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Here we describe an experimental murine model that allows for aerosolized antituberculosis drug efficacy testing. Intrapulmo-
nary aerosol delivery of isoniazid, capreomycin, and amikacin to mice with pulmonary infection of Mycobacterium tuberculosis
demonstrated efficacy in reducing pulmonary bacterial loads similar to that seen by standard drug delivery methods, even when
lower concentrations of drugs and fewer doses were used in the aerosolized drug regimens. Interestingly, intrapulmonary deliv-
ery of isoniazid also reduced the bacterial load in the spleen.

Tuberculosis (TB) is a chronic infectious disease with increasing
incidence of drug resistance. Patients with drug-susceptible

TB receive 6 to 9 months of combination drug treatment consist-
ing of isoniazid (INH), rifampin (RIF), pyrazinamide, and etham-
butol by the oral route for 2 months followed by INH and RIF for
another 4 to 6 months. For patients with multidrug-resistant tu-
berculosis (MDR-TB) infection, current guidelines still recom-
mend prolonged (up to 2 years) therapy using second-line TB
drugs. Of the second-line drugs, parenterally administered anti-
microbials of initial choice are amikacin, kanamycin, and capreo-
mycin (1). The optimal duration for the treatment of MDR-TB
with injectable agents is not known, and treatment with these
agents is associated with substantial toxicity. New drugs that have
the potential to shorten therapy, can be easily administered, and
have low toxicity would be a great advance in TB drug develop-
ment. An alternative approach is to use an aerosolized method to
deliver high concentrations of anti-TB drugs locally to the site of
the infection. Aerosolized drugs, unlike injectable agents, are easy
to administer and provide higher concentrations at the local site of
infection, thereby reducing systemic levels of exposure to the drug
(4, 10–12, 14, 21). There have been several attempts to deliver
aerosols of anti-TB drugs using microparticles, dry powder, and
nebulized forms of drugs, but these approaches are also subject to
inherent problems with formulation and delivery of the carrier
vehicle (8, 9, 11, 13, 20, 22–25). An experimental murine model
that utilizes intrapulmonary aerosol delivery of drugs and allows
for local pulmonary administration of anti-TB drugs and efficacy
testing will facilitate the development of new agents for anti-TB
aerosol drug delivery. In addition, the murine model could be a
tool for early experimental compounds with limited oral bioavail-
ability to obtain an in vivo proof of concept, especially for natural
product compounds (with high molecular weights) or those of
peptide origin.

These studies compare the efficacies of commonly used anti-
TB drugs when delivered by intrapulmonary aerosol delivery, oral
administration, or the subcutaneous injection route using a low-
dose aerosol infection of Mycobacterium tuberculosis in an immu-
nocompetent murine model. INH, an orally administered drug,
and the parenteral anti-TB drugs capreomycin and amikacin were
chosen to validate the efficacy of intrapulmonary aerosol delivery
versus that of standard routes of administration in mice experi-
mentally infected with M. tuberculosis. All three drugs are cur-
rently used for human TB treatment and have been extensively

studied in the murine model of TB infection used for drug testing
(1, 5–7, 17–19). The purpose of this work is to obtain an in vivo
proof of concept to demonstrate that when drugs are adminis-
tered locally via intrapulmonary aerosol delivery to mice chroni-
cally infected with M. tuberculosis, they can have efficacy similar to
that seen when drugs are administered by their standard route of
administration (by injection or oral gavage), even when given at a
lower dose and dosing frequency. The novel mouse model for
efficacy testing of antituberculosis agents via intrapulmonary de-
livery described here has the potential to offer a new animal model
for preclinical TB drug discovery and development.

Ten- to 12-week old BALB/c female mice with an average
weight of 22 g were infected with a low-dose aerosol using the
Glas-Col inhalation exposure system calibrated to deliver �50 to
100 Mycobacterium tuberculosis (Erdman strain, TMC107; ATCC
35801) bacilli into the lungs of each mouse. Three mice were sac-
rificed at day 1 postinfection to determine bacterial uptake. Whole
lungs were homogenized in 1 ml of saline and plated on 7H11 agar
plates. At the start of therapy, on day 24 postinfection, 6 mice were
sacrificed to determine the bacterial load in the lungs. The bacte-
rial load was determined using serial dilutions of homogenized
organs that were plated on 7H11 agar plates as previously de-
scribed (2). The bacterial load in each animal was expressed as the
log10 numbers of CFU.

Drug therapy began on day 24 postaerosol infection. Mice re-
ceived drug therapy (Table 1) via oral gavage or the subcutaneous
injection route as reported earlier (3). The treatment regimens
administered by intrapulmonary aerosol delivery of drugs and
systemic delivery (oral gavage or subcutaneous injection) are
shown in Table 1. Briefly, mice treated by oral gavage received
INH (Sigma-Aldrich) five times a week at a dose of 25 mg/kg of
body weight (550 �g/dose). Other groups of mice received
capreomycin or amikacin (Sigma-Aldrich) by subcutaneous in-
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jection at a dose of 150 mg/kg (3,300 �g/dose). Groups of mice
treated by intrapulmonary aerosol delivery with INH, capreomy-
cin, or amikacin received 500 �g/dose three times per week. After
2 or 3 weeks of therapy, mice were euthanized; the lungs and
spleens were homogenized, and the bacterial load was determined
as indicated above. A statistical analysis was performed using a
one-way analysis of variance followed by a pairwise comparison of
treatment group means using the Tukey test.

Mice were drug treated by intrapulmonary aerosol delivery
using a microspray device (MicroSprayer, model IA-C; Penn-
Century, Philadelphia, PA) attached to an FMJ-250 high-pressure
syringe device (Penn-Century) as described earlier (15, 16).
Briefly, mice were anesthetized using an isoflurane and oxygen
mixture (5% isoflurane in oxygen at 4 liters/min; VIP 3000 isoflu-
rane vaporizer) for about 10 min until animals were sedated. Each
mouse was placed on its abdomen in a Perspex support adjusted to
a 45° angle; the teeth were suspended up with an incisor loop
located on top. During the intubation, the mouse was on contin-
ued isoflurane anesthesia. The mouth was opened and, with the
help of a cotton tip, the tongue was extended. Then the Micro-
Sprayer tip was aimed at the trachea and the formulation was
sprayed. The mouse was taken off the support and laid in its cage
until it awoke from the anesthesia (2 to 3 min). After administra-
tion of the anesthetic, the animals were monitored for regular
breathing and behavior.

The results showed that the pulmonary bacterial load (deter-
mined as the average number of CFU for each group of mice
treated with INH by oral gavage or intrapulmonary aerosol deliv-
ery) was significantly reduced after 2 and 3 weeks of either treat-
ment (P � 0.05) (Fig. 1A). The bacterial load in lungs of the
control mice treated with distilled water by intrapulmonary aero-

sol was not statistically different from that of untreated mice (P �
0.314) (data not shown). The reduction in the bacterial load after
local pulmonary delivery of INH was similar to that of INH ad-
ministered by oral gavage. Mice treated by the intrapulmonary
aerosol received 6 (2 weeks of treatment) or 9 (3 weeks of treat-
ment) doses, whereas the oral gavage groups received 10 or 15
doses during 2 or 3 weeks of treatment, respectively. Interestingly,
when INH was delivered by intrapulmonary aerosol, there was
also a reduction in the bacterial load of the spleen, albeit not to the
same extent as when INH was administered by oral gavage (P �
0.05) (Fig. 1B).

The efficacy of the intrapulmonary aerosol delivery for capreo-
mycin and amikacin is shown in Fig. 2. Neither capreomycin nor
amikacin is orally bioavailable. Mice treated by the intrapulmo-
nary aerosol or by subcutaneous injection of capreomycin or ami-
kacin demonstrated similar reductions of the pulmonary bacterial
load after 3 weeks of treatment. During the 3 weeks of treatment,
mice treated with capreomycin or amikacin received a total of 9
doses when delivered by intrapulmonary aerosol or a total of 15
doses by subcutaneous injection. Similarly, both drugs were ad-
ministered at 500 �g/dose when delivered by the intrapulmonary
aerosol and at 3,300 �g/dose when delivered by subcutaneous
injection. The bacterial loads of controls treated with sterile phos-
phate-buffered saline (PBS) (diluents for the drugs) were statisti-
cally similar to those of untreated mice (P � 0.05). The bacterial
load in the spleen of mice treated by either intrapulmonary aerosol
or subcutaneous injection with capreomycin or amikacin did not
differ significantly from that of the control mice treated with the
drug diluents (P � 0.05) (data not shown).

In conclusion, local pulmonary delivery of anti-TB drugs re-
sults in a reduction of the bacterial load similar to that of systemic
administration via an oral or injection route. Less-frequent dosing
of INH by the pulmonary aerosol route in these studies demon-
strates a similar reduction of bacterial load, not only in the lungs
but also in the spleen. Capreomycin and amikacin are drugs cur-
rently used as injectable drugs (1), but this study demonstrated
that local pulmonary administration of capreomycin and amika-
cin has the potential to have improved efficacy in the lungs com-
pared to that of systemic delivery. Less-frequent dosing and lower
total doses of capreomycin and amikacin demonstrated reduc-
tions in the bacterial load in the lungs when delivered locally that
were similar to those when delivered systemically by subcutaneous

TABLE 1 Intrapulmonary and systemic drug delivery regimens

Regimen

Dose amount (�g) and frequency (times per wk) for each
group (n)

Control
(6)

Drug
Drug diluenta

(dH2O or
PBS) (6)

INH
(6)

Capreomycin
(6)

Amikacin
(6)

Intrapulmonary 0/0 500/3 500/3 500/3 50/3
Systemic 0/0 550/5 3,300/5 3,300/5 50/5
a Dose amounts for the drug diluents are in �l. dH2O, distilled water.

FIG 1 Bacterial loads in the lungs of M. tuberculosis-infected mice after treatment with INH delivered by intrapulmonary aerosol or oral gavage. Mice
infected with M. tuberculosis (n � 6) were treated with INH by intrapulmonary aerosol delivery (squares) three times a week or oral gavage (triangles) five
times a week. Rhomboids, control group of untreated mice. The graph shows the log10 numbers of CFU in the lung (A) and spleen (B). NS, not significant;
Rx, treatment; *, P � 0.05.
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injection. Our results suggest that local aerosolized administra-
tion of INH, capreomycin, and amikacin in TB patients has the
potential to improve TB treatment efficacy severalfold, easing
drug administration, reducing the frequency of dosages and total
drug dosages, diminishing patient discomfort caused by needle
injections, and possibly reducing systemic toxicity. Further ad-
vanced studies of particle size to ensure intra-alveolar deposition
and optimized pharmacokinetics are warranted.
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FIG 2 Bacterial loads in the lungs of M. tuberculosis-infected mice after
capreomycin or amikacin intrapulmonary aerosol delivery or subcutaneous
injection. Groups of mice (n � 6) were treated with amikacin or capreomycin
by subcutaneous injection (subQ) at 3,300 �g/dose five times a week or aerosol
intrapulmonary delivery (ipd) at 500 �g/dose three times a week. Other
groups of M. tuberculosis-infected mice were used as controls (untreated) or
treated by aerosol intrapulmonary delivery with 50 �l/dose three times a week
of the PBS used as a drug diluent (PBS).
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