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Ribavirin (1-,8--ribofuranosyl-1,2,4-triazole-3-carboxamide) is an effective
antiviral agent against type A influenza infection of mice. Therapy was most
effective when administered as a small-particle aerosol early in the infection.
Treatment was also effective by either the intraperitoneal or aerosol route in
mice with histological evidence of pneumonia. Ribavirin increased the percent
survival, lowered lung virus titers, and decreased the development of lung
pathology when therapy was initiated at 6 h as a small-particle aerosol. There
was no evidence of pulmonary toxicity or immunosuppressive effects.

Virus diseases ofman and animals represent
an important group of disease entities. Not-
withstanding the influenza pandemic of 1918
to 1919, which was accompanied by great loss of
life, influenza, like most virus diseases, is usu-
ally self-limiting and not associated with high
mortality unless complicated by bacterial pneu-
monia. In 1957, Horsfall estimated that man
suffers with viral diseases for 7 years of a 70-
year life span (5). Loosli has stated that influ-
enza is the major incapacitating viral disease
not adequately controlled by vaccines (9).

Ribavirin has antiviral activity against both
ribonucleic and deoxyribonucleic acid viruses
(6, 13, 17). The demonstration that small-parti-
cle aerosols containing rimantadine or amanta-
dine-hydrochloride were effective for the treat-
ment of influenza virus-infected mice (15, 16)
and the reported efficacy of parenterally in-
jected ribavirin against lethal influenza infec-
tions in mice (1, 7) suggested that aerosols of
ribavirin might be useful for the treatment of
influenza. This report describes the therapeutic
efficacy of ribavirin given in small-particle aer-
osols to treat experimental influenza virus in-
fection in mice.

MATERIALS AND METHODS
Mice. Five-week-old outbred, female mice,

Tac:(SW)fBR, were used for all experiments. Upon
arrival, mice were housed 15 to a cage in random
order. Each group of mice contained a separate
subgroup destined for the same treatment, but re-
served for serial sacrifice studies in addition to those
recorded for survival. Groups contained 55 mice ex-
cept that continuously treated groups contained 40
mice.

Virus. The mouse-adapted variant of the A/Aichi/
2/68 (H3N2) strain of influenza virus used to infect
the mice has been previously described (12, 15).

Lung virus titers. Lung samples were homoge-
nized in 4.5 ml of heart infusion broth and assayed
in 10- to 12-day-old embryonated eggs (15). Lung
titers, expressed as the mean egg infective dose per
lung, are the geometric mean of three individual
mouse lungs at the indicated times postexposure.
When no virus was detected in a lung sample, a
value of 1.0 was assigned to calculate the geometric
mean titer.

Aerosol sampling and dissemination system. The
dissemination system used to infect the mice and for
intermittent therapy has been previously described
(15). The aerosols for continuous therapy were gen-
erated by a modified Collison system developed in
our laboratory. The particles generated by this sys-
tem have a mass median diameter of 1.4 ,tm, with
95% less than 5.2 ,um (unpublished data, our labora-
tory). The relative humidity in the exposure cham-
ber prior to treatment was 56.8 + 1.9% standard
error of the mean. After exposure, the relative hu-
midity increased to 65.3 + 1.7% for the intermittent
method and approximately 70.0% for the continuous
method.

Aerosol samples were collected for virus assay
and quantitative analysis of ribavirin (15). The con-
centration of ribavirin per milliliter of collecting
fluid in the glass impingers was determined by ul-
traviolet spectroscopy at a wavelength of 205 nm
with a Beckman model DBG spectrophotometer. A
standard curve was prepared by measuring the ab-
sorbance of known quantities of ribavirin.
Drug and treatment schedules. Ribavirin, ob-

tained from the Nucleic Acid Research Institute of
ICN Pharmaceuticals, Inc., Irvine, Calif., was dis-
solved in sterile triple-distilled water before aerosol
or intraperitoneal (i.p.) administration. Injections
(i.p.) were given once each day at a dose of 16 mg/kg
per day. Aerosol treatments were either intermit-
tent (80 min/day) or continuous (22 h/day). The dos-
age of the two aerosol methods of treatment was
adjusted by using a spray suspension containing
either 100 or 20 mg of ribavirin per ml for the inter-
mittent and continuous methods, respectively. The
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retained aerosol dose (50% of presented dose) for
intermittent aerosol (80 min/day) was 21.5 mg/kg
per day, whereas that for the continuously dissemi-
nated aerosol was 58 mg/kg per day, based on the
calculated inhaled dose (14) and the retention prop-

erties of small-particle aerosols (4). Virus control
mice were sham treated with sterile triple-distilled
water for 80 min/day.
Two treatment schedules were followed. In one,

therapy was initiated at 6 h postexposure to the
virus and continued through 4 days. The second
schedule involved initiation of therapy 3 days post-
exposure to the virus and continued through 7 days.

Gross lung lesion scores and histopathology.
Five mice were killed on days 1, 2, 4, 6, 7, and 9
postinfection; the lungs were examined for gross
lesions. The degree of pathological change was

scored by the method of Fazekas de St. Groth and
Donnelley (2) with the modification that dead ani-
mals were not included. Complete lung consolida-
tion was scored as a 4 under this system. The values
plotted represent the mean lung lesion scores of five
mice from each group for each day.

Three mice were killed from each group 7, 14, and
21 days postexposure for histological examination.
The lungs were fixed and processed as previously
described (15).

Data. The percentage of survival was based on

deaths occurring on days 5 through 21 after aerosol
exposure to the virus. Mice used for survival data
were separate from those used for virus titers or

pathology examination. Intergroup comparisons
were made using chi-square analysis for survival
and one-way analysis of variance and Fisher's pro-
tected least significant difference test (13) for time to
death. The mean time of death was calculated using
only mice dying during the observation period.
Survivors were not included in the calculations.
Survival and time-to-death data from two replicate
experiments were not statistically different and
were combined.

RESULTS

Survival and MTD. Significant increases in
percent survival (P < 0.005) occurred in all
groups of mice given ribavirin regardless of the
method of treatment or time of initial treat-
ment (Table 1). There was no difference be-
tween the percentage of the survival of mice
treated with continuous or intermittent small-
particle aerosols when treatment was initiated
at 6 h. Both aerosol methods of treatment re-
sulted in significantly greater survival (P <
0.005) than the i.p. method of treatment. When
treatment was initiated at 3 days, survival fol-
lowing all methods of therapy was significantly
greater than that of the sham-treated virus
control mice (P < 0.005). The aerosol methods
were not superior to i.p. treatment when ther-
apy was initiated on day 3. Treatment initiated
at 6 h resulted in significantly greater percent
survival (P < 0.005, by analysis of variance)
than the same method of treatment initiated at
3 days.
Treatment (i.p.) initiated at 6 h did not sig-

nificantly affect the mean time-to-death (Table
1). However, the time-to-death of mice treated
from days 3 through 7 was significantly greater
(P < 0.01) than for sham-treated virus control
mice regardless of the method of treatment.
Virus titers. When therapy was initiated at 6

h, the peak lung virus titer of mice treated with
continuously disseminated aerosols was signifi-
cantly lower (P < 0.05) than the peak virus
titer of sham-treated virus control mice at 48 h
(Fig. 1, top). At 96 and 144 h, both intermittent
and continuous aerosol methods of treatment
resulted in significantly lowered lung virus ti-

TABLE 1. Effect of ribavirin on survival and time-to-death of mice challenged with influenza virus by the
aerosol routea

Survival Mean time to death ±
Therapy route Regimen SEMb (days)

Survivors/total (dys

Treated 6 h to 4 days
Sham treated 80 min/day 27/109 24 7.6 ± 0.2
i.p. 1/day 62/110 56c 8.3 ± 0.3
Aerosol 80 min/day 105/110 95c,d 11.0 ± 1.4e
Aerosol 22 h/day 76/79 96c,d 11.3 ± 1.5e

Treated 3 to 7 days
Sham treated 80 min/day 19/110 17 7.2 ± 0.1
i.p. 1/day 46/110 41c 8.8 ± 0.3c
Aerosol 80 min/day 59/110 53c 9.6 ± 0.5c
Aerosol 22 h/day 38/79 48c 9.4 ± 0.f6
a Challenge dose (mean egg infective dose per mouse) was 104 ±+ 0.06 mean egg infective doses/mouse.
b SEM, Standard error of the mean.
c P < 0.005 versus sham treated.
d p < 0.005 versus i.p.
e P < 0.01 versus sham treated.
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trol mice (Fig. 3). When the compound was
administered by aerosol, marked reduction in
gross pathology was evident.

Similar reductions in pathology were noted
by histological examination at 7, 14, and 21
days. Representative sections of lungs 21 days
after infection from each of the four groups of
mice initially treated at 6 h are shown in Fig. 4.
The sections from the lungs of aerosol-treated
mice are essentially normal. Aerosol-treated
mice (Fig. 4C and D) did not have bronchial
hyperplasia. Bronchial hyperplasia was seen in
both the sham-treated control mice (Fig. 4A)
and to a lesser extent in i.p.-treated mice (Fig.
4B). Alveolar fetalization was noted in the i.p.-
treated groups, but not in aerosol-treated
groups. The alveolar fetalization and broncho-
pneumonia seen at 21 days in the i.p.-treated
mice were less than those observed in the sham-
treated controls.

DISCUSSION
wer_ nLa oy r___ reportec____3 AL rLanta67 | ~~We have previlously reported that rimanta-
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FIG. 1. Effect of ribavirin on lung virus titers in
influenza-infected mice. (Top) Therapy initiated 6 h
postexposure to the virus and continued for 4 days.
(Bottom) Therapy initiated 3 days postexposure and
continued for 4 days. Symbols: sham-treated virus
control (O); i.p.-treated (O); aerosol-treated, 80
min/day (A); continuous aerosol-treated (0).

ters (P < 0.025 and P < 0.005, respectively)
compared with titers from sham-treated virus
control mice. The i.p. therapy had no effect on

titers of these time periods. When treatment
was from 3 through 7 days, only continuously
administered aerosols resulted in significantly
(P < 0.05) lower lung virus titers at 6 and 7
days (Fig. 1, bottom).
Serology. Serum was collected from surviv-

ing mice at 42 days after infection to gain in-
sight into the effect ribavirin might have on the
immune system. Hemagglutination-inhibition
titers of surviving sham-treated virus control
mice (Table 2) were equivalent to those of sur-

viving treated mice.
Pathology. By day 3 sham-treated virus con-

trol mice had bronchopneumonia with an ac-

companying bronchial hyperplasia (Fig. 2). The
effects of ribavirin treatment initiated 6 h after
infection on gross pathology are shown in Fig.
3. Gross lung changes were evident in the
sham-treated infected control mice 24 h after
histopathological evidence of pneumonia. The
lungs of sham-treated control mice were totally
consolidated by day 6. Gross lung lesions in
mice treated i.p. with ribavirin initially at 6 h
were not different from those observed in con-

TABLE 2. Effect of ribavirin treatment on 42-day-
serum hemagglutination-inhibition influenza titers

Route of therapy (geometric mean
reciprocal titer)

Duration of Sham- Aerosol
therapyof am- i.p. treat- Aerosol 80 continu-

rus control 10) min (n = ous (n =
(n =5) ______) 10)

6 h to 4 days 139 242 160 80
(121,160)a (184,320) (138,185) (63,101)

3 to 7 days 127 118 187 139
(101,160) (104,133) (169,207) (109,179)

a t Standard error of geometric mean.
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FIG. 3. Effect of ribavirin on the development of
gross lung lesions in influenza-infected mice. Ther-
apy was initiated 6 h postexposure and continued for
4 days. Symbols: sham-treated control (-); i.p.-
treated (O); aerosol-treated, 80 min/day (A); contin-
uous aerosol-treated (0).
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FIG. 2. Histological changes obserued in mouse Ilonlgs 3 (lays postexposiore to the Uirus. Note evidence of
bronchopneumonia and bronchial hyperplasia with initial alveolar changes in alveoli closelY associated with
the bronchi.

when administered as small-particle aerosols was therapeutically effective both by the aero-
(15, 16). Amantadine was ineffective when sol and i.p. routes, it was most effective as
given i.p., but resulted in significantly in- continuously administered aerosol for 4 days.
creased survival rates when administered as a Rimantadine did not affect either the concen-
small-particle aerosol. Although rimantadine tration of virus or the development of lesions in
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FIG. 4. Histological differences 21 days postinfection in the lungs of untreated and ribavirin-treated mice
when therapy was initiated 6 h postexsposure to influenza virus. (A) Lung section from a sham-treated virus
control mouse showing severe bronchopneumonia, bronchial hyperplasia, and alveolar fetalization. (B)
Section from a mouse treated i.p. showing some bronchopneumonia, alveolar fetalization, and a microabscess.
(C) Normal-appearing section from a mouse treated with small-particle aerosols ofribavirin 80 mm/day for 4
days. Note normal-appearing bronchial mucosa. (D) Lung section from a mouse treated with continuous
aerosols of ribavirin. Note the lack of bronchial hyperplasia and the normal-appearinlg alveolar duct.

the lungs regardless of method or schedule of appeared to reduce the development of lesions
administration. The effect of aerosols of aman- and concentration of virus in the lungs (16). In
tadine was similar to that of rimantadine when contrast, ribavirin appeared to affect virus ti-
therapy was initiated at 6 h; however, when ters and the extent of lesions when adminis-
therapy was initiated 3 days postinfection, it tered as an aerosol (16).
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Our present study has confirmed previous
findings with ribavirin and provided detailed
information on the extent to which ribavirin
affects virus titers and prevents the develop-
ment of lung lesions when administered at 6 h
as an aerosol. After i.p. administration, how-
ever, survival was significantly increased, but
the development of lesions and virus titers in
the lungs were unaffected. Aerosols of ribavirin
were most effective when therapy was initiated
at 6 h, but therapy initiated at day 3 also signif-
icantly increased the percent survival and low-
ered virus titers. Less extensive development of
lung lesions occurred when the drug was ad-
ministered at 6 h than at 3 days. By day 3 the
pathological process was established and,
therefore, therapy initiated at 3 days had the
effect of expediting resolution rather than pre-
venting lesion development.
We have stated as a hypothesis that the

administration of an effective antiviral com-
pound such as ribavirin directly to the surface
mucosa of the respiratory tract would be the
most efficacious method of administering the
drug for the treatment of respiratory infections
(16). The present findings confirm this hypothe-
sis and emphasize the beneficial effect of aero-
sol treatment.
The mode of action of ribavirin is different

from that of rimantadine and amantadine. Ri-
bavirin administered as a small-particle aero-
sol is clearly antiviral in influenza virus-in-
fected mice, whereas rimantadine and amanta-
dine do not consistently lower virus titers in the
lungs or affect the pulmonary pathology ob-
served (15, 16). Our observation that ribavirin
is effective therapeutically at 3 days, at a time
when virus titers have reached a peak in the
lungs and pneumonia exists, does not support
the suggestion that ribavirin is effective be-
cause it prevents virus titers from exceeding
critical levels (1). Ribavirin is highly effective
after lung virus titers have reached their peak,
suggesting that the therapeutic effect of ribavi-
rin involves more than a simple antiviral effect.
The dramatic effect of ribavirin in inhibiting
developing lung pathology suggests that an
"anti-inflammatory" effect may be an impor-
tant facet of its activity. There is evidence that
other drugs effective against influenza may
also work in a similar fashion (3).

Ribavirin is an effective antiviral drug for
treatment of influenza. It not only increases
survival but lowers virus titers and greatly
modifies the development of histological lesions
in the lungs when administered as a small-
particle aerosol. The most efficacious method of
administering ribavirin is as a small-particle
aerosol (<5 um), and systems are available to

do this (8). Strict attention must be given to the
control of particle size of the aerosol and the
dosage delivered.

LITERATURE CITED

1. Durr, F. E., H. F. Lindh, and M. Forbes. 1975. Efficacy
of 1-,8-o-ribofuranosyl-1,2,4-triazole-3-carboxamide
against influenza virus infections in mice. Antimi-
crob. Agents Chemother. 7:582-586.

2. Fazekas de St. Groth, S., and M. Donnelley. 1950.
Studies in experimental immunology of influenza.
IV. The protective value of active immunization.
Aust. J. Exp. Biol. Med. Sci. 28:61-75.

3. Fujita, H., Y. Seto, and S. Toyoshima. 1975. Mecha-
nism of action of anti-influenza benzamidine deriva-
tives. Antimicrob. Agents Chemother. 7:426-430.

4. Hatch, T. F., and P. Gross. 1964. Pulmonary deposition
and retention of inhaled aerosols, p. 65-67. Academic
Press Inc., New York.

5. Horsfall, F. L. 1957. Midcentury inventory. Public
Health Rep. 72:905-906.

6. Huffinan, J. H., R. W. Sidwell, G. P. Khare, J. T.
Witkowski, L. B. Allen, and R. K. Robins. 1973. In
vitro effect of 1-,8-u-ribofuranosyl-1,2,4-triazole-3-car-
boxamide (Virazole, ICN 1229) on deoxyribonucleic
acid and ribonucleic acid viruses. Antimicrob. Agents
Chemother. 3:235-241.

7. Khare, G. P., R. W. Sidwell, J. T. Witkowski, L. N.
Simon, and R. K. Robins. 1973. Suppression by 1-/3-D-
ribofuranosyl-1,2,4-triazole-3-carboxamide (Virazole,
ICN 1229) of influenza virus-induced infections in
mice. Antimicrob. Agents Chemother. 3:517-522.

8. Larson, E. W., H. W. Young, and J. S. Walker. 1976.
Aerosol evaluations of the DeVilbiss no. 40 and Vapo-
nefrin nebulizers. Appl. Environ. Microbiol. 31:150-
151.

9. Loosli, C. G. 1974. Influenza virus epidemics: a continu-
ing problem. Geriatrics 29:103-120.

10. May, K. R. 1973. The Collison nebulizer: description,
performance and application. Aerosol Sci. 4:235-243.

11. Roessler, W. G., and D. A. Kautter. 1962. Modifications
to the Henderson apparatus for studying air-borne
infections. Evaluations using aerosols of Listeria
monocytogenes. J. Infect. Dis. 100:17-22.

12. Scott, G. H., and R. J. Sydiskis. 1976. Responses ofmice
immunized with influenza virus by aerosol and
parenteral routes. Infect. Immun. 13:696-703.

13. Sidwell, R. W., L. B. Allen, G. P. Khare, J. H. Huff-
man, J. T. Witkowski, L. N. Simon, and R. K. Ro-
bins. 1973. Effect of 1-,3-D-ribofuranosyl-1,2,4-tria-
zole-3-carboxamide (Virazole, ICN 1229) on herpes
and vaccinia keratitis and encephalitis in laboratory
animals. Antimicrob. Agents Chemother. 3:242-246.

14. Steel, R. G. D., and J. H. Torrie. 1960. Principles and
procedures of statistics. McGraw-Hill Book Co., Inc.,
New York.

15. Stephen, E. L., J. W. Dominik, J. B. Moe, R. 0. Spert-
zel, and J. S. Walker. 1975. Treatment of influenza
infection of mice by using rimantadine hydrochlo-
rides by the aerosol and intraperitoneal routes. An-
timicrob. Agents Chemother. 8:154-158.

16. Walker, J. S., E. L. Stephen, and R. 0. Spertzel. 1976.
The use of small-particle aerosols of antiviral com-
pounds for the treatment of type A influenza pneu-
monia in animal models. J. Infect. Dis. 133(Suppl):
A140-A144.

17. Witkowski, J. T., R. K. Robins, R. W. Sidwell, and L.
N. Simon. 1972. The design synthesis and broad spec-
trum antiviral activity of 1-/8-o-ribofuranosyl-1,2,4-
triazole-3-carboxamide and related nucleosides. J.
Med. Chem. 15:1150-1154.

554 STEPHEN ET AL.


