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EFFECT OF INHALED CYCLOSPORIN A ON THE ALLERGEN-INDUCED LATE
ASTHMATIC RESPONSE AND INCREASED IN AIRWAY
HYPERRESPONSIVENESS IN A GUINEA
PIG MODEL OF ASTHMA

Masafumi Arima, Tatsuo Yukawa, Yoshinori Terashi and Sohei Makino
Department of Allevgy and Clinical Immunology, Dokkyo University School of Medicine

Oral administration of cyclosporin (CsA), a potent inhibitor of helper T cell function, prevents
the allergen-induced late asthmatic response (LAR) and the increase in airway hyperresponsive-
ness (AH) seen in actively sensitized guinea pigs. The systemic administration of this agent in
humans has been associated with serious side effects, therefore, the effects of inhaled CsA were
therefor xamined in guinea pigs that were actively sensitized by repeated exposure to nebulized
ovalbumin. Respiratory resistance (Rrs) of the animals was measured by an oscillation method
and the extent of AH was inferred from the inhaled concentration of histamine required to
increase Rrs by 2009%. The magnitude of ovalbumin-induced immediate bronchoconstriction
after sensitization was similar in CsA-treated and nontreated control animals. However, a LAR
was observed in 4/5 control animals but in 0/5 CsA-treated animals. The increase in AH observed
24 hours after antigen exposure in control animals was significantly inhibited by prior CsA
inhalation. Significant CsA concentrations were detected by radioimmunoassay in the lungs of
CsA-treated animals. Thus, inhaled CsA should be further investigated because it may be useful

treating asthma while avoiding side effects.
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INTRODUCTION

Attention has recently been focused on
inflammatory changes in the respiratory tract
of patients with chronic asthma, including
inflammatory cells such as eosinophils or
lymphocytes?. Clinically, the number of eosino-
phils or lymphocytes in bronchoalveolar lavage
fluid or pulmonary tissue biopsy samples is
positively correlated with the severity of
asthma?®~%, In paticular lymphocytes are
thought to play an important role in chronic
asthma. Accordingly, cyclosporin A (CsA),
which suppresses the activation of helper T
cells”®, has been considered for treating
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cyclosporin A; H,,, The inhaled concentration of his-
tamine resulting in a 2009 increase in Rrs; AR imme-

diate asthmatic response; LAR late asthmatic
response; Rrs respiratory resistance

patients with asthma. The allergen-induced late
asthmatic response (LAR), which occurs 3 to 9
hours after the immediate asthmatic response
(IAR), and the continuous airway hyperrespon-
siveness (AH) that appears approximately 24
hours after the IAR clinically and histologically
resemble chronic and intractable asthma. We
previously demonstrated that the LAR after
exposure to antigen and the ensuing increase in
AH can be suppressed by the oral administra-
tion of CsA in a guinea pig model of chronic
asthma®. In clinical trails, the oral administra-
tion of CsA showed improvement in the lung
function of patients with bronchial asthma'?®, or
reduces the amount of steroids required by
patients with steroid-dependent, intractable
asthma and, in some individuals, to result in
withdrawal from steroid therapy'?. However,
the systemic administration of CsA is associat-
ed with toxicities such as renal and liver dysfun-
ction, hypertension, and cancer. In an attempt
to avoid such side effects, we have now examind
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the anti-asthma effects of CsA administered
topically with an inhaler in the guinea pig model
of chronic asthma.

MATERIAL AND METHODS

Sensitization of guinea pigs

This study was carried out in accordance
with guidelines for Animal Experimentation,
Dokkyo University School of Medicine.

Male Hartley guinea pigs with body masses
of approximately 300 g (Doken, Ibaragi, Japan)
were sensitized by inhaling ovalbumin (Sigma
Chemical Corp., St. Louis, Mo.) from a plastic
cylinder (55 cm, diameter; 8 cm, height). The
animals were fixed with the nose and mouth
toward the center of the cylinder. Ten animals
can be exposed simultaneously and equally with
this device. Ovalbumin (10 mg/ml) was adminis-
tered by an ultrasonic nebulizer (model NE-U12;
Omuron, Kyoto, Japan) daily for 10 min. On the
9th or 10th day, all animals exhibited asthmatic
signs and the respiratory resistance (Rrs) had
increased at least twofold as compared to
baseline measures before ovalbumin inhalation,
indicative of sensitization. Two booster inhala-
tions of ovalbumin (10 mg/ml) were subsequent-
ly administered to the guinea pigs for 5 min at
weekly intervals. They were randomly divided
into two groups for observation of the LAR and
AH, and then divided, at random, into control
and CsA-treated subgroups. The times requird
for sensitization of the animals in each group
were as follows: LAR control group (n=5)
9.5 + 0.02 days; LAR CsA-treated group (n=5),
9.4 + 0.15 days; AH control group (n=5),
9.7 = 0.11 days; and AH CsA-treated group
(n=5), 9.5 = 0.12 days. There were no signifi-
cant differences between the control and CsA-
treated groups with regard to the number of
days required for sensitization.

Determination of Rrs
Rrs was determined by the oscillation tech-
nique which has been described previously!?

Animal chamber

Speaker
Oscilloscope

{P-Amp }

= ——| LE-AMP
V-transducer | P-transducer v

Fig. 1. Schematic illustration of the experimen-
tal apparatus for recording changes in Rrs of
guinea pigs. P, pressure; V, flow; Amp, amplifier.

(Fig. 1). Animals were placed in a plastic cabi-
net, which was 10 cm in inner diameter and 18
cm in length, with a wall thickness of 0.5 cm.
The animals were fixed by surrounding of the
neck with a ring rubber balloon, and a sine wave
pressure of 18 Hz was applied from their rear.
Pressure was generated with a function oscil-
lator (model LGF-1300; Leader Electronics
Corp., Tokyo, Japan) connected to a integrated
power amplifier (model KR-2300; Torio, Tokyo,
Japan) and a woofer speaker (model 12L-27;
Coral Corp., Tokyo, Japan). The amplitude of
the oscillatory pressure was adjusted to 7
cmH,0. The respiratory flow rates of the ani-
mals were extracted by a differential trans-
ducer (model DP-45; Validyne engineering
Corp., Northridge, Calif.) through the screen of
the cone-shaped plastic mask, which has an
8-mm hole at the top of the cone with a
200-mesh steel screen, then depicted on an
amplifier (model 2G46; Shizume Medical Corp.,
Tokyo, Japan), and recorded on a polygraph
(model WTR751, Graphtec Corp., Tokyo,
Japan). The Rrs was derived by measuring the
ratio of the internal presure of the chamber and
the respiratory flow rate.

PCA titer measuvement

Blood samples were taken from each animals
immediately before administration of CsA.
Antibody titer was measured by homologous
passive cutaneous anaphylaxis (PCA) according
to the method described by Watanabe®. Two
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fold dilutions of each smaple were injected
intradermally with volume of 0.1 ml into each
site of the backs of nonsensitized normal guinea
pigs. A mixture of ovalbumin (500 xg) and 1 ml
of 19% Evans Blue in physiological saline was
injected intravenously 4 hours after the
intradermal injection and 7 days later. The
highest dilution producing a more than 8-mm
colored spot 30 min after the injection of the
antigen was used as the PCA titer. The 4 hours
and 7 days-PCA titers were defined as 1gG1 and
IgE antibody, respectively.

Evaluation of AH after exposure to antigen
Physiological saline was added to a 5-ml
ampule of CsA (containing 250 mg of CsA, 3.25
g of polyoxyethylene castor oil, and ethanol)
(Sandoz Pharmaceutical Comp. Basel, Switzer-
land) to a final volume of 50 ml, which was then
administered by inhalation with the ultrasonic
nebulizer for 1 hour on 7 consecutive days to
guinea pigs in the AH CsA-treated group, begin-
ning 7 days after the second booster ovalbumin
inhalation. Five milliliter vehicle (3.25 of
polyoxyethylene castor oil and ethanol) was
diluted with physiological saline to a final vol-
ume of 50 ml, and administered to the control
group in the same manner. Initial AH of each
group was then measured 1 hour after the inha-
lation of final CsA or dilutions. The animals
was then exposed to nebulized ovalbumin (10
mg/ml) for 5 min 3 hours after the determina-
tion of the first AH, followed 24 hours later by
measuring the second AH by the inhalation
histamine. The animals were placed in the ani-
mal chamber and forced to inhale physiological
saline aerosol for 1 min. The Rrs immediately
after inhalation was taken as the baseline value.
Histamine was then inhaled at a concentration
of 39 uxg/ml for 1 min, and the concentration
was then double each subsequent minute, reach-
ing as high as 5000 xg/ml. The histamine con-
centration at which the Rrs showed a twofold or
greater increase over the baseline value was
taken as threshold. By plotting the logarithm of
the inhaled histamine concentration on the x

axis and Rrs on the y axis, AH was determined
from the log of the histamine concentration (log
H.s) at which the Rrs achieved 2009 of the
baseline value.

Evaluation of the LAR after exposure to antigen

Animals in control and CsA-treated groups
were exposed to either dilutions or CsA, respec-
tively, as described for evaluation of AH. Fol-
lowing 1 hour after the final exposure, to pro-
tect the guinea pig from the histamine-induced
anaphylactic shock during the IAR, the his-
tamine HIl-receptor antagonist, diphenhy-
dramine hydrochloride (30 mg per kilogram
body mass) (Sigma Chemical Corp., St Louis,
Mo.) was administered intraperitonealy 15 min
before exposure ot antigen according to the
method described by Hutson. Animals then in-
haled ovalbumin (20 mg/ml) for 10 min, and the
changes in Rrs were measured for up to 9 hours.

Measurement of CsA

CsA in blood and lung tissue homogenates
was measured with a RIA kit (Cyclotrack; Inc-
ster Corp., Stillwater, MN, USA)'¥. This RIA
contains a primary mouse antibody against
CsA. The antibody has been mixed with donkey
anti-mouse and normal mouse serum to form an
immuno complex. CsA in a homogeneous lung
solution with 3 ml physiological saline and 250
ul of the whole blood samples were extracted
by addition of 1 ml of 959 methanol, stirred and
centrifugally separated at 2000 X g for 5 min.

For the assay, 50 ul of the supernatants were
incubated with 100 ul of the tracer, iodohis-
taminylsuccinyl cyclosporin C ['?°I], followed
by 1 ml of the performed immune complex for 1
hr hour at 25°C. After the incubation, the sam-
ples were centrifuged for 20 min at 1000 Xg and
radioactivity of the separated precipitate was
counted in a gamma counter (Aloka Co., Well-
type scintillation counter ARC950, Tokyo,
Japan). The CsA concentration (ng/ml) in the
sample was inferred on a CsA dose-
radioactivity curve of the standard serums
containing CsA (10, 40, 80, 120, 240, and 500 ng/
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ml). The level of sensitivity of the assay was 20
ng/ml. The concentrations of CsA in the lung
were expressed per unit mass (ng/g). The
weight of used each lung ranged from (.2746 to
0.7039 g.

Statistical analysis

Data are expressed as mean + SEM. Differ-
ence between groups were assessed by Student’
s t-test for data of LAR and AH, by Wilcoxson-
Mann-Whitney test for that of concentration of
CsA. P value of <0.05 was considered statisti-
cally significant.

RESULTS

PCA titer
PCA titer as IgGl in each sample serum were
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as follows: AH control group (n=5), 240 + 73;
AH CsA-treated group (n=5), 253 + 66; LAR
control group (n=5), 263 *+ 70; LAR CsA-
treated group (n=5), 249 = 62. No significant
differences in IgG1 were observed between each
group. PCA titer as IgE in each sample serum
were as follows: AH control group, 162 + 46;
AH CsA-treated group, 150 = 34; LAR control
group, 168 + 51; LAR CsA-treated group, 173 +
58. No significant differences in IgE were also
observed between each group. Therefore, all the
animals were sensitized to the same extent.

Changes in AH after exposure to antigen

The effect of histamine concentration on Rrs
was determined before and 24 hours after inha-
lation of ovalbumin in sensitized guinea pigs in
both control (Fig. 2A) and CsA-treated groups
(Fig. 2B). The results are summarized in Figure
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Fig. 2.

Histamine dose-response curves for Rrs before (closed circles) and 24

hours after (open circles) antigen challenge in each control (A) (a, b, ¢, d, ) and

CsA-treated (B) (a, b, ¢, d, e) guinea pigs.
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Fig. 3. Effect of antigen challenge on AH (log

H 200) in control (closed circles) and CsA-treated
(opened circles) guinea pigs. Values are means =+
SEM (n=5). *»<0.05 vs. before antigen chal-
lenge, +p<0.05 vs. control.

3. Whereas the AH of the control group in-
creased significantly after exposure to antigen
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[log H200: 2.51 & 0.11 before and 2.10 + 0.09
24 hours after antigen exposure (p<0.05)].
That of the CsA-treated group was not signifi-
cantly affected (log H200: 2.45 £ 0.15 before
and 2.43 £+ 0.06 24 hours after antigen expo-
sure). No significant difference in AH before
antigen exposure was observed between control
and CsA-treated group whereas there was sig-
nificant difference in AH 24 hours after the
exposure between two groups (p <0.05). Thus,
the increase in AH following exposure to
antigen was significantly inhibited by CsA.

Changes in Rvs after exposure to antigen

The transition in Rrs after the inhalation of
ovalbumin in sensitized guinea pigs is shown in
Fig. 4. Rrs is expressd as percent of baseline
value. The TAR after antigen exposure was
reflected in Rrs values of 188.0 £ 30.4%9 and
170.2 4+ 9 of baseline values in control and
CsA-treated groups, respectively, with a ten-
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Fig. 4.

Changes in Rrs after antigen challenges in control (A) (n=5) and

CsA-treated (B) (n=5) guinea pigs. Rrs is expressed as precent of baseline value
An increase in Rrs to 180% or more between 3 to 9 hours after antigen challenge

indicates a LAR.
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dency toward decrease in the magnitude by the
drug but not significantly different. Four of the
five animals in the control group also exhibited
a delayed increase in Rrs to 1809 or more after
3 to 9 hours. None of the CsA-treated animals
showed such a LAR. The maximum value of
Rrs between 3 and 9 hours after antigen expo-
sure was compared between each animals. The
mean maximal values of Rrs of the control
animals (187.4 + 37.3%) increased significantly
from that of CsA-treated animals (122.1 =+
24.6%) (p<0.05), indicating that CsA signifi-
cantly inhibited the development of LAR (Fig.
5).

CsA concentration in blood and pulmonary tis-
sue

The CsA concentration in blood of the control
group (n=10) ranged from 20 to 38 ng/ml,
whereas that of the CsA-treated groups was
122.3 + 10.1 ng/ml (n=5) and 107.2 + 12.4
(n=5) approximately 9 and 24 hours after
antigen challenge (Fig. 6A). All the concentra-
tion in lung extracts of controls before expres-
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Fig. 5. The maximum value of Rrs measured

between 3 and 9 hours after antigen challenge in
each animals is plotted for Rrs at the late-phase
responses. *p <0.05 vs. control.

sion per unit mass (n=10) were less than 27 ng/
ml, one of which was below the level, 20 ng/ml,
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CsA concentrations in whole blood (A) and lung tissue (B) of control

(n=10) and CsA-treated guinea pigs 9 hours (n=5) and 24 hours (n=5) after the
final administration of the drug. A dot shows CsA concentration of each sample.
Mean value of each group was also shown with SEM. **p <0.01 vs. control.
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of sensitivity of the assay. The concentrations
in the lung tissue for the CsA-treated groups

was 352.3 + 31.4ng/g n=5) and 339.3 + 80.9

ng/g (n=>5) approximately 9 and 24 hours,
respectively, after the final administration of
the drug (Fig. 6B). Thus, the lower limit of
detection of CsA in the extracted solution is
considered to be from about 30 ng/ml.

DISCUSSION

In guinea pigs actively sensitized by repeated
inhalation of a ovalbumin, we have shown that
inhaled CsA suppressed both expression of the
LAR and the increase in AH after antigen
challenge.

We employed a guinea pig model of asthma in
the present study that has previously been des-
cribed and established®'®'®. This model can
reproduce a constant and significant increase in
AH and LAR. In LAR study, according to the
method described previously'”!?, we have used
a Hl-receptor antagonist to allow the adminis-
tration of a high dose of antigen to the airway
to permit the development of consistent LAR,
since the development and magnitude of a LAR
has been described to dependent on the size of
antigen stimulus in human subjects®?.

Because Rrs includes the resistance of upper
and lower airways, upper airway may effect the
changes in Rrs measured by the oscillation
technique. By using the technique, Iijima*" have
previously reported the increase in Rrs in the
late phase, which was correlated with inflam-
matory changes in lower airway in the guinea
pigs. Further, Okada?¥?® has already described
that the changes in the Rrs are sufficient to
indicate LAR in guinea pigs by reasoning by
reasoning the changes in the immediate and the
late phase more closely reflect the changes in
the resistance of the lower airway. Therefore,
we decided to measure changes in Rrs for asth-
matic response by the oscillation technique.

The mechanism, underlying the TAR is
thought to be IgE-mediated mast cell activaiton

by antigen??. Although the mechanism to
develop LAR is not clear yet, the pathogenesis
has recently been considered to be related to a
inflammatory changes in the airway ac-
companied with infiltration of inflammatory
cells, particularly eosinophils'”, and it has
recently been suggesting that T lymphocytes
play an orchestrating role in the inflammatory
reaction by cytokines®?® which is thought to
occur summarily in patients with chronic
asthma®?”, Actually, T-lymphocytes and their
products are characteristic of chronic asthma
and correlate with disease severity?®. And,
Frew?®® has observed that T-lymphocytes ac-
cumulated within the bronchial walls of guinea
pigs during the progression of the LAR. Thus, a
T-lymphocytes suppressant, such as CsA has
attracted attention as an anti-asthma therapy
as logical. In the present study, inhaled CsA
could inhibit LAR and the expected increase in
AH after antigen exposure, which is the same
as the results of previous studies employing oral
administration of CsA?, Fukuda?® has previ-
ously observed oral administration of CsA sup-
pressed antigen-induced LAR and AH along
with inhibition of eosinophil infiltration in the
airway in guinea pig model of asthma. Similar-
ly, we observed a decrease in eosinophils in
bronchi of inhaled CsA-treated guinea pits at
late phase after antigen exposure in a prelimi-
nary study (data not shown). Hence, inhibitory
effects of inhaled CsA on LAR and AH might be
partially due to regulation of T-lymphocytes
activation, since CsA has been shown to sup-
press activation of guinea pig T lymphocytes
and their production of cytokines®®. Histamine,
in addition to IAR, has also been reported to
contribute to late nasal response after antigen
challenge®”, and thus we are unable to exclude
a reduction of the effect of this mediator from
activated mast cells as a factor in development
of LAR in present study. On the other hand,
inhaled CsA has no significant inhibitory effect
on IAR in vivo, which has been shown in studies
with oral administration of the drug®?®. How-
ever, it has recently been shown that CsA also
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inhibits IgE-mediated mediators such as his-
tamine, leukotriene C4 and prostaglandin D2
release from human mast cells®®*®. It has not
been known whether CsA in vivo show the same
effect as that in vitro. We have no means to
explain the discrepancy between the in vivo and
in vitro studies because we did not measured the
concentrations of these mediators in the lung
tissue.

CsA has proved an effective treatment in
clinical trails conducted in patients with chronic
asthma'®. This findings is consistent with a
study showing that CsA inhibited the activation
of T lymphocytes from individuals with
glucocorticoid-resistant asthma®#. Although
hypertrichosis and hypertension were observed
as side effects in the clinical trials!®, no severe
reactions were apparent. However, there
remains the possibility of severe side effects,
such as renal dysfunction, infection, and cancer,
from long-term CsA administration. Our obser-
vation that the administration of CsA by inhala-
tion suppressed the respiratory reactions in
asthmatic guinea pigs leads to CsA levels not
only in the lung but also blood. The whole blood
concentration of CsA was comparable to the
low end of the accepted therapeutic range for
oral CsA therapy in humans. Although the blood
level in human cannot be dirrectly compared to
those in guinea pigs, the level in guinea pigs
would be expected to cause the same side
effects as CsA given orally. Thus, our data is
not enough to indicate any advantage of inhaled
CsA over orally administrated drug. But an
administration by inhalation may be the first
step to prevent the side effects associated with
the systemic administration of the CsA, and we
should investigate further the effect of reduced
dose of inhaled CsA on the pulmonary response,
the inhalation method, and the direct toxity of
the drug to the respiratory mucosa.
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ENLVEY MREET VBT 2 EHFAERENIG (LAR) K
ZAEBBETECT T ARAT A 70 AR > A OFhE

BRERAE 7 L L ¥ — 5}
BEME S B)IME KERET

DURT, Foz 13, 1B EE TV CH LEHRBRIEELE Y N OFIERER O LAR K OS85 T
23584772 helper T cell IEWER 2F 4294 70 2K Y > A (CsA) OROFIHE W k> TilEixh 2
Z & RRD, BRE RIS Lz (HABEEBESE, 29, 1089~1095, 1991). 4%, Fiz CsA
DREANBAFFE S X % Hik B2 R OB 21T - 72, IE# M Hertley RE/LE v ML TIHT
W73 (OA) DEGRIEBRAREIC L > THEBIRMEL 721, CsA (bmg/ml) % 1 H 1[0 1 KffE, &
e 7 HEWRA S B7:1%, OA HURERA 21TV, BREICHRIEDT (Rrs) 24y vy v —y a ViEEHAVT
HIE L7z, CsSAJEMLED 2> b o —VEE (n=5) T, TERE 3~ 9RE&IC, LAR »80%HIR L 72
DIZXTL T, CsAWLERE (n=5) TiF, BOONLh-oT, iz, UBFBBORAL RS SV IEd 5
K[UEBEEDORET T, 3 ¥ bu—VEE (n=5) TR SN ZGEEBMEDOTTHED CsA ALERE (n=5)
T, BEII#E SN (5<0.05). BlEXD CsA i3, BMOBE LEBCRARSZ L > THHERE
%D LAR RUSEBREOTHEZ G 2R LI 2 L0 5, CsA OEKRERER VSR 51C X 28|
TER 2T 2 FB e L TRARENERATH 2 [fetErsme s iz,
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