Allergy 1984, 39, 249-258

Bronchial Reactivity in Relation to
Immune Responses in Rats after Subcutaneous
Sensitization without Adjuvant
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Rats of BNxWi/Fu strain were immunized by daily subcutaneous (s.c.) injections of antigen
without the use of adjuvant for two 2-week periods with a 4-week interval. The bronchial
responses to airway and intravenous (i.v.) antigen challenge were measured during and
after the immunization period. These responses were compared with both the humoral and
the cell-mediated immune response of the animals. Immunization induced bronchial
reactivity of the animals to antigen after airway and i.v. challenge. This reactivity persisted
for 7 weeks following the second immunization period. Specific IgE antibodies were
detected in serum, bronchial fluid and in supernatants from cultured peripheral lymph
node cells, The immunization also resulted in an IgG antibody response. Neither the
amount of 1gE. 1gG2a, nor of any other isotype, correlated with the bronchial reactivity in
the animals, Antigen stimulation of lymph node cells mixed with syngeneic spleen cells
induced proliferation. This procedure also resulted in a maturation of mast cells in 3-week
cultures. The immunization also resulted in some increase in the number of mast cells
around vessels in the lung. There was no correlation between these parameters of cell-
mediated immunity and either antibody responses or bronchial reactivity.
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CLINICAL ASPECTS

Relevant experimental animal models reflecting the various compartments of the immune
system are essential for an understanding of how various factors interact in the allergic
inflammation. The allergic asthmatic is presumably sensitized to antigen in the absence of
adjuvant, and an animal model of this disease should allow analysis of the bronchial response
after inhalation of allergens in appropriately sensitized animals, e.g. by repeated small doses of
antigen without using adjuvants, This would allow studies of various parameters of immunity,
e.g. antibody production and cell-mediated immunity, and the effects of this on mast cell
maturation. The present communication describes such a model and demonstrates that
bronchial reactivity as well as IgE antibody responses can be achieved by prolonged inter-
mittent antigen administration without using any adjuvant.

The serum levels of IgE antibodies in rats have
been shown to correlate poorly to the evoking
of allergic inflammatory reactions after chal-
lenge in the lungs (3, 6, 7, 9, 22, 24) and skin
(7, 15). Other factors will contribute to the
allergic reaction in the lungs, such as local IgE
antibodies and antibodies of other isotypes,
mast cells, mucous cells and cell-mediated im-

munity as well as unspecific hyperreactivity. In
experimental models the development of such
factors are affected by the use of adjuvants
(13). Bronchial reactivity as a measure of aller-
gy has often been studied in animals sensitized
with antigen in combination with various ad-
juvants, e.g. aluminium hydroxide (6, 8, 9, 23).
Such sensitization procedures cause an uncon-
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trolled systemic inflammation (13, 14) with un-
known effects on the bronchial reactivity. In
addition, the sensitization regimen, including
route of administration and choice of adjuvant,
affects the type of humoral antibody response
induced, i.e. antibody isotypes as well as anti-
body avidity (13). Recent work has shown that
IgE antibody formation in rats and mice can be
induced without adjuvant by daily administra-
tion of antigen (2, 11, 12, 17). In addition to
antibody responses, cell-mediated immunity
may be influenced by the immunization proto-
col (13, 24). Variations in the immunological
responses may be expected to affect the results
of bronchial challenge.

In this study we evaluated the bronchial re-
sponse in rats immunized with daily subcutane-
ous administration of antigen. The results were
related to the development of humoral and
cell-mediated immune responses and to matur-
ation and appearance of mast cells in the lungs.

MATERIAL AND METHODS

Animals

BNxWi/Fu rats of both sexes, weighing 200—
350 g were used (Prof. O. Sjogren, University
of Lund, Sweden). The immunizations were
started at an age of 10-14 weeks.

Immunizations

The rats were immunized according to a pre-
viously described protocol (2). Briefly, the rats
were given 100 ng s.c. ovalbumin (OA) (grade
V, SIGMA Chem. Co., St. Louis, Mo.) in 0.25
ml saline daily Monday through Friday for 2-
week periods with an interval of 4 weeks. At
various times during the test period, animals
were tested for immune responses, subjected to
bronchial challenge or sacrificed for histological
examination of the lungs.

Respiratory measurements

Respiratory measurements were performed on
rats anaesthetized with Inactin® (125 mg/kg,

intraperitoneally, Promota, Hamburg, West
Germany) as previously described in detail (3).
Briefly, the animals were given pancuronium
bromide (0.5 mg/kg i.v.) and ventilated with a
Palmer animal respirator (80 strokes/min, tidal
volume 9 ml/kg, later adjusted to give an ar-
terial PCO, of approximately 4.50 kPa). Trans-
pulmonary pressure (TPP) was measured as the
difference between tracheal and intrapleural
pressures using a Statham differential trans-
ducer (PM 131 TC). Mean arterial blood pres-
sure (MAP) was measured via a catheter intro-
duced into the carotid artery and an IMP-trans-
ducer and, like TPP, was recorded on an UV
recorder. In addition to the arterial catheter a
jugular vein was also catheterized. Arterial
blood samples were analysed on an IL auto-
matic blood gas analyser.

The animals were challenged with antigen in
aerosol from a solution (10 mg OA/ml in saline)
using an Ultrasonic nebulizer model 108 (Eng-
strom Medical AB, Stockholm, Sweden). The
nebulized antigen was administered for 10 min
into the intake of the Palmer pump resulting in
a total delivery of 5 ml antigen solution into the
airways. After recovery within 1 h, the animals
were challenged a second time, now 1.v. with 5
mg OA in a volume of 0.5 ml saline. Control
experiments included challenge with dog serum
albumin (DSA) (Sigma) instead of OA in sensi-
tized animals.

Sampling

Blood samples for antibody analysis were taken
under ether anaesthesia from the retroorbital
plexus or, in animals subjected to bronchial
challenge, from an arterial catheier before
challenge (see below). Bronchial washings were
done after maximum bleeding using 6 ml
Hank’s balanced salt solution containing 1%
EDTA. The lungs were rinsed 3 times with 2
ml of the solution, which was inflated three
times into the surgically exposed trachea (I).
To study cell-mediated immunity axillary,
brachial and mediastinal lymph nodes and the
spleen were dissected from ether anaesthetized
animals after maximum bleeding. The lungs
were removed for histological examination.
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Antibndj determination

The IgE antibody responses were recorded
with the radioallergosorbent test, RAST, as
previously described (20) using specific rabbit-
anti-rat-1gE antibodies. The RAST results were
calculated as bound radioactivity in % of total
activity. For serum the dilutions used were 1/20
whereas the bronchial fluids and the culture
supernatants were analysed undiluted. For
serum and bronchial fluid the results were ex-
pressed as -tatios between test and control
samples. The levels of IgG, IgG2a, IgM and
IgA antibodies were determined with the en-
zyme-linked immunosorbent assay, ELISA.
The gammaglobulin fraction of specific rabbit
anti-rat-1gG, 1gG2a, IgM and IgA sera (Nordic
Labs, Tilbury, the Netherlands) were utilized
after conjugation with alkaline phosphatase
(Sigma). The enzyme reaction time was 100
min and the optical density for different serum
dilution was measured at 405 nm using a Titer-
tek multiscan spectrophotometer (Flow Labora-
tories) as previously described (3). The serum
dilution giving twice the optical density of a
control serum was considered as the antibody
titer.

Cell-mediated immunity

Single cell suspensions were prepared from dis-
sected axillary, brachial and mediastinal lymph
nodes by perfusion of the nodes with medium.,
Cells from the different lymph nodes were
pooled in Hank's balanced salt solution (Flow
Laboratories). Lymph node cells were cultured,
alone or with spleen cells (2 x 10%/ml) in
McCoy’s medium 5A, pH = 7.4 supplemented
with 10% fetal calf serum, 2 mm glutamine
(Svenska Flow, Solna, Sweden), 5 x 107% M
B-mercaptoethanol and gentamycin as previous-
ly described (3). For lymphoblast stimulation
200 ul aliquots were incubated for 5 days in 5%
CO, and 95% moisture in round bottom well
microplates (Falcon Plastics) with leukoaggluti-
nin (Pharmacia) at optimal concentrations of 5
and 10 ug/ml or with 30 pg/ml of specific anti-
gen. During the final day of incubation 0.01 pg
3H-thymidine was added for 6 h. The cultures
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were harvested automatically in a Titertek cell
harvester and the incorporated *H-thymidine
was measured.

To study mast cell maturation 4 x 10% of
lymph node cells and of mixed lymph node and
spleen cells were cultured in 2 ml medium in
Falcon tubes (3) in the presence of mitogen or
antigen in the above concentrations. Half of the
medium was replaced twice every week with
fresh medium containing stimulating agent.
Supernatant fluids were collected after 4 and 7
days for antibody determination. Cytospin pre-
parations were also made at these times, as well
as after 2, 3 and 4 weeks, using a Cytospin
centrifuge (Shandon). The slides were stained
with Alcian blue Eosin and analysed for content
of mature mast cells. The results given are from
the 3 week-cultures which gave optimum mast
cell numbers.

Histological examination

The lungs were processed as previously de-
scribed (1). Briefly, they were immersed in
Carnoy’s fixative, embedded in acryl plastic
(Sorvall, Du Pont Co., Newton, CT., USA).
Sections, 1 um thick, were stained with acid
toluidine blue. The numbers of mast cells on the
specimen were examined blindly at x 10 ob-
Jective magnification and scored as previously
described (3) as negative, low numbers (+ =
1-5 mast cells per visual field), moderate num-
bers (++ = 6—10 mast cells) or high numbers
(+++ = >10 mast cells).

RESULTS

Bronchial reactivity

OA-sensitized animals, but not the non-immun-
ized controls showed increased TPP following
challenge with OA via the airways as well as i.v.
(Fig. 1). Intravenous challenge induced stronger
bronchial reactions than airway challenge.
No bronchial response was observed in control
experiments in which animals sensitized with
OA were challenged with DSA (data not shown).
The bronchial reactivity to OA appeared after
a single treatment period of 2 weeks. Moderate
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Fig. 1. Mean changes (£ SD) in transpulmonary pressure (TPP) after aerosol (() and i.v, (8) antigen challenge in rats sensitized

for various time periods. n = 4-6.

fluctuations in the magnitude of the response
were seen later during the study period. There
was no obvious relation between the bronchial
response to airway and i.v. provocation. After
airway challenge there was slightly less bron-
chial reactvity in animals sensitized for two
2-week periods compared with rats sensitized
only for one period. The reactions after i.v.
challenge were similar in these animals and
they were not influenced by immunization pro-
tocol. The reactivity subsided slightly with time,
and 7 weeks after the second immunization
period only a minor response was observed
after airway challenge.

Blood pressure and blood gases

The baseline value for the mean arterial pres-
sure (MAP) was 136 £ 28 mmHg (mean * SD)
for the whole group of animals. No significant
differences were observed during the test pe-
riod of 15 weeks. After airway challenge of
immunized animals a moderate decrease in
MAP was observed ranging from 0-50 mmHg.
Following i.v. challenge a more pronounced and
sustained decrease in MAP was observed. The
decrease ranged from 20 to 100 mmHg. No
such changes were seen in non-immunized ani-
mals after challenge.

The blood gas values were similar in non-
challenged animals irrespective of immuniza-
tion. The baseline values were for PaQ, 11.4 £
1.8 kPa, PaCo, 4.35 £ 0.40 kPa and pHa 7.47 £
0.06 kPa. Airway challenge of immunized ani-

mals but not of non-immunized animals result-
ed in a decrease in PaO, of 3.0-4.5 kPa and,
simultaneously, a slight although consistent de-
crease in PaCO, of approximately 0.30 kPa.
There was no change in arterial pH following
airway challenge. No obvious correlation could
be found between the changes in TPP and
blood gases in individual animals.

Antibodies

Specific IgE antibodies were detected in serum
(Fig. 2a), bronchial fluid (Fig. 2b) and in super-
natants from cultured peripheral lymph node
cells (Fig. 2c) of sensitized animals during and
after the second immunization period. In the
animals analysed for IgE in serum, bronchial
fluid and culture supernatant, the kinetics of
the response was similar in the bronchial fluid
and the supernatants. The serum IgG antibody
responses varied among the animals but seemed
to peak during the second immunization period
(Fig. 3). Neither the amount of specific IgE nor
any other antibody isotype correlated with bron-
chial reactivity in the animals.

Cell-mediated immunity

There was increased spontaneous proliferation
of the regional lymph node cells throughout the
observation period although the individual re-
sponses varied (Fig. 4). Addition of antigen or
mitogen resulted in very little further stimula-
tion. In contrast, lymph node cells, mixed with
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Fig. 2. IgE antibody responses determined with RAST in a) serum, b) bronchial fluid, ¢) culture supernatants of axillary,
brachial and mediastinal lymph node cells. In a) the filled symbols indicate animals which also were analysed for IgE antibodies

in bronchial fluid and in the supernatant fluids of cell culwres.
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Fig. 3. 1gG (@) and Ig(2a (O) antibody levels in serum as determined with the ELISA.

syngeneic spleen cells showed only little spon-
taneous proliferation, whereas, in these mixed
cultures, addition of antigen or mitogen in-
duced a considerable blast transformation. This
pattern was obvious already after the first im-
munization period.
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Fig. 4. Lymphoblastogenesis given as cpm of lymph node
cells cultured alone (0) and mixed with spleen cells (x)
without stimulaton. In addition, the stimulation indices of
lymph node cells mixed with spleen cells and stimulated with
OA (W) are shown. The values are given in cpm.

During the second period of immunization
considerable numbers of mast cells were seen in
peripheral lymph node cells mixed with syn-
geneic spleen cells cultures with antigen or
mitogen for up to 4 weeks (Fig. 5). Lymph
node cells cultured alone did not show any
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Fig. 5. Mast cell numbers in 3 week-cultures of lymph node
cells mixed with spleen cells without simulation (O) and
stimulated with OA (@).
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Table 1

Mast cells around blood vessels in the lung as demonstrated in histological sections. The results are summarized as a histological

score

Week No. n Histological score of individual animals
0 4 + ¥ + +
1 3 - + +
3 6 + b ++ ++ oty ++
6 3 ++ ++ +++
7 6 + + + ++ ++ ++
89 6 + + + + + ++
10 2 + ++
11 3 = + +
12 2 ++ +4++

Fig. 6. Section of lung from a rat immunized s.c. daily for 2 weeks with 100 ng OA. Mast cells (arrow) are seen around small
vessels morphologically resembling venoles (arrowhead) and arterioles (double arrow). Magnification x 500.

mast cell maturation. There was no relation
between mast cell maturation and proliferative
responses in the cultures. Neither was any rela-
tion found between the parameters of cell-
mediated immunity, and either antibody re-
sponses or bronchial reactivity.

Histological examination

The first period of daily immunization induced
increased numbers of mast cells in the lungs.
The numbers were similar in the rats during
the following 4 weeks but then declined during
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the second immunization period. Two animals
analysed 3 weeks after the second period again
showed increased mast cell numbers (Table 1)
The mast cells were preferentially localized to
the immediate vicinity of vessels, morphologic-
ally recognized as venules (Fig. 6). In contrast,
the mast cells in control animals were located in
the adipose tissue surrounding large vessels
and to a lesser extent around bronchioli.

DISCUSSION

The present study demonstrates that a state of
bronchial hypersensitivity to antigen can be in-
duced by daily s.c. injection of low doses of
antigen without any adjuvant. The state of hy-
persensitivity appeared during the second week
of immunization and, although diminishing
with time, it persisted for the entire experi-
mental period of 15 weeks. Challenge of the
airways resulted in a changed ventilation/per-
fusion ratio in the lung as reflected by the
decreased PaQ,. The decreased PaCO, is pos-
sibly explained by systemic effects of the chal-
lenge causing a decreased cardiac output. This
possibility was supported by the observed de-
crease in arterial pressure.

As described by other authors (e.g. 3, 6, 7, 22,
23) there was no correlation between the magni-
tude of the bronchial responsiveness and the
levels of IgE antibodies induced in individual
animals. Thus, during the first treatment pe-
riod, when strong bronchial reactivity was ob-
served, the levels of specific IgE antibodies were
low or undetectable in serum, bronchial fluid
and supernatants from cultured lymph node
cells. During the second immunization period,
increased levels of IgE aniibodies were re-
corded, particularly in the supernatants from
cultured regional lymphoid cells and in the
bronchial washings. The IgE antibody levels in
serum, however, were generally low. This sup-
ports the findings by others that IgE antibodies
are produced regionally (5, 18). On the other
hand, the mast cells which were abundant
around the vessels in the lung during the early
phase of immunization declined in numbers
with time. Possibly, minute amounts of 1gE anti-
bodies not detected in the assays, acting in con-

cert with mast cells induced by the immuniza-
tion procedure, were sufficient to induce an
allergic reaction after challenge, even early
during the observation period. It should be
pointed out that the localization of mast cells in
the lungs after the s.c. immunization is quite
different from that seen after aerosol immuni-
zation, which drives the mast cells towards the
bronchioli and also to the interstitium (1, 3). We
also measured the serum levels of 1gG2a anti-
bodies. This subclass has been claimed to pos-
sess reaginic activity in the rat (19). However,
there was no correlation between either the
levels of 1gG2a or the levels of 1gG antibodies
and airway responsiveness. This supports the
recent findings by Dahlbick et al. (9).

Another possible mediator of antigen-specific
allergic inflammation is the T-cell derived factor
with “IgE-like” activity on basophils and mast
cells, recently described in relation to cutaneous
basophil hypersensitivity by Askenase and co-
workers (4). In addition to specific parameters
of immunity, unspecific factors including the
degree of hyperreactivity of the airways and
the releasibility of mediator substances from
effector cells (16) may also play a role in bron-
chial responses.

The magnitude of the responses to intra-
venous challenge could possibly have been in-
fluenced by reactions to the preceding airway
challenge. This possibility is less likely, since
there was no correlation between magnitude of
reactions after airway provocation and subse-
quent intravenous challenge. Furthermore,
during the second immunization period the
reactions after airway challenge appeared to be
followed by an increased responsiveness to sub-
sequent i.v. challenge. The decreased reactivity
to airway provocation during the second treat-
ment period occurred despite increasing IgE
antibody levels and increasing numbers of mast
cell precursors in the regional lymph nodes.
The responses to i.v. challenge were possibly
influenced by the formation of immune com-
plexes with anaphylactic properties as discussed
in a previous paper (3). The influence of such
immune complexes might explain the slightly
increased reactivity to i.v. challenge during the
later phases of the study. On the other hand,
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increased levels of specific 1gG antibodies could
possibly also decrease the absorption of antigen
(10) and, consequently, the reaction to airway
challenge (21, 25, 26).

This study shows that antigen-specific bron-
chial reactivity can be achieved in rats after
daily s.c. injections of small amounts of antigen.
There was no significant correlation between
the magnitude of the physiological responses
and cell-mediated or humoral immunity, or
appearance of mast cells and mast cell pro-
genitors in the regional lymph nodes and the
lungs. The animal model allows studies of para-
meters of immunity and physiological re-
sponses, related to the allergic inflammatory
reaction of the lung.
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