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ADMINISTRATION OF CYCLOSPORINE BY INHALATION: A FEASIBILITY STUDY IN BEAGLE DOGS

Abstract - �ral cyclosporine nhibits the primary,

but-not the secondary Immune responses in the lung. PRINCIPAL INVESTIGATORS

These findings suggest that the local administra- B. A. Muggenburg

tion of cyclosporine by Inhalation could be a use- M. D. Hoover

ful tool for increasing our understanding of lung B. P. Griffith*

Immunity. Five dogs were each treated with inhaled, P. J. Haley

oral and intravenous cyclosporine, aerosol vehicle 14. B. Snipes

(ethyl alcohol), and no treatment, over a 5-wk peri- R. K. Wolff

od. One treatment per week was given to each dog. H. C. Yeh

A radiolabel, 99"brc was included in the cyclosporine J. Burckart**

aerosol to allow visualization of lung distribution J. L. Mauderly

of the aerosol. Blood plasma concentrations of cy-

closporine were approximately the same at 4 h and were essentially cleared by 24 h for all routes

of administration. Aerosol distribution in the lung appeared uniform, based on 99mTc

scintigrams. In a second study, two dogs nhaled cyclosporine once a day for five days, two dogs

Inhaled the aerosol vehicle, and one dog was not treated. No evidence of acute lung injury, based

on cell counts, total protein, alkaline phosphatase, or lactic dehydrogenase levels In the

bronchoalveolar lavage fluid, was found at 24 h after one or five administrations of

cyclosporine. These data indicate that cyclosporine administered by aerosol either once or five

times was distributed throughout the lung and was absorbed into the blood without producing an

acute Inflammatory reaction in the lung. Our results suggest that cyclosporine may be safely

given by Inhalation for studies of local immune responses in the lung.

The introduction of cyclosporine as an immunosuppressive agent has greatly improved the

survival of patients receiving lung or heart-lung transplants.1 Prior to the use of cyclosporine,

the longest survival was approximately 10 mo post-surgery.2 With cyclosporine treatment, some

patients have been reported to survive more than 7 yr after heart-lung transplantation, although

the one-year survival rate has averaged only 50 percent.3

Despite the improved early survival of patients with lung transplants, the long-term survival

rate has been lower than for heart, kidney, and liver transplants.3 The reasons for poor survival

are still unknown, but may be related to pulmonary infections and chronic rejection.4,5

Studies at this Institute of the pulmonary immune response have shown that a local immunologic

response occurs in the lung following intrapulmonary instillation of an antigen.5 Studies with

orally administered cyclosporine a potent immunosuppressive agent, have shown that the primary

local pulmonary response is significantly reduced, but that a response does occur to antigen

challenge 1986-87 Annual Report, LMF-120, pp. 461-467). Studies using inhaled cyclosporine may

further our understanding of the local immune response in the lung, because of cyclosporine's

ability to block the primary immune response in the lung. In addition, inhaled cyclosporine may

be clinically useful for treatment of lung transplant patients.

*Department of Surgery, University of Pittsburgh, Pittsburgh, PA 5261.
"Department of Pharmacy, University of Pittsburgh, Pittsburgh, PA 15261.
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This study was designed to evaluate the possibility of administering cyclosporine as an

aerosol. The overall intent was to increase the amount of cyclosporine to the organ of concern,

the lung, while not increasing the levels of cyclosporine in the blood. This pilot study involved

the development of a respirable aerosol of cyclosporine, evaluation of the deposition of inhaled

cyclosporine in dogs, quantification of the appearance of cyclosporine in the blood following

inhalation, and determination of acute injury to the lung caused by inhaled cyclosporine. The

study demonstrated that cyclosporine can be delivered as an aerosol to dogs, and that single and

repeated inhalations of cyclosporine result in absorption of the inhaled material into the blood

with no detectable, acute lung injury.

MATERIALS AND METHODS

Aerosol Development

Aerosols of cyclosporine were generated f rom a Lovelace nebulizer using an ethyl alcohol

(EtOH) solution (this report, pp. 54-57). A radiolabeled cyclosporine aerosol was prepared for

evaluation of whole body and lung deposition by adding up to I mCiML 99mTc 37 MBq) as a sulfur

colloid in physiological 9 mg/mL) saline. The colloidal preparation of 99mTc was selected over

the soluble sodium pertechnetate form because the colloid is not readily dissolved in the lung

and, therefore, provides a representative measure of te initial deposition of the aerosol in the

exposed animal. An inert control aerosol for the inhalation deposition studies was prepared from

a suspension of I mCi/mL 99mlc 37 MBq) sulfur colloid in EtOH. The control aerosol for the

repeated inhalation exposures, with no radicilabel, was EtOH.

Five, 11-yr old, female Beagle dogs from the Institute's colony were used in this study. The

dogs weighed between and 12 kg each. They were housed in kennels with indoor and outdoor runs.

They were moved to indoor cages the day before each exposure to cyclosporine and before

bronchoalveolar lavage (BAL) procedures.

Comparison of Route of Administration

The treatments selected for comparing the influence of administration route were oral

cyclosporine, intravenous cyclosporine, inhaled cyclosporine with the 99mTc radiolabel, inhalation

of the 99mlc aerosol without cyclosporine, and no treatment. Each of the five dogs received each

of the five treatments, one treatment per week for weeks, using a latin square experimental

design (Table 1.6 he order in which the treatments were given was different for each dog.

For the intravenous administration of cyclosporine, dogs were given Sandimmune I.V. Solution

in the amount of 25 mg cyclosporine per dog (approximately 25 mg/kg body mass). Because it is

recommended that the oral dose of cyclosporine be 3-fold larger than the intravenous dose, the

dose of Sandimmune Oral Solution was 75 mg (approximately 75 mg/kg body mass).

Evaluation of Repeated Exposures to Cyclosporine

The same f ive dogs used in the experiment involving route of administration were used to

evaluate the effects on the lung from repeated exposures to cyclosporine. Two of the five dogs

were randomly selected to be given the cyclosporine by aerosol, two dogs received sham inhalation

exposures to the alcohol solution only, and one dog was the untreated control. This experiment

was conducted for one week, during which the dogs were given their aerosol exposures for one hour

each day for days. Because no measurements of regional deposition of the aerosols were required

in this part of the study, no 99mTc was added to the solutions.

Administration of Cyclosporine by Inhalation

The dogs were sedated with acepromazine (PromAce, Ayerst aboratories, Inc., New York, NY)

before the exposure started. A mouthpiece was placed between the dog's teeth, the nares were

covered with vaseline-coated gauze, and the dog's muzzle was covered with a soft latex mask. This
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Table 

Experimental Design for the Sequence of the Five Treatments

for the Five Dogs (A, B, C, and E) Over a Five-Week Period

Weeks

Treatments 1 2 3 4 5

Inhaled
Cyclosporine A C B 0 E

Oral
Cyclosporine B A D E C

Intravenous
Cyclosporine C 8 E A D

Inhalationa
Control D E C B A

No Treatment E D A C B

aInhalation control consisted of exposure to the aerosol vehicle
(ethyl alcohol) and 99mTc.

arrangement enabled the dog to breath through its mouth with no nose breathing. The mouthpiece

was attached to the aerosol generation system during exposure, and the dogs were placed in a sling

within a whole-body plethysmograph to permit measurement of respiratory rate and tidal volume.

For the inhalation part of the route-of-administration experiment, the amount of cyclosporine

deposited in the whole-body and in the lung was estimated by using a gamma camera (Picker Dyna

Camera 415, North Haven, CT) to quantify the total amount and spatial distribution of 99mT in

the body at approximately 30 min post exposure. The ratio of 99mTc activity per unit cyclosporine

mass in the aerosol was determined by counting and weighing samples of the labeled cyclosporine

collected on filters during the exposures. The distribution of cyclosporine in the body was

assumed to be the same as the distribution of 99mTc activity. Using the ratio of cyclosporine to

99mTc activity in the exposure aerosol, the amount of cyclosporine in the lung was estimated using

computer analysis of gamma counts to delineate the 99mTc activity in the lung lobes, while

excluding the activity found in the head airways and the gastrointestinal tract. For each dog,

the exposure air concentration and the dog's respiratory rate and tidal volume were correlated

with the measured whole body and lung burdens of 99mTc to calculate deposition fractions for the

aerosols. The amount of cyclosporine deposited in the lungs of the dogs in the repeated-exposure

study was estimated using the aerosol cyclosporine concentration, respiratory pattern of the dogs

for each exposure, and the duration of exposure.

Determination of Cyclosporine in Blood

In the experiment to compare route of administration, the level of cyclosporine in the blood

was monitored by collecting a blood sample at 1 4 24, and 72 h after treatment. The

cyclosporine in the plasma was measured by radioimmunoassay (Cyclo-trac, Stillwater, MN). In the

experiment to evaluate repeated exposures to cyclosporine, blood samples were taken at 4 and 23 h

after each day's inhalation exposure. An additional sample was taken at h after exposure on the

first and last days of the experiment. Blood levels were normalized to the estimated amount

administered by inhalation, based on exposure air concentration, exposure duration, and the dog's

respiratory rate.
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Evaluation of Lung Response to Cyclosporine

The acute response of the lung to the treatments was evaluated from the clinical response of

the dogs and from a bronchoalveolar avage sample (BAL) obtained by bronchoscopy at 24 after

each treatment. Food was withheld for 12 h before each BAL procedure. Anesthesia was induced and

maintained using halothane in oxygen. An endotracheal catheter was installed and a fiberoptic

bronchoscope was passed into a lobar bronchus and wedged. A different lobe was used for each

BAL. The lavage consisted of five, 10-mL washes of saline. The fluid was gently aspirated from

the lung and placed in a sterile tube in ice. The BAL fluid was analyzed for total and

differential cell counts and for the amount of alkaline phosphatase, lactate dehydrogenase, and

total protein in the supernatant.7

The data were evaluated by analysis of variance, using the procedure for the latin suare.6

When significant differences were found, the Duncan-multiple-range test was used to determine

which means were significantly different.

BAL was performed 72 h before the beginning of the repeated exposures, and 24 and 96 h after

the last inhalation exposure. As in the experiment comparing routes of administration, total and

differential cell counts were done on the BAL fluid, and total protein, alkaline phosphatase, and

lactic dehydrogenase levels were measured.

RESULTS

When cyclosporine was dissolved in EtOH, it formed a clear solution that could be nebulized

and dried to provide a respirable aerosol of spherical particles. For further details on the

aerosol characteristics, see this report, pp. 54-57). Table 2 summarizes the cyclosporine air

concentrations, dog respiration rates, and cyclosporine deposition results for the inhalation

exposures conducted in the first study, in which the different routes of administration were

Table 2

The Cyclosporine Aerosol Concentration Measured uring

the 60-min Exposure, Mean Minute Volume of Respiration

During Exposure, Amount of Cyclosporine Deposited, and

Fraction of Inhaled Materials that was Deposited. Concentrations

of Cyclosporine Measured in the Blood After the Exposures are also Shown.

Inhaled

Cyclosporine Cyclosporine,

Dog Deposition Fractional

Body Air Minute Whole Deposition Cyclosporine in

Dog Mass Concentration Volume Body Lung Whole Plasma n/mL) a

Number LK9) (mqlL) -(L) (mq) (mq) Body Lung 1 h 4 h 24 h

A 9.9 0.41 5.2 44 22 0.35 0.17 860 600 < 30

B 8.0 0.70 1.0 8 2 0.20 0.05 140 84 < 30

C 11.5 0.61 2.8 39 12 0.38 0.12 400 520 < 30

0 11.6 0.47 5.5 58 37 0.38 0.24 1100 620 30

E 8.7 0.77 4.2 152 24 0.78 0.13 900 700 < 30

aThe lower limit of detection for the radioimmunoassay method for cyclosporine is approximately
30 ng/mL of plasma.
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compared. The exposure aerosol had a mean particle size distribution measured during the

exposures of 22 04 pm activity median aerodynamic diameter, with a 2.1 ± .1 geometric

standard deviation (GSD). The 1-h exposures resulted in 60 ± 54 mg (mean ± I standard deviation)

of cyclosporine in the whole body, as determined by counting the 99mTc at approximately 30 min

after the exposure ended. The mean amount of cyclosporine in the lung at the same time after

exposure wa� 19 ± 13 mg. Because the amount of aerosol deposited in lung is dependent on

respiratory frequency and tidal volume, as well as on inter-animal differences, considerable

variation between animals was expected, and is reflected in the results in Table 2 Visual

inspection of the 99mTc scintigram of the lung showed relatively uniform distribution of the

inhaled material throughout the lung.

Comparison of the Route of Administration

The amount of cyclosporine measured in the plasma at 1 4 and 24 h after single

administration by inhalation is included in Table 2 Figure I compares these data with the amount

of cyclosporine measured in plasma following administration by the oral or intravenous routes, and

showed that at 4 h after cyclosporine was administered, the amount in the plasma was similar for

all three routes. The amounts of cyclosporine in the plasma following oral and inhalation

administration showed more variation than after intravenous administration, and ranged from

1100-2900 ng/mL and 140-1100 ng/mL, respectively, compared to 200-520 ng/mL after intravenous

administration. Only trace amounts of cyclosporine were detected in the plasma at 24 h and none

was detected at 72 h after administration by any routes.
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Evaluation of Repeated Exposures to Cyclosporine

Table 3 summarizes the cyclosporine air concentrations, dog respiration rates, and estimated

cyclosporine deposition results for the repeated inhalation exposures. The mean particle size

distribution measured during the exposures was 07 ± .1 pm mass median aerodynamic diameter with

1.8 ± 02 GSD. The mean initial deposition of cyclosporine in the whole body was estimated to be

47 ± 22 mg cyclosporine per day. Table 3 also includes the amount of cyclosporine measured in the

plasma at 4 8, and 23 h after each inhalation exposure. Figure 2 presents these data in relation

to the estimated milligrams of cyclosporine deposited in the whole body during the inhalation
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exposures. The daily administration of cyclosporine by inhalation resulted in some variation in

blood plasma levels from day to day, but there was no trend of rise or fall over the 5-day study.

Only trace amounts were found at 24 h.

Table 3

The Cyclosporine Aerosol Concentration Measured During the Repeated

1-h Exposures, Mean Minute Volumes of the Dogs During Exposure,

and Estimated Amounts of Cyclosporine Deposited in the Whole Body

and Lungs of the Dogs. Concentrations of Cyclosporine Measured in

Blood After the Exposures are Also Shown.

Estimated

Cyclosporine

Dog Deposition

Cyclosporine Air Minute Whole Cyclosporine in

Dog Exposure Concentration Volume Body Lung Plasma n/mL) a

Number Day (mg/L) (L) (mq) Lgl h h 24 h

A 1 0.57 2.3 28 13 500 190 38

2 0.46 3.3 32 15 150 - < 30

3 0.24 3.7 19 9 130 - 30

4 0.48 5.9 60 29 180 - < 30

5 0.45 8.4 80 39 420 255 41

B 1 0.20 4.2 19 6 110 96 45

2 0.48 7.1 78 25 200 - 38

3 0.47 4.5 48 15 52 - < 30

4 0.43 4.7 46 15 200 - 35

5 0.46 5.9 62 20 78 50 39

aThe lower limit of detection of the radioimmunoassay method for cyclosporine is
approximately 30 ng/mL of plasma.
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Evaluation of Lung Response to Cyclosporine

The dog5 exhibited no significant signs of toxicity after a single or five daily inhalations

of cyclosporine. Two of the dogs had a transient, nonproductive cough observed only at 24 h after

inhalation exposures in the first experiment. One of these dogs also had a cough at 24 h after

the inhalation exposure to the aerosol vehicle containing only the 99mTc (inhalation control).

The three other dogs had no signs of adverse effects. In the second experiment, which evaluated

repeated exposures to cyclosporine, one of the two dogs that inhaled the cyclosporine had a very

mild increase in bronchial sounds during auscultation of the chest, beginning after the first

treatment. This persisted during the five days of inhalation exposures but was not progressive

and was not accompanied by increased respiratory frequency or other signs of illness.

There were no significant differences among the various treatments for the numbers of

neutrophils, lymphocytes, or macrophages in the BAL. Other cell types, such as eosinophils, were

rarely found, and were randomly distributed in the cell counts among the dogs and treatments.

Also, no significant differences were found in the amount of protein or alkaline phosphatase in

the BAL fluid at 24 h after the various treatments. There was a significant increase in the

amount of lactate dehydrogenase in the lavage fluid after inhalation of cyclosporine, compared to

other treatments. This was due to an increase in this enzyme in the BAL fluid of only one of the

five dogs. No significant changes in cell counts, total protein, alkaline phosphatase, or lactate

dehydrogenase levels were found in the BAL fluid at 24 h after the last of the daily inhalations

of cyclosporine (data not shown). Chest radiographs taken 24 h after the five daily inhalation

exposures to cyclosporine were interpreted as normal.

DISCUSSION

The five dogs in this study inhaled the cyclosporine aerosol without evidence of discomfort.

Approximately 40% of the inhaled material was present in the body at 30 min post exposure. The

amount of cyclosporine that was deposited in the lobar airways, bronchioles, and alveoli was about

one third of the total amount that was deposited in the body. The scintigrams of the lungs taken

after inhalation of cyclosporine or of the aerosol vehicle alone suggested that the inhaled

material was uniformly distributed throughout the lung.

The cyclosporine appeared to be easily absorbed from the lung, and blood levels of

cyclosporine after inhalation were the same by 4 h as after oral or intravenous administration.

In the case of inhalation, cyclosporine deposited in the mouth, and that cleared from the large

airways by mucociliary action, was swallowed and absorbed as an oral dose. The amount of inhaled

cyclosporine found in the blood appeared to vary with the amount calculated to have been deposited

in the lung. This suggests that if the breathing patterns were controlled, predictable deposition

levels may be obtained. Methods to provide for deep, slow respiration in awake dogs have been

published, and, although not used in these studies, could be used in future studies of aerosolized

cyclosporine.8 The amount of cyclosporine in the blood also varied from day to day in those dogs

that inhaled cyclosporine for days. The variation between dogs was less than the individual,

day-to-day variation for each dog, again suggesting that consideration of the breathing pattern is

important in predicting blood levels of the drug. This study did not directly address the

question of the local concentration of cyclosporine in the lung or of its distribution in the

small airways, except for the measurement of aerosol distribution by scintigraphy. It would seem

reasonable to speculate that a differential concentration of cyclosporine would occur, with a

lower concentration in the blood and then on air exchange surface of the lung where the inhaled

cyclosporine deposited.
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There was no evidence that cyclosporine induced acute inflammation in the lung after one or

five, daily inhalation exposures. None of the observed clinical signs of cough and increased

bronchial signs, were progressive, and these resolved without treatment and without stopping the

experiment. Other indicators of lung injury (absolute neutrophil, lymphocyte, and macrophage

counts, total protein, alkaline phosphatase, and lactate dehydrogenase levels in the BAL fluid),

did not increase after inhalation of cyclosporine. No changes were observed in chest radiographs

taken at 24 h after the last of the repeated inhalations of cyclosporine.

CONCLUSIONS

In summary, these studies demonstrated that respirable aerosols of cyclosporine could be made

with and without a radiolabel, that dogs inhaled the drug without signs of discomfort, and that

inhaled cyclosporine was deposited in the lung in a manner similar to that of other aerosols. The

cyclosporine appeared to be uniformly distributed in the lung and was readily absorbed into the

blood. No evidence was found to indicate that the inhaled cyclosporine caused any acute

inflammatory response. These findings suggest that cyclosporine could be administered by

inhalation to further study local immune responses in the lung. This route of administration

might also be useful in the treatment of lung transplant patients.
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