteration of the susceptibility of  the virus to each drug, the sensitivity of  virus isolated 
from placebo and drug treated animals was assayed using MMdUrd  and ara-A. 
Furthermore,  viruses were analyzed for cross-resistance to four other antiviral agents 
(ACV, F3dThd, MMdUrd-MP and PFA), in order to determine whether resistance to 
one drug would also alter susceptibility to other antiviral drugs. The concentration of 
each compound that inhibited 50% of plaque formation (IDs0) is presented in Table 
3. The virus obtained from guinea pigs treated with 20% MMdUrd required 2-4-fold 
higher concentrations of ara-A, F3dThd, MMdUrd and MMdUrd-MP.  Similarly, the 
virus isolated from animals treated with 20% ara-A exhibited approximately 2-5-fold 
resistance to ara-A, MMdUrd,  MMdUrd-MP and PFA, but remained sensitive to 
ACV and F3dThd. In contrast, the susceptibility of  virus isolated from guinea pigs 
treated with the combination of 5% MMdUrd  plus 5% ara-A was not appreciably 
altered to any of the drugs. 

Earlier studies have shown that drug-resistant variants of HSV arise randomly at 
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TABLE 3 

Relative in vitro sensitivities to antiherpes drugs of virus isolated from the vaginal secretions a of guinea pigs 
given different treatments 

Drug c Stock Treatments b 
(gM) X-265 a 

Placebo MMdUrd ara-A MMdUrd + ara-A 

MMdUrd 18 26 88 59 29 
MMdUrd-MP 17 20 110 54 25 
ACV 0.4 0.2 0.6 0.1 0.2 
F3dThd 0.2 0.1 0.8 0.1 0.4 
ara-A 23 20 56 100 24 
PFA 5 10 21 57 23 

a Infection was initiated by instilling 50 txl containing 3.75 × 103 PFU/ml of HSV-2, X-265 into the vagina 
of guinea pigs. Virus was isolated on day 5 post-infection. 

b Treatment was initiated 3 h post-infection. Placebo (derma base). 
c Concentration (I, tM) required to cause 50% reduction in plaque development. Amount of virus used was 

10 PFU/culture. Antiviral assays were carried out using RK-13 cells. 
d NO treatment, 

low frequency,  and  are a lways  present  in a wild type virus p o p u l a t i o n  [10,25]. To 
de te rmine  whether  emergence  o f  mutan t s  due to drug  select ion was a fac tor  in 
t r ea tmen t  fai lures,  a number  o f  p laques  o f  HSV-2,  s t ra in  MS were cu l tu red  in the 
presence o f  e i ther  M M d U r d  or  a ra -A.  The results showed tha t  in virus stocks,  virus 
par t ic les  with a wide range o f  sensit ivit ies are present .  Cons ide rab le  var ia t ion  in 
suscept ib i l i ty  (IDs0, range 60 jaM to > 941 jaM) to M M d U r d  was not iced.  F u r t h e r m o r e ,  
IDs0 o f  M M d U r d  for  50% of  the isolates was 2-5- fo ld  h igher  than  a ra -A.  In contras t ,  
there  was less va r i a t ion  in sensi t ivi ty to a r a - A  (IDs0 range 30-187 jaM). F o r  the 
major i ty  o f  p laques  (16/20),  IDs0 for  a r a - A  was 60 jaM or  lower.  F o r  three  isolates 
(plaques  No. 4, 10 and  12) increased  resis tance to bo th  drugs  was evident .  IDs0 values 
for  p laques  4, 10 and  12 were: M M d U r d ,  235, 176 and > 9 4 1  g M  and  a r a -A ,  105, 150 
and  187 jaM respectively.  In teres t ingly ,  the repl ica t ion  o f  even these highly res is tant  
isolates  was inhibi ted  by each drug  at cons ide rab ly  lower  concen t ra t ion  when used 
together .  F o r  example ,  50% inhib i t ion  of  p laque  fo rma t ion  was observed  at 22 jaM of  
a r a - A  and  58 jaM of  M M d U r d  agains t  isolates 4 and  10 and 88 jaM o f a r a - A  and 58 jaM 
of  M M d U r d  for  isolate  12. D u r i n g  t r ea tment  with ind iv idua l  drugs,  the more  res is tant  
isolates are l ikely to cont inue  to repl icate  and this may  have been respons ib le  for the 
marg ina l  efficacy o f  M M d U r d  and  recurrence  o f  infect ion observed  after  a r a - A  
t rea tment .  

Effect o f  MMdUrd, ara-A and combination of  MMdUrd and ara-A on virus production 
in vitro 

One poss ible  reason for  recurrence  of  infect ion could  be that  M M d U r d  and  a r a - A  
when used a lone fai led to inhibi t  comple te ly  repl ica t ion  of  virus; whereas when these 
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Fig. 2. Effect of antiviral drugs singly and in combination on infectious virus particles yield. (A) MMdUrd 
(o o), MMdUrd + ara-A (D D) after incubation of infected cells for 72 h. After washing of drugs and 
incubation of cells with fresh maintenance medium for an additional 72 h: MMdUrd (e---e), MMdUrd + 
ara-A (u-.-m). (B) ara-A (A ~), ara-A + MMdUrd (n o) after incubation of infected cells for 72h. After 
washing of drugs and incubation of cells with fresh maintenance medium for an additional 72 h: ara-A 
(A... A), ara-A + MMdUrd (m-. -I). In combination chemotherapy experiments MMdUrd and ara-A were 
used in the ratio of 4 : 3. The amounts used were: MMdUrd (4, 8, 16, 32 and 64 ~tg/ml) and ara-A (3, 6, 12, 24 
and 48 IJg/ml). 

d rugs  were  used  s i m u l t a n e o u s l y  they  p r e v e n t e d  p r o d u c t i o n  o f  in fec t ious  v i rus  pa r t i -  

cles. T o  inves t iga te  this  poss ib i l i ty ,  the  p r o d u c t i o n  o f  in fec t ious  v i rus  cen t res  (virus 

yie ld)  in cell cu l tu re  a f te r  e x p o s u r e  to  e i the r  M M d U r d  o r  a r a - A  a lone  o r  in c o m b i n a -  

t ion  was d e t e r m i n e d  a n d  the  resul ts  are  s h o w n  in Fig .  2. T w o  in te res t ing  o b s e r v a t i o n s  

were  made :  (i) c o n s i d e r a b l y  h i g h e r  c o n c e n t r a t i o n  o f  i nd iv idua l  d rugs  were  n e e d e d  to  

c o m p l e t e l y  inh ib i t  v i ra l  r e p l i c a t i o n  a n d  r e m o v a l  o f  d rugs  r e su l t ed  in s u b s e q u e n t  v i ra l  

r ep l i ca t ion ;  a n d  (ii) w h e n  M M d U r d  a n d  a r a - A  were  used  t o g e t h e r ,  a subs t an t i a l ly  

l o w e r  a m o u n t  o f  each  d r u g  was needed  to inh ib i t  v i rus  p r o d u c t i o n  c o m p l e t e l y  and  

r e m o v a l  o f  an t iv i r a l  d rugs  d id  n o t  resul t  in an  increase  in v i rus  yield.  
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Discussion 

Two experimental models of genital herpes (GH) were used to evaluate the efficacy 
of antiviral drugs because the pregnant mouse, like the pregnant woman is more 
susceptible to GH [24] and the pathological features of the acute and recurrent G H  in 
female guinea pigs more closely resemble the symptoms of G H  in humans 
[ 15,18,19,33]. Therefore, the use of two experimental models of G H  to test the efficacy 
of antiviral drugs has benefits, in that although the development of the disease in each 
animal model is not identical to that in humans, different features of both models do 
simulate human infections. In the present study, two virus strains used were found to 
have different pathogenic features as well as different drug sensitivities. Even though 
the guinea pig reflects the pathological features of G H  in women, symptoms of 
progressive paralysis observed when strain X-265 was used are of rare occurrence in 
G H  patients. Complications such as aseptic meningitis, urinary retention and sacral 
radiculopathy are observed in patients with primary GH [6] and in this respect, G H  
symptoms after inoculation with HSV-2, X-265 in these models to some extent 
resemble clinical symptoms of GH in humans. In contrast, infection with HSV-2, 
strain MS provides the opportunity for observing the effect of antiviral therapy on 
recurrent GH. Thus it appears, when using animal models for evaluating the efficacy 
of antiviral drugs which have potential for use in humans, the choice of the virus strain 
used for infection is as important as the animal model itself. 

The most significant finding in these experiments was the potent inhibitory effect of 
the 5% MMdUrd and 5% ara-A combination in the treatment of primary GH. 
Combination chemotherapy was also effective in preventing recurrent infection of 
GH. One possible reason for the better efficacy of combination chemotherapy may be 
that this treatment regimen (unlike the single drugs) was effective in preventing the 
emergence of resistant virus. Most studies to date indicate that the best explanation for 
the emergence of drug resistant mutants to antiviral drugs is due to selection of the 
naturally resistant subpopulation of the virus in the presence of drug [10,20,25]. 
Results of the sensitivity of virus clones to MMdUrd and ara-A also support the fact 
that drug selection may indeed be a major contributing factor in the emergence of drug 
resistant variants, observed following antiviral therapy with single drugs. Interest- 
ingly, only a very small amount of each drug was needed to inhibit replication of even 
these highly resistant clones when they were used together suggesting that chances for 
the emergence of drug resistant mutants due to the process of drug selection are 
considerably less using this therapeutic regimen. The other possible reason for better 
therapeutic response when MMdUrd and ara-A are used together, is that the produc- 
tion of infectious virus particles was prevented due to the synergistic interaction 
between these drugs. 

The sele~ive antiviral activity of MMdUrd results from its phosphorylation by 
herpes virus induced pyrimidine deoxyribonucleoside kinase [35]. The nucleotide, 
after conversion to its corresponding triphosphate, is a potent competitive inhibitor of 
DNA°dependent DNA polymerase of herpes simplex virus (Gupta et al., unpublished 
results). Ara-A has been characterized as having a 'multifaceted' mechanism of action 
[20,22,23,30,31]. The compound, in its di- and triphosphate forms, is an inhibitor of 
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ribonucleotide phosphate reductase and of terminal deoxynucleotidyl transferase [23]. 
Ara-ATP has been shown to inhibit preferentially HSV-specified DNA polymerase 
and this has been suggested as the basis for selective antiviral activity of this drug 
[23,30]. Thus enhanced antiviral activity observed when MMdUrd and ara-A were 
used together is most likely due to multiple sites of action of these drugs on the virus. 

Despite the fact that MMdUrd and ara-A were almost equipotent in inhibiting 
proliferation of virus in cell culture [1], only ara-A was effective in altering the clinical 
course of GH.  One interesting observation was that the development of secondary 
lesions in animals treated with ara-A (when occurred) was delayed. Our results on the 
efficacy of ara-A in guinea pigs are in agreement with a recent report [27]. However, 
our data on the efficacy of ara-A in mice does not agree with other published results 
[ 16,27]. The only possible explanation is that effective levels of drug were achieved at 
the site of HSV replication in the genital tissues using this formulation of ara-A. The 
possible reasons for the marginal efficacy of MMdUrd for the treatment of G H  are: (i) 
inadequate absorption from the epithelial layers of the vagina so that adequate 
concentrations of the drug were not achieved intracellularly where the virus was 
replicating; (ii) rapid emergence of drug-resistant mutants because of exposure of virus 
to low level of drugs; and (iii) reversal of its antiviral activity by high local concentra- 
tion of endogenous thymidine in the cervix and vaginal secretions. The antiviral 
activity of acyclovir is reduced because of antagonism due to high concentration of 
thymidine in mouse vagina [13]. Similarly, if one assumes that a high concentration of 
thymidine is also present in the guinea pig vagina, the reversal of antiviral activity of 
MMdUrd would result. It will be interesting to determine levels of thymidine concen- 
tration in the vaginal secretion of guinea pigs to support this contention. Further 
studies on the absorption of these drugs from the vagina are planned after synthesis of 
labelled drugs. We are also in the process of synthesizing lipophilic derivatives of 
MMdUrd and their efficacy in the treatment of primary G H  infections will be investi- 
gated. 

In conclusion, we have shown that simultaneous application of 5% MMdUrd and 
5% ara-A was effective in the treatment of primary GH. This therapeutic regimen was 
also effective in preventing recurrent GH, and the emergence of drug resistant virus. It 
is conceivable that the prevention of recurrences was due to the inhibition of viral 
replication by early treatment of the primary GH infection, thereby preventing seeding 
of the ganglia. Thus, the combination of ara-A plus MMdUrd should be considered for 
use in the treatment of primary G H  in human patients. 
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