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PULMONARY IMMUNITY TO RAGWEED IN A BEAGLE DOG MODEL
OF ALLERGIC ASTHMA

Tamara K. Redman, Karin Rudolph, Edward B. Barr, Larry E. Bowen, Bruce
A. Muggenburg, and David E. Bice Lovelace Respiratory Research In stitu te,
Albuqu erqu e, New Mexico, USA

To create an allergy model in the dog, allergic Beagles with high levels of serum immun oglobu lin
E (IgE)and eosin ophilia were bred; resu ltin g puppies were sensitized to ragweed by in traperiton eal
(IP) in jection within 24 hou rs of birth throu gh 22 weeks of age. At least 50% of the puppies
developed high levels of serum IgE and eosin ophilia. As you ng adu lts, 6 of these dogs, an d 6
con trol age-matched, n onallergic, n on immun ized dogs were exposed by in halation to ragweed twice
at 13-day in tervals, an d a third time 45 days later. Total and ragweed-speci® c serum IgE and
ragweed-speci® c serum IgG were in creased sign i® can tly in allergic dogs relativ e to baselin e. Allergic
dogs had sign i® can tly greater levels of an tibody speci® c for ragweed, as well as higher eosin ophil
cou n ts in the bron choalveolar lavage ¯ u id, compared to n onallergic dogs. Airway reactiv ity to
histamin e in allergic, bu t n ot n onallergic dogs, in creased sign i® can tly after aerosol exposu re to
ragweed. After a third exposu re to ragweed, airway responses to histamin e were elevated in the
allergic dogs an d remain ed high for at least 5 mon ths. These resu lts demonstrate the poten tial of the
allergic dog model for in vestigatin g the u n derlyin g pu lmonary immun e mechan isms and therapeu tic
treatmen t of allergic asthma.
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Allergic asthma is a chronic in� ammatory disease of the entire lung [1,
2] characterized by lymphocytes [3–5] , macrophages [4] , eosinophils [3,
4] , neutrophils and plasma cells [6] , and mast cells [7] in� ltrating the
bronchial mucosa. This chronic in� ammation leads to airway obstruction
and hyperreactivity [8, 9] , excessive mucous production [7] , epithelial
desquamation, goblet cell metaplasia and hyperplasia, and thickening of the
submucosa [10] . The incidence and prevalence of asthma are increasing
in the United States [11] , as well as in other developed countries [12] ,
but the reasons for this increase are unknown. However, several possible
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explanations have been proposed, including increased exposure to environ-
mental pollutants [13–17] and antigens [18] , as well as decreased bacterial
infections that may be important in developing protective ( Th1 ) immune
responses localized to the lungs [19–21]. Without bacterial infections,
allergic Th2 immunity may be more likely to develop in response to inhaled
allergens. Our data and the data of others indicate that allergic immune
responses localized to the lungs cause asthma [22–25]. Although rodents
can be used to study some mechanisms of asthma, our data indicate that
rodents do not develop localized immune responses in the lungs as seen in
the lungs of dogs, primates, and humans [26–29].

Understanding the factors that result in aberrant immunity leading
to allergic asthma requires the use of an animal model demonstrating
immune responses that re� ect those observed in human allergic asthma. In
addition to the development of localized pulmonary immunity as observed
in humans, dogs develop clinically important allergic disease. Atopic dogs
have been used successfully as a model for food allergy [30] . At Lovelace
Respiratory Research Institute ( LRRI ), we have produced allergic Beagle
dogs by breeding males and females having high levels of immunoglobulin
E ( IgE ) and eosinophilia. As is commonly observed in humans, at least half
of the offspring of allergic Beagles have high levels of IgE and eosinophilia
and will develop allergic immunity after sensitization with allergen. These
allergic dogs develop features and characteristics of allergic asthma similar to
the responses observed in human asthmatics, including immune responses
localized to the lungs [31] . The data presented here demonstrate the utility
of allergic dogs for investigating the underlying pulmonary immune and
cellular mechanisms of allergic disease.

MATERIALS AND METHODS

Experimental Animals

Beagles were born and maintained at the LRRI closed dog colony. The
dogs were housed in kennel buildings with indoor and outdoor runs. Floors
were heated in the winter and cooled in the summer. Each dog was fed
350 g of dry dog food once a day ( Wayne Mini Lab Dog Diet 8759; Teklad
Premier Laboratory Diets, Madison, WI ), and water was available at all times.
Food was withheld for 18 hours prior to administering the anesthetic agent,
iso� uorane ( Abbott Laboratories, North Chicago, IL ).

Within 24 hours of birth, Beagle puppies were sensitized by intraperi-
toneal ( IP ) injection with 500 m g of ragweed allergenic extract ( Ragweed
Short, Ambrosia artemisifolia, Bayer Corporation, Elkhart, IN ) combined with
aluminum hydroxide ( Accurate Chemical and Scienti� c, Westbury, NY),
followed by weekly IP injections through week 4, subcutaneous ( SC) injec-
tions with 50 m g of ragweed combined with aluminum hydroxide weekly from
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weeks 5 through 8, and biweekly from weeks 10 through 22. Six ragweed-
sensitized and 6 age-matched, non –ragweed-sensitized control dogs were
chosen for this study. All 12 dogs were exposed by inhalation to ragweed
extract. An estimated 500 m g of ragweed protein ( 1.9 to 2.7 mg total partic-
ulate matter ) was deposited in the lungs during 2 exposures 2 weeks apart,
followed 45 days later by a third exposure.

All animal procedures for this study were reviewed and approved by
the LRRI Institutional Animal Care and Use Committee. The Institute is
fully accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care International.

Inhalation Exposures

A diagram of the exposure system is illustrated in Figure 1. Inhalation
exposures were done using a dynamic exposure system that allows contin-
uous nose-only inhalation using a 6-port canine exposure system ( In-Tox
Products, Albuquerque, NM). The system consisted of an 88 9 12 7
20 30-cm cuboidal exhaust plenum and a 2.54-cm diameter inlet plenum
that was located centrally and internal to the exhaust plenum. Six exposure
ports were located symmetrically and equidistantly in pairs, 3 on each side
of the exhaust plenum. An exposure cone was placed into each exposure
port and sealed with o-rings at the exhaust plenum and inlet plenum inter-
faces. The system was operated at a volumetric � ow rate of 22 L/min and a
pressure of 0 3 to 0 5 inches water column. A constant supply of fresh
aerosol was delivered to the inlet of the exposure cones and drawn past the
breathing zone of the dogs by the exhaust plenum. Hence, the exposure
cones functioned in a positive � ow-by manner. Four sampling ports were
available on the system. Three of them were located at the junction of each
pair of exposure ports and the inlet plenum and were used to collect � lter
samples for determining aerosol concentration by gravimetric and chem-
ical analysis. The fourth sampling port was located at the end of the inlet
plenum and was used to collect cascade impactor samples for determination
of particle size distribution.

Each dog was custom � tted with a mouthpiece speci� c for mouth-only
inhalation exposures. The mouth pieces were made by applying dental
impression material to 1 3 10 2-cm sections of brass tubing and placing
the tubes covered with dental impression material in the mouth of each
anesthetized dog. After 2 to 3 minutes, the dental material solidi� ed into
the shape of the dog’s palette, tongue, and bite pattern. Custom-made face
masks constructed from gauze and platex mold rubber were placed over
the muzzles of the dogs. Each face mask had a hole cut in the end to
allow the brass tubing from the mouth piece to protrude approximately
1.2 cm while sealing around the outside of the brass tubing. The face masks
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FIGURE 1 Diagram of the 6-port ragweed aerosol inhalation exposure system.

also served to occlude the dogs’ nares, assuring mouth-only inhalation.
Dental dam material was cut into 15.2 cm square sections, and a circular
section was cut out of the center of each square. The dental dam material
was then secured to the exposure cones. During the exposures, the dogs
were suspended in canvas slings. The slings were mounted on tracks, which
allowed the dogs to be gently directed forward so that a positive seal could
be established between the facemasks and the dental dam on the exposure
cone. Minimal training was required for the dogs to accept this exposure
procedure.
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Bronchoalveolar Lavage

Bronchoalveolar lavage � uid ( BALF ) samples were collected as described
previously [32] . Brie� y, dogs were sedated with acepromazine ( Phoenix
Pharmaceutical, St. Joseph, MO ) subcutaneously ( 2 mg in 200 m L ). About
30 minutes later, the dogs were anesthetized with iso� urane, and an endo-
tracheal tube was inserted. A � beroptic bronchoscope ( 5.5 mm OD, Model
BF-4B2, Olympus, Lake Success, NY) was advanced to the right cardiac lobe
and wedged in a segmental bronchus. The subtended segment was lavaged
by instillation and withdrawal of 5 10-mL aliquots of normal saline ( 0.9%
NaCl ) solution ( B. Brown Medical, Inc., Irvine, CA ). Cells were separated
from the BALF by centrifugation at 200 g for 10 minutes at 4°C. The cell
pellets were washed twice in RPMI 1640 ( Hyclone, Logan, UT), suspended
in 5 mL of 10% fetal calf serum ( Sigma, St. Louis, MO ) in RPMI 1640,
counted using a cell counter ( Model ZBI, Coulter Electronics, Hialeah, FL ),
and evaluated for cell type as described below in Evaluation of Immunity.
The BALF was aliquoted, frozen at 80°C, and assayed for total IgE and
ragweed-speci� c antibody at a later time.

Serum Collection

Serum was obtained from whole blood drawn from the jugular vein.
The blood was allowed to clot, and the serum was collected following
centrifugation at 1500 g for 15 minutes at 4°C. Frozen aliquots were
stored at 80°C for subsequent evaluation of total IgE and ragweed-speci� c
IgG and IgE.

Evaluation of Immunity

The levels of ragweed-speci� c IgG and IgE in serum and BALF were
measured by enzyme-linked immunoassay ( ELISA). Each well in 96-well
polyvinyl chloride plates ( Dynex, Chantilly, VA ) was coated with 100 m L
of 5 m g/mL ragweed extract in phosphate-buffered saline ( PBS, pH 7.2;
Sigma. ) and incubated overnight at 4°C. The next day, the wells were
washed manually3 times with PBS–0.05% Tween-20 ( Sigma ). The remaining
binding sites were blocked with 200 m L/well of 2.5% skim milk ( Difco
Laboratories, Detroit, MI ) in PBS, pH 7.4, and incubated for 1 hour at
room temperature. Samples were diluted in 2.5% skim milk, and 100 m L
was added to each well. The plates were incubated for 1 hour at 37°C. After
washing the wells manually 3 times, 100 m L of goat anti-dog IgG ( Kirkegaard
and Perry Laboratories, Gaithersburg, MD), diluted 1:1000, or monoclonal
mouse anti-dog IgE ( antibody D9 provided by Dr. Doug DeBoer, University
Wisconsin School of Veterinarian Medicine, Madison, WI ), diluted 1:2000
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in 2.5% skim milk, was added to each well, and the plates were incubated
for 1 hour at 37°C. The plates were washed 3 times. Either 100 m L of rabbit
anti-goat IgG conjugated to horseradish peroxidase ( for detecting dog IgG
speci� c for ragweed, Kirkegaard and Perry Laboratories ) or donkey anti-
mouse IgG conjugated to horseradish peroxidase ( for detecting IgE speci� c
for ragweed, Jackson Laboratories, Westgrove, PA), diluted 1:2000 in 2.5%
skim milk, was added to each well. The plates were then incubated for 1 hour
at 37°C. After 5 manual washes, 100 m L of 2 2 -azino-di( 3-ethylbenzthiazoline
sulfonate ) at a concentration of 0.6 g/L in glycine buffer plus 0.02% H2O2
in citric acid buffer ( ABTS peroxidase susbstrate system, Kirkegaard and
Perry Laboratories ) was added to each well. The plates were incubated at
37°C for 30 minutes for ragweed-speci� c IgG and between 30 and 60 minutes
for ragweed-speci� c IgE. Color development was stopped by adding 100 m L
of 5% sodium dodecyl sulfate in water ( Kirkegaard and Perry Laboratories )
to each well. Plates were read at an optical density of 405 nm ( Thermomax
microtiter plate reader, Molecular Devices, Sunnyvale, CA ) with subtraction
of blank values.

Total IgE in serum and BALF was measured by ELISA as described [32] .
Polystyrene 96-well microtiter plates ( Corning Glass Works, Corning, NY)
were coated with 100 m L of dog serum diluted 1:1000 in 0.1 M sodium
carbonate buffer ( pH 9.6 ) or 100 m L of undiluted BALF and were incubated
overnight at 4°C. After 5 manual wash cycles with 0.15 M NaCl–0.05%
Tween-20, the remaining binding sites were blocked by adding 200 m L of
0.4% bovine serum albumin ( Sigma ) in PBS solution. After incubation
at room temperature for 2 hours, the D9 mouse anti-dog IgE monoclonal
antibody was added to each well at a dilution of 1:2000. The microtiter plates
were then incubated for 2 hours at 37°C. After washing 5 times, 100 m L
of donkey anti-mouse IgG horseradish peroxidase –conjugated antibody
( Jackson Laboratories ) was added to each well at a dilution of 1:1000. The
plates were incubated for 2 hours at 37°C. After 5 manual washes, the
peroxidase substrate was added to each well, and color development was
detected as described above for ragweed-speci� c dog IgG and IgE.

Reference serum obtained as a pool from many allergic dogs testing
positive for contact sensitivity to allergic ragweed extract was included in
each assay. The pool of standard serum was assigned a value of 100 IgE
U/mL and was used to generate a standard curve from which absorbance
values of unknown samples were obtained.

Cytology was evaluated from cells obtained from BALF. Cells were washed
twice as described above, counted, and used to prepare cytocentrifuge slides
using a Shandon cytocentrifuge ( Shandon Southern Products, Astmoor,
England ). The cytocentrifuge smears were then stained using a modi� ed
Wright-Giemsa stain ( Diff-Quik, Baxter Healthcare, McGraw Park, IL ) for
differential counting of 200 cells. The numbers of eosinophils, neutrophils,
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macrophages, lymphocytes, and mast cells were determined according to
standard morphologic criteria [33] .

Measurement of Airway Reactivity

Airway reactivity was evaluated bya modi� cation of the method described
by Collie and colleagues [32] . Dogs were sedated with acepromazine subcuta-
neously ( 2 mg in 200 m L ). About 30 minutes later, the dogs were anesthetized
with iso� uorane delivered by face mask. The dogs were then intubated,
ventilated on a Harvard pump ( Harvard Apparatus, Holliston, MA ) and
maintained on iso� uorane throughout the procedure. Ventilation was main-
tained with 2% iso� uorane at a tidal volume of about 15 mL/kg of body
weight. Respiratory rate was set to 13 to 15 breaths per minute, and the
end-tidal CO2 ranged from 4 to 5% ( LB2, medical gas analyzer; Beckman
Instruments, Palo Alto, CA). An esophageal balloon catheter was positioned
in the caudal thoracic portion of the esophagus at a point where � uctua-
tions in esophageal pressure were maximal. Transpulmonary pressure was
measured by connecting the esophageal catheter to one side of a differen-
tial pressure transducer ( Model MP45, Validyne, Northridge, CA); the other
side was connected to a port at the proximal end of the endotracheal tube.
Respiratory � ow was measured using a pneumotachograph ( Fleisch No. 1 )
connected to the endotracheal tube. Outputs from � ow and transpulmonary
pressure transducers were conditioned, ampli� ed with a Buxco ampli� er
( Buxco Electronics, Sharon, CT) as necessary, and converted from analog to
digital form using appropriate hardware ( AT-MIO-16, National Instruments,
Austin, TX). Custom-designed computer software ( LabView 3.0.1, National
Instruments ) was used to facilitate integration of the � ow signal to yield
volume and to derive the pulmonary resistance RL . RL was calculated using
the method of least squares linear regression [34, 35] .

After the mechanical indices stabilized, airway responsiveness was
assessed by obtaining dose-response curves of responses to aerosols
of water, histamine, and ragweed solutions. Solutions of histamine
diphosphate ( Sigma ) were prepared according to accepted guidelines [36]
at concentrations of 0.3, 1.0, 3.0, and 10 mg/mL in water. Similarly,
ragweed was prepared at concentrations of 0.01, 0.03, 0.10, 0.30, 1.00,
and 3.00 mg/mL. Water was used as the diluent for histamine and ragweed
because it completely evaporates, leaving no precipitate during the process
of aerosolization. Aerosols were generated using a jet nebulizer ( No. 950,
Hospitak, Lindenhurst, NJ ) connected directly to the endotracheal tube. Five
breaths of vehicle ( water ), histamine, and ragweed solutions, standardized to
an end-inspiratory transpulmonary pressure of 15 cm of H2O, were allowed,
and the response was assessed until peak resistance was reached. Values of
RL were allowed to recover within 10% of baseline values prior to subsequent
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challenge or until a plateau was reached. The response was evaluated by
calculating the percent change in peak RL following inhalation of histamine
or ragweed compared to baseline. Baseline levels were considered as 0%
change.

Data Analysis

Data obtained from evaluating ragweed-speci� c immunoglobulin, total
IgE, cell cytologies from lung lavage, and airway reactivity measurements
were compared with repeated measures analysis of 1-way analysis of variance
using the GraphPad Prism Software ( GraphPad Software, San Diego, CA).
Only values at P 05 were considered signi� cant.

RESULTS

Systemic Immunity

Antibody responses were measured in both sensitized ( allergic ) and
nonsensitized ( nonallergic ), age-matched dogs after exposure to ragweed by
inhalation. At all time points, ragweed-speci� c serum IgG was signi� cantly
greater in allergic compared to nonallergic dogs ( Figure 2A ). Antibody
levels in allergic dogs following the second aerosol exposure to ragweed
differed signi� cantly compared to baseline levels on days 13,21,24, and
26 ( Figure 2A ). Ragweed-speci� c serum IgE and total serum IgE were
signi� cantly greater in allergic compared to nonallergic dogs following
aerosol challenge ( Figures 2B and C ). There were also signi� cant differences
in ragweed-speci� c and total serum IgE levels in allergic dogs following the
second aerosol exposure to ragweed compared to baseline levels at all time
points ( Figures 2B and C). No change in antibody activity following ragweed
exposures compared to baseline levels was detected in serum from control,
nonimmunized dogs.

Pulmonary Immunity

Similar to serum, ragweed-speci� c IgG was signi� cantly greater in BALF
from allergic compared to nonallergic dogs on days 1 and 4 following the
second ragweed aerosol exposure, and increased over time ( Figure 3A ).
There was a trend for total IgE in BALF to be greater in allergic compared
to nonallergic dogs after the second ragweed aerosol challenge, although
this was not statistically signi� cant ( Figure 3B ). We were unable to measure
anti-ragweed IgE in BALF. It is possible that speci� c IgE could be measured
by concentrating the BALF.
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FIGURE 2 Serum antibody and immunoglobulin responses in allergic and nonallergic dogs following
ragweed aerosol exposure; ragweed-speci� c serum IgG ( A ), ragweed-speci� c serum IgE ( B ) , and total
serum IgE ( C ) . Data are presented as the mean standard error of the mean at different time points
following exposure. A signi� cant difference P 05 in antibody levels following ragweed exposure
compared to baseline levels is presented in the text. Arrows indicate times of ragweed exposure by
inhalation. All responses in allergic dogs are signi� cantly greater than in nonallergic dogs.



442 T. K. Redman et al.

FIGURE 3 Ragweed-speci� c IgG ( A ) and total IgE ( B ) in BALF from allergic and nonallergic dogs
following ragweed aerosol challenge. Data are presented as the mean standard error of the mean at
different time points following exposure. A signi� cant difference P 05 in antibody levels in allergic
compared to nonallergic dogs is indicated by .

Allergic dogs had higher eosinophil counts in the BALF following
ragweed aerosol challenge than nonallergic dogs, with signi� cant differ-
ences detected on days 1, 4, and 13 ( Figure 4A ). However, compared to
pre-exposure baseline numbers, eosinophil counts on days 1 and 4 were
signi� cantly different in allergic dogs ( Figure 4A ). There were no signi� cant
differences in the numbers of neutrophils in the BALF in allergic and nonal-
lergic dogs before and after ragweed inhalation ( Figure 4B ), but there were
signi� cant differences on day 1 in the number of neutrophils in allergic
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FIGURE 4 Eosinophil ( A ) and neutrophil ( B ) counts in BALF from allergic and nonallergic dogs
following ragweed aerosol challenge. Data are presented as the mean standard error of the mean
at different time points following exposure. A signi� cant difference P 05 in cell counts following
ragweed exposure compared to baseline levels is indicated by #. A signi� cant difference P 05 in cell
counts in allergic compared to nonallergic dogs is indicated by .

compared to nonallergic dogs ( Figure 4B ). In addition, no difference was
detected in the numbers of macrophages, lymphocytes, and mast cells in
allergic compared to nonallergic dogs ( data not shown ).

Airway Responses

Allergic dogs were found to have increased resistance in response
to histamine after the second ragweed challenge compared to baseline
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reactivity ( Figure 5A ). This response was dose dependent and increased
with increasing histamine concentration; however, the increase was not
signi� cant. In nonallergic dogs, the increase in RL with increasing histamine
doses was not different before and after 2 ragweed aerosol exposures
( Figure 5B ).

In addition to measuring responses to histamine challenge, RL in
response to ragweed challenge was determined. Although in allergic dogs
there was no signi� cant difference in RL before and after 2 ragweed aerosol
exposures, RL tended to increase during challenge with increasing doses of
ragweed ( Figure 6A ). Nonallergic dogs did not have measurable increases
in RL after ragweed aerosol exposure, and RL was also not measurable
during challenge with increasing doses of ragweed ( Figure 6B ). Pulmonary

FIGURE 5 RL in response to increasing doses of histamine in allergic ( A ) and nonallergic ( B ) dogs.
Data are presented as the mean standard error of the mean.
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FIGURE 6 Dose response of RL to increasing doses of ragweed before ( baseline ) and after two ragweed
aerosol exposures in allergic ( A ) and nonallergic dogs ( B ) . Data are presented as the mean ( n 6 unless
otherwise indicated in parentheses ) standard error of the mean.

resistance was sustained in allergic dogs and was signi� cantly different from
nonallergic dogs after the second aerosol ragweed exposure, 8 days and
as long as 5 months following the third ragweed exposure ( Figure 7 ).
Dogs sensitized from birth and found to have increased airway reactivity
to ragweed do not appear to lose their increased sensitivity to ragweed
or histamine. Based on preliminary observations, sensitivity to ragweed or
histamine in allergic dogs tends to increase with age.

DISCUSSION

The aim of this study was to determine the effects of ragweed exposure
by inhalation on pulmonary immunity in allergic dogs. About half of the
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FIGURE 7 Change in RL in response to histamine ( 10 mg/mL) over time in allergic and nonallergic
dogs. Data are presented as the mean standard error of the mean. A signi� cant difference P 05
in RL in allergic compared to nonallergic dogs is indicated by .

dogs born to allergic males and females develop allergic airway responses
similar to humans when sensitized and exposed to antigen. These allergic
dogs develop pulmonary eosinophilia, elevated levels of IgE, and airway
hyperresponsiveness when challenged with antigen. They, therefore, are
appropriate for modeling human allergic asthma.

Although in the present study sensitized dogs were immunized system-
ically ( IP and SC), they developed measurable pulmonary immunity in
response to antigen challenge delivered by aerosol inhalation to their lungs.
Immunized dogs developed antigen-speci� c antibody in serum, pulmonary
immunity characterized by in� ammatory cell in� ltration, as well as antigen-
speci� c IgE and IgG antibody production. In contrast, nonsensitized dogs
challenged by aerosol exposure to antigen did not develop antigen-speci� c
antibody. These data indicate that antibody responses in the lungs of sensi-
tized dogs are derived from cells that were sensitized in the periphery
following IP injection and subsequently migrated to the lungs after antigen
challenge. Following antigen challenge, these memory cells in the lungs
secrete mediators that interact with other cells and lead to the cascade of
events ultimately responsible for the symptoms of allergic asthma, including
pulmonary eosinophilia, elevated levels of serum and bronchoalveolar IgE,
and excessive mucus production. Sensitized dogs had greater antibody levels
and more pulmonary in� ammation than nonsensitized dogs, as indicated
by the signi� cantly increased number of lung eosinophils following antigen
challenge.

Several studies have used the dog to model components of human
allergic asthma, including airway hyperresponsiveness [31, 37–39], airway



Pu lmonary Immun ity to Ragweed 447

eosinophilia [40, 41] , and increased serum IgE concentration [31, 42] . In
addition, similar to humans, dogs sensitized with allergen in their airways
develop long-term antibody-producing cells in the interstitium of the lungs,
which may play an important role in asthma pathogenesis [43] . The present
study demonstrates that allergic dogs sensitized to ragweed provide an alter-
nate model in which to study the features and characteristics of allergic
asthma. Like humans, dogs develop allergic disease, particularly atopic
dermatitis [44] , food allergy [30] , and lower respiratory tract disease char-
acterized by eosinophilic in� ltrates [45, 46] . Allergic dogs do not wheeze,
probably because of lung anatomic factors such as large airways relative to
lung volume and excellent collateral ventilation, not because they do not
develop allergic responses in their lungs.

The airway reactivity data support the use of allergic dogs sensitized to
ragweed as a model of allergic asthma. Following aerosol antigen challenge,
sensitized dogs, whose immune cells were previously exposed to antigen
in the periphery exhibited signi� cantly greater increases in RL in response
to ragweed than nonsensitized dogs. Furthermore, the increased change
in RL in immunized dogs was sustained and persisted as long as 5 months
following the third aerosol ragweed exposure. Perhaps persistent immune
cells are responsible for mediating this sustained change in RL in response
to ragweed challenge in immunized dogs because antigen-speci� c antibody
can be detected in BALF as long as 3 years following antigen exposure [22,
43, 47] . Sensitized dogs also had signi� cantly greater changes in RL than
nonsensitized dogs when challenged with allergen ( ragweed ). In contrast,
nonsensitized dogs had signi� cantly reduced changes in RL when chal-
lenged with increasing doses of ragweed than sensitized dogs. This was
not surprising because nonsensitized dogs did not contain antigen-speci� c
immune cells as indicated by ragweed-speci� c serum and BALF antibody
data. We cannot explain why no change in RL was detected in allergic dogs
after 2 aerosol exposures to ragweed. However, preliminary data indicate
that RL to ragweed is higher 1 year after aerosol exposure to ragweed than
at baseline.

Murine models of asthma, as well as other animal species, have been
useful for investigating the numerous components important in the patho-
physiology of allergic asthma [48] . Data from murine models emphasize the
importance of T cells [49] , mast cells, basophils, and adhesion molecules,
as well as soluble mediators including immunoglobulins and cytokines in
allergic asthma. For example, murine models facilitated the identi� cation
of interleukin-4 ( IL-4 ) as an essential regulator of terminal differentiation
of B cells to IgE-secreting plasma cells [50] . Similarly, IL-5 was found to be
critical in the production of eosinophils by bone marrow [51] . Analysis of
lymphocytes isolated from patients con� rmed the association of IL-4 and
IL-5 expression with allergic disease [52] . Although T cells clearly play an
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important role, antibody production to allergens localized to the lungs of
asthmatics is also important in asthma pathogenesis.

Clearly, murine models have been powerful tools for understanding
allergic asthma. However, not all manifestations of the human disease can be
reproduced in mice ( reviewed in [48] ). Airway responses and in� ammation
in mice are transient with little or no late-phase airway reactivity [53] and are
not chronic as seen in human asthmatics [54] . With only 1 exception [55] ,
airway reactivity in mice has been measured in response to the nonspeci� c
agonist methacholine and not in response to aerosol antigen provocation.
Another important difference between mouse and human pulmonary immu-
nity is that mice, but not humans, develop bronchial-associated lymphoid
tissue ( BALT) consisting of bronchial lymphoid aggregates covered by a
lymphoid epithelium [56, 57] . Antibody produced in the BALT enters the
circulation via the lymphatics and is not released directly into the lungs. In
contrast, human, primate, and dog lungs contain cells that actively produce
and secrete antibody directly into the lung tissues and airways [26–29, 47] .
It is not clear that the induced responses in mice re� ect the events that
mediate allergic disease in humans.

The data presented here demonstrate that the similarity to humans with
allergic disease makes the allergic Beagle dog an excellent model for studying
the role of pulmonary immunity in allergic disease. Unlike mice but similar to
humans, sensitized allergic dogs challenged with aerosolized antigen develop
sustained allergic immunity. These allergic dogs demonstrate persistent
airway reactivity not only to agonists ( histamine, methacholine, etc. ) but
also to allergen. Furthermore, dogs do develop interstitial in� ammation
and chronic pulmonary eosinophilia similar to human asthmatics rather
than increased accumulation of BALT as seen in mice. The allergic dog
has potential not only for investigating the basic mechanisms of pulmonary
immunity but also for demonstrating ef� cacy of therapeutic agents targeting
allergic asthma. Although immunological and molecular reagents are not
as readily available for dogs as for mice, the advent of molecular technology
is increasing the number of important immunological reagents available to
study allergic disease in dogs.
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