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This report describes the study of a novel animal model for the topical treatment of cutaneous herpes
virus infections, with a focus upon the relationship between the dermal flux of the antiviral agent and
the effectiveness of the topical therapy. A recently developed (trans)dermal delivery system (TDS) for
controlling acyclovir (ACV) fluxes was employed in the treatment of cutaneous herpes simplex virus
type 1 (HSV-1) infections in hairless mice. The TDS’s were fabricated with rate-controlling mem-
branes to provide nearly constant fluxes of ACV for up to 3 to 4 days. At the end of each experiment
an extraction procedure was used to determine the residual ACV, validating the drug delivery per-
formance of the TDS. Virus was inoculated into the skin of the mice at a site distant from the TDS area,
and the induced lesion development was evaluated to distinguish between topical and systemic effec-
tiveness of the therapy. In the main protocol, ACV therapy was initiated 0, 1, 2, and 3 days after virus
inoculation and the lesion development ‘‘scored’” on Day 5. The topical efficacies of 1- and 2-day-
delayed treatments were essentially the same as that of a 0-day-delayed treatment, while the topical
efficacy of a 3-day-delayed treatment was much poorer. Also, in the cases of 0-, 1-, and 2-day-delayed
treatments, topical efficacy increased with increasing flux in the range of 10 to 100 pg/cm>-day. When
the ACV flux was 100 pg/cm?day or greater, a maximum 100% topical efficacy was obtained. The
results for systemic efficacy were shifted to higher fluxes: approximately 10-fold greater ACV fluxes
were necessary to provide efficacy equal to the topical efficacy results. The animals treated with a high
ACV flux (350-500 pg/cm?-day) lived significantly longer than those treated with a low ACV flux
(10-125 pg/cm?day) and those of untreated (placebo) animals. Further, their mean survival time
decreased with an increase in the time delay for ACV treatment. In contrast, the mean survival time
for the animals which received a low ACV flux was similar to that of the control animals and remained
unaltered with an increase in the time delay for ACV treatment. The approach developed in this study
should be valuable in (a) the screening of new antiviral agents for the topical treatment of cutaneous
herpes virus infections and (b) in the optimization of drug delivery systems (i.e., topical formulations).

KEY WORDS: acyclovir; controlled (trans)dermal delivery; hairless mice; herpes simplex virus type
1; topical and systemic antiviral efficacy; mean survival time.

INTRODUCTION

Experimental herpes simplex virus infections in hairless
mouse skin produce a narrow band of lesion (1-4) that can be
curtailed more or less by topical application of different an-
tiviral agents (1,3-7). Taking advantage of this pattern of
lesion development, we recently (8) developed a new
method for efficacy evaluation of different antiviral agents in
the treatment of cutaneous herpes simplex virus type 1
(HSV-1) infections in hairless mice. Acyclovir (ACV) was
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used as a model drug because of its high ir vivo sensitivity
against HSV-1 (9-11). In this hairless mouse model, shortly
after virus inoculation, therapeutical amounts of ACV were
delivered at an Azone-pretreated skin site using a (trans)der-
mal delivery system (TDS). At the end of a 5-day ACV treat-
ment, the lesion was scored for each mouse and two distinct
antiviral efficacy assessments were made: (a) ‘‘topical (lo-
cal)”’ efficacy measured the antiviral activity of ACV deliv-
ered directly, topically to the local skin area covered by the
TDS; and (b) ‘“‘systemic’’ efficacy measured the antiviral
activity of ACV delivered from the TDS via systemic circu-
lation to the target site, presumably the epidermal basal layer
(12).

An advantage of using a TDS over the conventional
topical formulations is that the amount of ACV delivered to
each infected animal can, in principle, be precisely con-
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trolled during the time period of the drug treatment through
a rate-controlling membrane so that antiviral efficacy can be
quantitatively correlated with the steady-state flux. In prac-
tice, the expected (theoretical) flux may be compared to the
actual, average flux determined at the end of an in vivo ex-
periment by carrying out an extraction of the residual drug in
the TDS; this extraction assay then serves to validate the
expected flux or, alternatively, provide the bounds of uncer-
tainty in the particular experiment.

A shortcoming of the previous work (8) was that the
method of residual ACV extraction from the TDS was by no
means satisfactory, and therefore ACV mass balance could
not be claimed for all in vivo experiments, especially those
conducted with low ACV fluxes. As a consequence, only the
theoretical fluxes (and not validated experimentally) were
used in this earlier study. One of the goals of the present
study was therefore to improve the existing procedure for
ACV extraction so that the difference between the amount of
ACV loaded and the amount extracted could fully account
for the actual amount of ACV delivered to each animal.

The primary purpose of the present study was to inves-
tigate the treatment protocol. In the earlier work, all in vivo
experiments involved the initiation of the TDS therapy on
the same day (Day 0) immediately following virus inocula-
tion and the continuation of the ACV treatment to Day $
when the TDS was removed and the antiviral efficacy eval-
uated. In the present study, the effects of delaying the initi-
ation of the ACV treatment (i.e., the application of the TDS)
after virus inoculation has been investigated. Also, for the
2-day-delayed situation, the outcomes of a 1-, 2-, and 3-day
application of the TDS are evaluated (on Day 5). These pro-
tocol studies provide insights to the usefulness of the animal
model as a ‘‘screening’’ procedure for potential antiviral
agents in the treatment of cutaneous herpes infections. Fur-
thermore, the quantitative (or semiquantitative) nature of
these studies should permit consideration of mechanistic as-
pects of the disease, the pharmacokinetics, and the pharma-
codynamics of the ACV treatment.

MATERIALS AND METHODS

Drug and Permeation Enhancer

Acyclovir was obtained as its sodium salt (Zovirax)
from Burroughs Wellcome Co., Research Triangle Park,
NC. The salt was converted to its free acid before use ac-
cording to the method described in a previous publication
(8). The permeation enhancer Azone (1-dodecylazacyclo-
heptan-2-one) was a gift from Nelson Research Corp., Irv-
ine, CA. It was used as received.

Virus and Animals

Samples of the same batch herpes simplex virus type 1,
strain E-377, with a titer of 1.35 x 10® plaque-forming units
(PFU)/ml, were used throughout this study. They were
stored in aliquots at —70°C until used. The preparation and
assay of the virus have been previously (13) described.

Female hairless mice (strain SKH/HR-1), 5-6 weeks old
with body weights of 20 = 2 g, were purchased from Temple
University, Philadelphia, PA, and used in this study.
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Fabrication of the (Trans)Dermal Delivery System

As in the previous study (8), polymer hydrogel mem-
branes were used for controlling ACV fluxes through the
Azone-pretreated hairless mouse skin. The preparation and
characterization of these hydrogel membranes have been de-
scribed previously (8,14) in detail.

The fabrication of the TDS has also been described pre-
viously (8). The drug reservoir in each TDS was loaded with
a suspension of ACV sufficient for constant-rate release over
the experimental period.

In Vitro ACV Flux Determinations for the TDS

The in vitro ACV flux from the TDS was determined by
HPLC using the method described previously (8).

Residual ACV Extraction from the TDS

At the end of a release experiment, each TDS was re-
moved from the acetate buffer and placed in a scintillation
vial containing 5 ml diethyl ether to disassemble the TDS.
The vials were left uncovered at room temperature in a
hood. After complete evaporation of ether, the residual ACV
in the TDS was extracted with 10 ml 0.1 N NaOH at 80°C for
8 hr. The ACV extract was filtered through a 0.45-pm Gel-
man Acrodisc membrane filter. An aliquot of the filtrate was
neutralized with an equal volume of 0.1 N HCI and then
diluted with deionized water before injection into a HPLC
column for ACV analysis.

In Vivo Antiviral Efficacy Studies with ACV Delivered from
the TDS

The in vivo animal experiments have been described
previously (8). In the previous work ACV treatment with the
TDS was started immediately after virus inoculation. The
present research investigates the effects of delaying the ini-
tiation of the TDS (ACV) treatment. Tables IA and IB are
the timetables for execution of the different time-delayed
ACV treatments. In part A of the in vivo experiments, treat-
ment with ACV was delayed for either 1, 2, or 3 days after
the virus inoculation. In part B, ACV treatment was carried
out for 1, 2, or 3 days following a 2-day delay period after
virus inoculation. For control, the TDS’s containing only
Carbopol gel were applied to animals of the placebo group in
each experimental run.

Inoculation of virus followed the method of Lieberman
et al. (3). Details were given in the previous publication (8).

For ACV treatment, the skin area dorsal to the virus

inoculation site and in the predicted path of lesion develop-

ment was chosen as the application site for the TDS (see Fig.
1). The distance from the center of the TDS application site
to that of the virus inoculation site was about 1.5 cm. To
enhance the permeation of ACV through the skin, the des-
ignated TDS application site was pretreated with 25 mg
Azone (8). The gauze sponge (1.5 X 1.5 cm) containing
Azone was firmly attached to the skin by strips of OpSite
Incise drape (Smith and Nephew Medical Limited, Hull, En-
gland) and Dermiform hypoallergenic knitted tape (Johnson
& Johnson, New Brunswick, NJ). After application for 24
hr, the Azone patch was removed and the TDS was imme-
diately applied and held in place in the same manner as de-
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Table IA. Timetable for Conducting in Vivo Experiments with Different Time-Delayed ACV Treatments
Treatment Day -1 Day 0 Day 1 Day 2 Day 3 Day 4 Day §
0-day-delayed” Pretreatment Inoculation Removal of
with 25 mg of virus & TDS &
Azone for application observation
24 hr of TDS of results
1-day-delayed Inoculation Application Removal of
of virus & of extra TDS &
pretreatment 10 mg Azone observation
with 25 mg & application of results
Azone for of TDS
24 hr
2-day-delayed Inoculation Pretreatment Application Removal of
of virus with 25 mg of TDS TDS &
Azone for observation
24 hr of results
3-day-delayed Inoculation Pretreatment Application Removal of
of virus with 25 mg of TDS TDS &
Azone for observation
24 hr of results

4 Experiments carried out in the previous study (8).

scribed above. Following findings from our previous study
(8), an extra 10 mg Azone was applied prior to the attach-
ment of the TDS in the animals with a 1-day delayed treat-
ment where the ACV therapy was intended for 4 consecutive
days, this to maintain an elevated skin permeability for ACV
throughout the experiment.

Observations were made 5 days after inoculation in all
experiments. Lesion developments were categorized and
used for quantification of antiviral efficacy. The TDS’s re-
moved from the experimental groups were extracted for re-
sidual ACV as described earlier in the in vitro experiments.
The survival time of each animal was continuously moni-
tored.

Categorization of Lesion Development and Measurement of
Antiviral Efficacy

The lesion development in hairless mice infected cuta-
neously with HSV-1 can be classified into five categories:
“not reach (NR),” “‘stop (St),”” “‘jump (J),”” ‘“‘through
(Th),” and ‘‘miss (M).”’ These categories have been clearly
illustrated and described in detail in our previous work (8).

Briefly, they represent the cases where the lesion develop-
ment does not reach, stops at the edge of, jumps over, passes
through, and misses entirely the TDS-covered skin area, re-
spectively. These lesion categories, except for M, are indi-
cations of the effectiveness of ACV delivered systemically
and/or topically in curtailing virus replication and virus-
induced skin lesion.

Based on these lesion categories, the two antiviral effi-
cacies may be defined as

topical efficacy (%) =

Ngi + Ny + Nnr
Ng + Ny + N, + NNr
systemic efficacy (%) =
Nnr
Ngi + Ny + Nty + Ny + Nnr

x 100% 4}

X 100% 2)

where Ng,, Ny, Nngs Non, and Ny, are the numbers of ani-
mals corresponding to each of the five lesion categories in
each experimental group.

Table IB. Timetable for Conducting in Vivo Experiments of a 2-Day-Delayed ACV Treatment with the TDS Applied for Different Time

Periods
TDS application
time Day 0 Day 1 Day 2 Day 3 Day 4 Day §
1 day Inoculation Pretreatment Application Removal Observation
of virus with 25 mg of TDS of TDS of results
Azone for 24 hr
2 days Inoculation Pretreatment Application Removal Observation
of virus with 25 mg of TDS of TDS of results
Azone for 24 hr
3 days Inoculation Pretreatment Application Removal of TDS
of virus with 25 mg of TDS & observation

Azone for 24 hr

of results
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TDS Application Site

Azone Pretreated
Area {Shaded)

Yirus Inoculation Site

Fig. 1. A schematic illustration of the spatial relationship between
the TDS application site and the virus inoculation site in the lumbar
skin area of a hairless mouse.

Equation (1) is a modification of the previous expression
used (8) for topical efficacy. Here we have incorporated Ny
in both the numerator and the denominator because we con-
sider an NR to mean that therapeutic levels of ACV were
likely achieved locally as well.

Relationships Used in Data Analysis

To calculate the accumulated amount (Q,,) of ACV re-
leased from a TDS during an in vitro experiment, the follow-
ing equation was used:

n—-1

O0n=Vr-Cot D Vs G ©)

i=1

where C,, is the ACV concentration of the nth sample last
taken from the receiver solution, C; is the ACV concentra-
tion of the ith sample taken from the receiver solution, and
Vr and Vg are the volumes of the receiver solution and the
sample, respectively.

By plotting the accumulated amount of ACV released
against time, the steady-state ACV flux (AQ,/Ar) can easily
be derived from the linear portion of the plot. The ACV
permeability coefficient for the rate-controlling membrane
(P can then be calculated, assuming sink conditions, from
Eq. (4):

_ AQ,/At
M™ 4 -Cp

@

where A is the effective area (0.636 cm?) of the rate-
controlling membrane for ACV diffusion and Cp, is the so-
lution ACV concentration in the TDS. Since ACV suspen-
sion was employed to fill the TDS in this study, a Cp, value
equivalent to the solubility of ACV in water at 37°C (2.5
mg/ml) was used (8).

In in vivo experiments where the rate-controlling mem-
brane is in series with the Azone-pretreated skin, the total
permeability coefficient (P;) of ACV through this series is
described by

1 1 1

PT_PM+P_S ©)

where Pg is the permeability coefficient for ACV through the
Azone-pretreated skin. This value has been determined pre-
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viously (8) in hairless mice to be 1.1 X 1075 cm/sec. The
calculated P, values in this study are of the order of 10~ 7—
10~ % cm/sec and are thus much smaller than the Pg value.
Therefore, Py = Py and the ACV flux is nearly entirely
controlled by its rate of diffusion across the rate-controlling
membrane. The theoretical amounts of ACV released (A,
theo) from the TDS over the experimental period (f) are then
estimated for the in vivo experiments according to the fol-
lowing:

Arel,theo=PT'A.CD't (6)

where Eq. (5) is used for P, Eq. (4) for Py, and Pg = 1.1 X
1073 cm/sec.

To validate our current method for residual ACV ex-
traction, mass balance was checked with the TDS’s in in
vitro experiments. We may write the following relationship:

Arel

F Ald - Aext (7)
where A, is the amount of ACV released from the TDS over
the experimental period and is equivalent to Q,, of Eq. (3),
Aqand A, are the amounts of ACV loaded in and extracted
from the TDS, respectively, and F is a unitless ratio. F val-
ues obtained from the in vitro experiments were used as
correction factors to estimate the actual amounts of ACV
released from the TDS in the corresponding in vivo experi-
ments (A, oxp) according to Eq. (8):

Arel, exp (Ald - Aex() - F (8)

Statistical Analysis

Student’s ¢ test was used in this study to compare the
difference between two means.

RESULTS AND DISCUSSION

Validation of the Extraction Method Based on Mass Balance

One of the aims of this study was to improve the pro-
cedure currently in use to extract residual ACV from the
TDS so that mass balance could be claimed for all the ex-
periments including those conducted with low ACV flux.
Table 11 presents the results of mass balance check with the
TDS’s from all in vitro experiments. The calculated F values
are, in general, within 10% errors from the predicted value of
1.00. This indicates a good mass balance in all the TDS’s
regardless of the amounts of ACV loaded. Since consistent F
values were obtained throughout this study, they may be
used later to correct for the actual amount of ACV released
in the in vivo experiment.

ACYV Release from the TDS in in Vivo Experiments

Table III summarizes the experimental results of ACV
release from the TDS (A,.), .xp) in in vivo experiments with
different time-delayed treatments and these data are com-
pared to the theoretical predictions (A, eo). Because of
the large number of experiments, these results provide a
clear picture for the in vitro (A,q), teo) VETSUS in vivo (A,
exp) relationship over the entire range of interest. The shorter
the time of TDS application (e.g., 2 days), the closer the
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Table II. Mass Balance Check with the TDS’s from All in Vitro Experiments
Expt TDS A Acxt A — Aext Ara
group No. (ng) (ng) (ng) (ng) Fe Mean F = SD
1-1 1 982 400 582 652 1.12
2 977 392 585 620 1.06 1.08 = 0.04
3 1011 389 622 652 1.05
1-2 1 666 379 287 302 1.05
2 637 378 258 258 1.00 1.06 = 0.06
3 682 443 239 268 1.12
2-1 1 596 388 208 237 1.14
2 598 380 218 241 1.11 1.09 = 0.06
3 597 371 226 233 1.03
22 1 929 476 453 480 1.06
2 1050 505 545 576 1.06 1.09 = 0.05
3 911 472 439 504 1.15
3-1 1 437 336 101 106 1.05
2 422 318 104 90 0.87 0.95 = 0.09
3 434 333 101 95 0.94
3-2 1 2729 658 2071 2227 1.08
2 2735 378 2357 2328 0.99 1.03 = 0.04
3 2700 445 2255 2303 1.02
41 1 498 301 197 187 0.95
2 458 303 155 168 1.08 1.01 = 0.07
3 501 287 214 214 1.00
4-2 1 1383 207 1176 1163 0.99
2 1282 238 1044 1012 0.97 1.00 = 0.04
3 1281 352 929 966 1.04
S 1 2748 251 2497 2650 1.06 1.06 = 0.01
2 2490 192 2298 2418 1.05
6 1 679 457 222 233 1.05
2 653 408 245 239 0.98 0.98 = 0.07
3 667 392 275 253 0.92

¢ Calculated according to Eq. (7).

agreement between in vivo and in vitro results. For the long-
est-duration experiments (i.e., 1-day delay and 4-day TDS
application), the in vivo value is only 50 to 65% of the in
vitro. These findings are consistent with the experiments in
an earlier (8) limited study. The difference was attributed
partially to a sharp drop of the skin permeability coefficient
occurring on the fifth day after the termination of the Azone
treatment.

Table IV presents another set of experiments which es-
sentially point out the same conclusion. Here all experi-
ments were carried out with a 2-day delay and the ACV
TDS’s were removed after 1, 2, or 3 days. It is seen that the
Avrel, exp agreed well with A, e, Only for the 1-day appli-
cation of the TDS. For the 2- and 3-day TDS application cases,
Avel, exp Values were only 65 to 80% of A, yeo (s€€ Fig. 2),
in agreement with the experiments reported in Table III.

Table III. ACV Release from the TDS in in Vivo Experiments with Delayed Treatments

107 x 105 x 107 x
Delayed Py Pg Py
Expt Treat- (cm/ (cm/ (Cln/ Arel, theo Ald Aext Ald - Aex! Are], exp
group ment sec) sec) sec) (ng) n (ng) (ng) ((1%:9) F (ng)
1-1 1 day 11.8 1.1 10.7 586/4 days 10 994+ 32¢ 714+ 42° 280 % 31° 1.08 302 = 33/4 days®
1-2 1 day 5.2 1.1 5.0 272/4days 8 638 15 469+ 47 168+ 43 106 178 = 45/4 days
2-1 2 days 4.5 4.3 179/3days 9 615% 17 528 = 33 87+ 32 109 95 353 days
22 2 days 9.4 8.6 356/3days 9 912+ 39 736 57T 176 S2 1.09 191 = 57/3 days
3-1 2 days 1.8 1.1 1.8 74/3days 10 436+ 18 389 22 48 14 095 45 % 13/3 days
3-2 2 days 40.9 1.1 29.8  1229/3days 10 2743 £ 104 1963 = 149 780 = 113  1.03 804 * 117/3 days
4-1 3 days 3.3 1.1 3.2 88/2days 10 494+ 16 414 = 45 80+ 39 1.01 81 % 39/2days
42 3 days 18.0 1.1 15.5 426/2days 10 1341 =46 919 £ 124 421 =114  1.00 421 = 113/2 days

4 Values reported as mean * SD.
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Table IV. ACV Release from the TDS Applied for Different Time Periods in in Vivo Experiments with 2-Day-Delayed Treatments

Appli- 107 x  10°x 107 x
cation Py Pg Py
Expt time Of (cm/ (Cm/ (Cm/ Arel, theo Ald Aexl Ald - Aext Arel, exp
group  TDS sec) sec) sec) (ng) n (ng) (n8) (ng) F (ng)
5-1 1 day 50.2 1.1 34.5 474/1 day 8 2526 * 165% 2068 * 145¢ 458 * 96° 1.06 484 = 101/1 day”
5-2 2 days 50.2 1.1 345 947/2 days 8 2503 x 110 1918 = 225 586 = 210 1.06 619 = 221/2 days
5-3 3 days 50.2 1.1 34.5 1421/3 days 8 2553+ 86 1691 = 293 863 = 267 1.06 912 = 283/3 days
6-1 1 day 4.4 1.1 4.2 58/1 day 10 690 = 28 630 = 30 60 = 15 0.98 59 = 15/1 day
6-2 2 days 4.4 1.1 4.2 115/2 days 10 678 = 12 578 + 23 101 = 18 0.98 100 = 18/2 days
6-3 3 days 4.4 1.1 4.2 173/3 days 10 687 = 16 559 = 39 128 = 30 0.98 125 = 30/3 days

4 Values reported as mean * SD.

We hesitate to speculate on the probable causes of the
differences between the in vivo and the in vitro results after
more than 1 day of TDS application. However, it is worth-
while to note that, although the average rates of drug deliv-
ery diminished with time after Day 1, many individual TDS’s
maintained high fluxes during Day 2 and Day 3. For exam-
ple, 5 of 18 TDS’s with a 2-day application time (1 from Expt
Group 5 and 4 from Expt Group 6) and 3 of 18 TDS’s with a
3-day application time (1 from Expt Group 5 and 2 from Expt

(a)

1.00 1
3
2 0.80
2 060
<
s
@ 040 Appiy the TDS
@
£
< 204 Apply Azone
0.00 1 ¥ T T
0 1 2 3 4 5 6
Postinoculation Time (days)
(b)
1.00 1
3
2 0.80 -
3
0.60 1
<
Q.
>
@ 0.40 1 Apply the TDS
B
ESY
< 0204 Apply Azone
0.00 ] ¥ v T T
0 1 2 3 4 5 6

Postinoculation Time (days)

Fig. 2. A time-dependent change in the ratio of Ay, exp/Arel, theo
following the application of TDS on the skin area pretreated with 25
mg Azone for 24 hr: results obtained (a) from experimental group 5
and (b) from experimental group 6.

Group 6) had nearly perfect ACV release performance pre-
dicted from theory. This suggests that, if a combination of
conditions remains favorable (e.g., good Azone pretreat-
ment and good contact of TDS with site of drug absorption),
constant ACV delivery could be sustained for 3 to 4 days.

In Vivo Antiviral Efficacy

Table V presents the results of antiviral efficacy calcu-
lated based on the numbers of animals corresponding to each
of the five lesion categories in each experimental group from
in vivo studies conducted with different time-delayed ACV
treatments. Lesion ‘‘scoring’’ was performed on Day 5
postinoculation; this choice is based on our previous (8) ex-
perience that 5 days represented an optimum when a fully
developed lesion (25 mm or longer) could be identified in all
the control animals while the mortality rates of the animals
were still low. Included in Table V for comparison are the
results of placebo groups in each experimental run. As can
be seen, all animals in the placebo groups developed a Th
lesion category 5 days after virus inoculation.

To illustrate clearly the relationship between the antivi-
ral efficacy and the amount of ACV released and to appre-
ciate better the differences and similarities in the antiviral
effectiveness between the different time-delayed ACV treat-
ments, both the topical and the systemic efficacies are plot-
ted in Fig. 3 as a function of the experimental flux.

It is clear from Fig. 3 (each data point represents the
calculated antiviral efficacy based on a group of 8-10 ani-
mals) that the topical efficacy curve from the 1- and 2-day-
delayed treatments is displaced by about one log unit in
terms of required flux from the 3-day-delayed treatment. In
comparison to the previously published 0-day-delayed treat-
ment data (8), the topical efficacy of the 1- and 2-day-delayed
treatment is not inferior to the no-delay treatment. Further,
there is a strong relationship between ACV flux and topical
efficacy. At low ACV flux from 10 to 100 pg/cm?-day, the
topical efficacy increases with increasing flux; when the
ACV flux is 100 pg/cm?-day or greater, the topical efficacy
reaches a maximum of 100%. However, when the ACV
treatment was delayed for 3 days, the topical efficacy ap-
peared to be much poorer than that of 0-day-delayed treat-
ments. This outcome is reasonable considering that we have
observed in several cases in the control animals fully devel-
oped skin lesions (25 mm or longer) by Day 3.5 postinocu-
lation and ACV therapy initiated on Day 3 could likely be too
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Table V. Antiviral Efficacies in in Vivo Experiments with Delayed ACV Treatments
No. of animals with

ACV flux, ACV flux, lesion category of Topical Systemic

Expt Delayed theo exp efficacy efficacy
group treatment (ng/cm>-day) (ng/cm>-day) n St J Th NR M (%) (%)
1-0 1 day Placebo Placebo 9 0 0 9 0 0 0 0
1-1 231 119 10 6 2 0 2 0 100 20
1-2 107 70 8 3 3 1 1 0 88 13
20 2 days Placebo Placebo 6 0 0 6 0 0 0 0
2-1 94 50 9 0 S 2 2 0 78 22
2-2 187 100 9 1 6 0 2 0 100 22
30 2 days Placebo Placebo 10 0 0 10 0 0 0 0
3-1 39 24 10 0 3 6 1 0 40 10
3.2 644 421 10 0 1 0 9 0 100 90
4-0 3 days Placebo Placebo 10 0 0 10 0 0 0 0
4-1 69 64 10 0 1 9 0 0 10 0
4-2 334 331 10 1 2 1 4 2 88 40

late to curtail the further development of a skin lesion, es-
pecially when the ACV flux is low.

The systemic efficacy results support the view (see Fig.
3) that higher fluxes are required to treat cutaneous herpes
infections via the systemic route in hairless mice than for
treatment via the direct topical route. These data indicate
that in topical therapy, as opposed to systemic therapy,
there would be an ACV concentration gradient from the epi-
dermis toward the dermis at the site of lesion development;
therefore, lower ACV fluxes would suffice to maintain a
steady-state ACV concentration in the epidermis that would
be sufficiently high to inhibit virus replication irn vivo. In
systemic therapy, higher fluxes would generally be needed
to achieve the same steady-state epidermis ACV levels, as
high steady-state systemic blood levels would be required to
equilibrate adequately the target epidermis from the sys-
temic blood compartment.

The results of antiviral efficacy calculated for the 2-day-
delayed ACYV treatments with the TDS’s applied for different
time periods (1 to 3 days) are presented in Table VI and in
Fig. 4 as a function of the experimental flux. Included in Fig.

100
80 7
60 ]

40 1

Antiviral Efficacy (%)

20 1

0 f a

1 10 100 1000

ACV Flux, Exp (ug/cm2-day)

Fig. 3. The topical (open symbols) and the systemic (filled symbols)
antiviral efficacy presented as a function of the experimental ACV
flux in in vivo experiments with 1-day (O, ¢)-, 2-day (O, @)-, and
3-day (A, A)-delayed ACV treatments. Each data point represents
the calculated antiviral efficacy based on a group of 8-10 animals.

4 for comparison are the topical efficacies (solid line) ob-
tained earlier (Fig. 3) for the 1- and 2-day-delayed treat-
ments. As expected for a 2-day-delayed treatment, the data
points obtained for the TDS’s applied for 3 days are super-
imposable with the solid line. When the TDS application
times were less than 3 days, the performances of the TDS’s
were poorer. Even at very high fluxes (480 ng/cm?-day), the
treatment results were poor for a 1-day TDS application
time.

The Mean Survival Time of Animals

In addition to the lesion development, the survival time
of each animal was also monitored and used as an indication
whether different ACV treatments would result in different
antiviral activities. In Fig. 5, the survival time of each animal
from the 2-day-delayed, 3-day ACV treatments (which was
the protocol for the majority of the experiments in the
present study) is plotted as a function of the experimental
flux. The data points in Fig. 5 are scattered over a wide range
of ACV fluxes. However, upon close examination, they
seem to fall into one of the three groups: (1) those of the
placebo group, (2) those with a low ACV flux (10-125 pg/
cm?-day), and (3) those with a high ACV flux (350-500 pg/
cm?-day). Group 2 corresponds to a region in Fig. 3 where
the topical efficacy is sensitive to the ACV flux; group 3 is in
the region where the topical efficacy is not sensitive to the
ACYV flux but where systemic efficacy is sensitive to the
flux. It was therefore decided to conduct a statistical analy-
sis on the mean survival times of the animals in these three
groups using the pooled data points. The calculated mean
survival times are 6.6 * 0.9 days (n = 29), 7.0 = 1.0 days (n
= 36), and 8.3 = 1.1 days (n = 14) for the placebo group, the
low-flux group, and the high-flux group, respectively. A one-
tailed ¢ test shows that the mean survival time of the low-flux
group is not significantly (P < 0.1) higher than that of the
placebo group. However, the mean survival time of the high-
flux group is significantly (P < 0.0005) higher than that of the
placebo group and that of the low-flux group. Similar con-
clusions can be drawn for the 1- and 3-day-delayed treat-
ments and they are in general agreement with the findings of



986

Lee, Su, Kern, and Higuchi

Table VI. Antiviral Efficacies in in Vivo Experiments with 2-Day-Delayed ACV Treatments Using the TDS for Different Application Times

No. of animals with

ACV flux, ACV flux, lesion category of Topical SyStemiC

Expt Application theo exp efficacy efficacy
group time of TDS (ng/cm?-day) (ng/cm?-day) n St J Th NR M (%) (%)
5-0 3 days Placebo Placebo 7 0 0 7 0 0 0 0
5-1 1 day 745 761 8 2 0 4 1 1 43 13
5-2 2 days 745 487 8 1 0 0 7 0 100 88
5-3 3 days 745 478 8 0 0 0 8 0 100 100
6-0 3 days Placebo Placebo 6 0 0 6 0 0 0 0
6-1 1 day 91 93 9 0 0 7 2 0 22 22
6-2 2 days 91 79 9 1 0 5 3 0 44 33
6-3 3 days 91 66 10 2 5 1 2 0 90 20

our previous study (8) with 0-day-delayed treatments. Table
VII summarizes the mean survival times of the three groups
for these studies.

As noted in Fig. 5, most of the animals in the placebo
group died on Day 6 or Day 7 postinoculation in the present
study. This translates into a mean survival time of 6.6 + 0.8
days for all the control animals (n = 48), a value very close
to the previously (8) reported 6.5 days. With a low-ACV flux
treatment (10-125 pg/cm3-day), the animals did not seem to
live longer than those in the placebo group, and they all had
the same mean survival time regardless of how many days
the therapy was delayed. On the other hand, with a high-
ACYV flux treatment (350-500 pg/cm?-day), (a) the animals
had significantly prolonged mean survival times compared to
the other two groups, and (b) most importantly, this increase
in the mean survival time seemed to decrease with an exten-
sion in the time delay for ACV treatment. The meaning and
the significance of these findings are discussed below in re-
lation to the pathogenesis of HSV-1 infections.

Some of the animals which received a high ACV flux in
the 0-day-delayed treatments eventually recovered from vi-
rus infections and survived for a very long time. Four of the
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Fig. 4. The topical (open symbols) and the systemic (filled symbols)
antiviral efficacy presented as a function of the experimental ACV
flux in in vivo experiments of a 2-day-delayed treatment with the
TDS applied for 1 day (O, W), 2 days (A, A), or 3 days (O, @)
following the initiation of an ACV therapy. The solid line represents
the topical efficacy of 1- and 2-day-delayed treatments from Fig. 3.
Each data point represents the calculated antiviral efficacy based on
a group of 8-10 animals.

animals from the experimental groups with a 2-day-delayed
ACYV treatment in the present study also escaped from the
fatal outcome of cutaneous HSV-1 infections. These animals
are excluded from the above statistical analysis.

In the experiments on 2-day-delayed ACV treatments
with the TDS’s applied for different time periods, a general
conclusion cannot be reached from the results (Table VIII),
i.e., whether a high ACV flux has a beneficial effect on the
mean survival time of the animals over a low ACV flux and
a placebo, whether a 3-day TDS application is better than a
2-day application, and whether the latter is better than a
1-day TDS application in improving the life span of the an-
imals. This is probably due to both the marginality of the
effects and the very small sample size in each of the test
groups.

Pathogenesis of HSV-1 Infections and Its Implications on
ACYV Therapy

To understand better the topical and systemic antiviral
efficacy and the prolongation of the mean survival times
upon ACV therapy using a TDS, it would be necessary to
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Fig. 5. The survival time of each individual animal plotted as a
function of the experimental ACV flux in in vivo experiments with a
2-day-delayed 3-day treatment. Included for comparison are the sur-
vival times of the animals in the corresponding placebo groups.
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Table VII. The Mean Survival Times of the Animals in the Placebo,
the Low-Flux, and the High-Flux Groups in in Vivo Experiments
with Different Time-Delayed ACV Treatments

Group
Low flux High flux
(10-125 (350-500
Treatment Placebo pg/cm?-day) pg/cm*-day)
0-day-delayed® 6.5 = SD 6.8 = SD 9.2+ SD
(n = 34) (n = 47) (n = 30)
1-day-delayed 6.2 *04 6.8 0.8 b
(n=29) (n=17)
2-day-delayed 6.6 0.9 7.0+ 1.0 83+ 1.1
(n =29 (n = 36) (n=14)
3-day-delayed 6.9 = 0.6 6.9 £ 0.7 77 £ 1.6
(n = 10) (n = 10) (n=9

@ Results from the previous (8) study.
# No data point falls in the high-flux region.

have a full grasp of the sequence of pathological events that
take place once the animals are acutely infected with HSV-1.
The pathogenesis of HSV infections both in humans and in
animals has been the focus of several review articles (12,15-
20). The following discussion is based on the consensus of
viewpoints from different researchers.

HSV-1 is a neurotropic virus which infects principally
the neuroectodermal tissues including the skin, the periph-
eral nerves, and the central nerve system (CNS). When the
viruses are inoculated in the skin, they first replicate at the
inoculation site to increase the local virus titers which are
necessary for effective exposure of nerve endings. There-
fore, the size of the virus inoculum used to infect the animal
should have a definite effect on the time required for virus
titer to increase to its effective level. In this study, a virus
titer of 1.35 X 10® PFU/ml was used. This number is higher
than those used by other researchers (3,7,21-23) and may in
part contribute to a more severe lesion development, a
higher mortality rate, and a shorter mean survival time in the
animals of the present study.

Following their seeding at the nerve terminals, the vi-
ruses preferentially penetrate and migrate in the axon to the
sensory ganglion where they colonize. Controversy exists

Table VIII. The Mean Survival Times of the Animals in the Placebo,

the Low-Flux, and the High-Flux Groups in in Vivo Experiments of

a 2-Day-Delayed ACV Treatment with the TDS Applied for Differ-
ent Time Periods

Group

TDS Low flux High flux

application (10-125 (350-500
time Placebo ug/em?-day) ug/cm?-day)

1 day - 72+ 1.2 7.0 = 0.5

n=29 (n=298

2 days — 7920 8.4 + 0.5

(n=29 n="7

3 days 6.4 +09 7.0+ 1.0 83 2.0

(n = 13) n=9 (n=26)
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regarding whether the viruses can use alternate routes, such
as the systemic circulation, to reach the ganglion. If the in-
fection does not spread further to the spinal cord and the
brain stem, the animal may survive and become a carrier of
a latent viral infection. However, if the infection dissemi-
nates into the CNS and causes severe neurological compli-
cations, such as encephalitis, the animal develops paralysis
and eventually dies. These events take place very quickly.
Earlier studies (12,21-23) have shown that free viruses are
detectable in the lumbosacral ganglia by the second day
postinoculation of HSV at the footpads of the mice; the vi-
ruses could also be isolated from the spinal cord 2 days after
inoculation (21,22), and they were present in the brain by the
seventh day (23).

In the present study, the hairless mice in the placebo
groups developed no pathological symptoms for the first 3
days postinoculation. As reported earlier, a fully developed
skin lesion (25 mm or longer) could be observed in some of
the control animals as early as 3.5 days postinoculation and
was surely seen in all the placebo groups by the end of Day
5. These results are consistent with the earlier findings of
Lieberman et al. (3). The animals subsequently became flac-
cid on Day 6, and most of them would die on the same day
or 1 day later.

Treatments with topical ACV preparations (1 and 5%
gels and ointments) have been shown (7) capable of prevent-
ing the lesion development and death from HSV-1 infections
of the lumbosacral skin area in hairless mice. Delay in the
initiation of ACV treatment from 3 to 24 and, further, to 48
hr postinoculation was characterized by a growing average
lesion score and a higher latent infection frequency in the
test animals (7). The results of this earlier study (7) strongly
suggested that topical treatment with ACV during the acute
phase of HSV-1 infections in the hairless mice prevented the
invasion and the subsequent colonization of virus in the sen-
sory ganglia by halting the continuous virus supply from the
site of the primary infection. Topical treatment with ACV
had little or no effect on the virus which had already invaded
the ganglia (7,12).

In the present study, the TDS loaded with ACV was
applied at a skin area away from the virus inoculation site for
the purposes of easy lesion scoring and of clear differentia-
tion between the topical and the systemic antiviral efficacy.
However, this practice denied a chance for direct action of
ACV on its intended target site. Therefore, the ACV re-
leased from the TDS must travel through systemic circula-
tion to the primary infection site to prevent the virus from
building up its local titer. This is believed to be manifested as
the systemic efficacy. It is then expected that treatment with
a high ACV flux should result in a higher systemic efficacy
than treatment with a low ACV flux. The results of systemic
efficacy in Fig. 3 seemed to indicate the presence of such a
trend. It is further expected that an earlier initiation in the
ACV therapy should bring about a higher systemic efficacy
than a delayed treatment. Such a clear-cut conclusion could
not be reached based on the same results of systemic effi-
cacy in Fig. 3 due to the scatter in the data points. Never-
theless, the results of mean survival time in Table VII sub-
stantiated our predictions on the systemic efficacy of topical
ACYV treatments in relation to the drug flux and the initiation
time of drug therapy. Clearly, when the animals were treated
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with a high ACV flux, they lived significantly longer than
those treated with a low ACV flux and those untreated. Fur-
thermore, in the case where the animals received a high
ACYV flux, the mean survival time was the longest (9.2 days)
if the treatment was initiated without any delay following the
virus infection. The mean survival time dropped to 8.3 days
when the treatment was delayed for 2 days and to 7.7 days
when the treatment was delayed for 3 days. These findings
are consistent with the viewpoint that ACV delivered topi-
cally exerts its systemic antiviral effect by inhibition of the
active viral replication at the primary infection site. In con-
trast, the mean survival time for the animals which received
a low ACV flux was not significantly higher than that of the
control animals and did not change with a time delay in the
treatment. This is probably because the ACV in systemic
circulation never reach its therapeutical level in these ani-
mals.

The ACYV released from the TDS can act locally to pre-
vent the evolution of skin lesion. In this regard, the TDS
with a high ACV flux (100 pg/cm>?-day or higher) were ca-
pable of halting the further development of a skin lesion and
demonstrated the same 100% topical efficacy for the 0-, 1-,
and 2-day-delayed treatments, even though the systemic ef-
ficacy might be significantly different in these three cases.
On the other hand, a flux-dependent increase in the topical
efficacy was observed for the TDS with a low ACV flux
(10-100 pg/cm>-day) and the data points for the 1- and 2-day-
delayed treatments were found to be superimposable and no
different from those for the 0-day-delayed treatment; this is
not surprising when we realize that the ACV in the systemic
circulation may be far below therapeutic levels for these
three cases, and the prevention of lesion development is then
solely dependent on the local ACV concentration. In the
case of 3-day-delayed treatments, the topical efficacy was
lower than in the other three cases, especially with a low
ACYV flux. This is probably because the skin lesion has al-
ready evolved and, in some animals, is nearly fully devel-
oped 3 days after infection.

Once the ACV treatment was terminated, the NR, St,
and J lesion categories might develop into a Th category
within days, depending on the surviving virus titer and the
residual amount of ACV remaining in the animals. Eventu-
ally, all these animals which received ACV treatment de-
layed for 1 day or longer after infection were expected to die,
as did the control animals.

CONCLUSIONS

The present study demonstrates the validity of a novel
method involving the use of a (trans)dermal drug delivery
system to describe quantitatively the relationship between
the antiviral efficacy and the acyclovir (ACV) flux. The re-
sults obtained clearly show that how soon the topical treat-
ment is initiated after virus inoculation, the duration of the
treatment, and the dermal ACV flux during treatment may
be related to the effectiveness of the therapy in HSV-1 cu-
taneous infections. Also, the present approach provides a
means to assess the local effectiveness of topical drug ther-
apy versus systemic efficacy.

It is believed that the method described in the present
study should be valuable in (a) the screening of new antiviral

Lee, Su, Kern, and Higuchi

agents for topical treatment of cutaneous herpes virus infec-
tions and (b) the optimization of drug delivery systems (top-
ical formulations).
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