
Haemopoietic mechanisms in murine allergic upper and lower
airway inflammation

Introduction

Allergic rhinitis and asthma are both recognized as

inflammatory disorders of the airway mucosa, but differ

in the location of the inflammatory reaction and clinical

manifestations of the disease. There is increasing evidence

for close links between the upper and the lower respirat-

ory tracts, including common mechanisms and clinical

interactions between rhinitis and asthma.1

Studies performed on respiratory secretions and biopsies

of the airways in patients with allergic rhinitis and asthma

suggest that eosinophils play a central role in the pathogen-

esis and clinical expression of the disease.2 The recruitment

and activation of these cells appear to be controlled by the

release of cytokines such as interleukin-5 (IL-5), specifically

involved in eosinophil growth and maturation,3 and

chemotactic agents such as eotaxin, a CC chemokine

derived from antigen-stimulated T lymphocytes and airway

epithelium, which stimulates the migration of eosinophils

from bone marrow into the tissue.4 Eosinophils and their

progenitors are released from the bone marrow under the

influence of both IL-5 and eotaxin, resulting in an increase

of circulating and tissue eosinophils.5,6

We have previously provided evidence that an import-

ant aspect of allergic inflammatory responses is the

induction of inflammatory cell progenitor lineage and

commitment and maturation, which contribute to disease

through the continued production of inflammatory
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Summary

Eosinophil recruitment to the airways, including involvement of haemo-

poietic eosinophil–basophil progenitors (Eo/B-CFU), is primarily regula-

ted by interleukin-5 (IL-5) and eotaxin. In this study, we investigated the

haemopoietic mechanisms in upper and lower airway eosinophilic inflam-

mation. Ovalbumin (OVA) sensitized and challenged BALB/c mice were

used to establish isolated upper (UAC), isolated lower (LAC), or com-

bined upper and lower airway (ULAC) inflammation. Airway, blood and

bone marrow responses were evaluated in each model. Numbers of airway

eosinophils and CD4+ cells were increased significantly in the nasal

mucosa in UAC and ULAC mice, and in the lung tissue in LAC and

ULAC groups. Levels of IL-5 and eotaxin were increased significantly in

the nasal lavage fluid (NL) in UAC and ULAC mice, and in the broncho-

alveolar lavage fluid (BAL) in LAC and ULAC groups. The proportion of

IL-5-responsive bone marrow Eo/B-CFU was significantly higher than the

control in all treatment groups, but peaked much earlier in the ULAC

group. Kinetic studies revealed that IL-5 and eotaxin in NL, BAL and

serum peaked between 2 and 12 hr after OVA challenge in ULAC mice,

and at 24 hr in UAC mice, related to the timing of maximal progenitor

responses. These data support the concept that the systemic mechanisms

linking rhinitis to asthma depend on the location and extent of airway

allergen exposure.

Keywords: allergy; asthma; eosinophils; murine; rhinitis

Abbreviations: BAL, bronchoalveolar lavage fluid; BM, bone marrow; Eo/B-CFU, eosinophil/basophil colony-forming units;
GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-5, interleukin 5; IL-5Ralpha, the alpha sub-unit of the IL-5
receptor; LAC, pure lower airway challenge; mAb, monoclonal antibody; rm, recombinant mouse; NAMNC, non-adherent
mononuclear cells; NL, nasal lavage fluid; OVA, ovalbumin; UAC, pure upper airway challenge; ULAC, upper and lower airway
challenge.
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effector cells.7–10 Higher numbers of both circulating

eosinophil/basophil colony-forming units (Eo/B-CFU) and

CD34+ haemopoietic progenitor cells are demonstrable in

the blood of atopic subjects when compared with normal

subjects.7,8 Furthermore, there is an increased responsive-

ness of these cells to IL-5 in subjects who develop a

dual asthmatic response compared with those with only an

isolated early response after allergen inhalation.10

A significant increase in the number of bone marrow-

derived CD34+ cells expressing the a-subunit of the IL-5

receptor (IL-5Ra)9 as well as CCR311 is found 24 hr after

allergen challenge in dual responders, but not in isolated

early responders. These results suggest that, in the bone

marrow of those subjects who develop a greater eosinophi-

lic airway response after allergen inhalation, a distinct

phenotypic switch and migratory response of progenitor

cells occurs in response to IL-5 and eotaxin, contributing

to the development of blood and tissue eosinophilia.

Most experimental studies of the pathogenesis of aller-

gic rhinitis and asthma employ models of airway allergic

inflammation in mice. We have developed murine models

with pure upper airway inflammation in the nasal

mucosa12 and lower airway inflammation in lung tissue.5

In these models, it has been shown that tissue, blood

and bone marrow events initiated in response to allergen

provocation are required for the pathogenesis of airway

inflammation. However, murine models of allergic rhini-

tis or asthma13,14 in mice have focused on one part of the

airway in isolation, without studying rhinitis in the con-

text of asthma, leaving the precise haemopoietic mecha-

nisms underlying linkages between upper and lower

airway inflammation to be fully clarified. In the present

study, we established parallel murine experimental allergic

models with isolated upper, isolated lower and both

upper and lower airway inflammation to investigate both

local and systemic responses in relation to the degree and

location of airway involvement.

Materials and methods

Animals

Female BALB/c mice (8–10 week of age) were purchased

from Charles River Therion (Troy, NY), and housed under

specific pathogen-free conditions for 1 week prior to

experimental use. All procedures were performed in

accordance with the ethical guidelines of the Canadian

Council on Animal Care, and reviewed and approved by

the Animal Research Ethics Board at McMaster University.

Allergen sensitization and challenge protocol

Intraperitoneal ovalbumin (OVA) (Sigma, St. Louis, MO)

injections involved precipitating 40 mg/kg of aluminium

potassium sulphate with 40 lg/kg OVA, adjusting to

pH 6�5, centrifugation then resuspension of the pellet, fol-

lowed by a 500 ll (1 lg OVA) intraperitoneal injection.

Intranasal OVA involved dissolving 25 mg OVA in 1 ml

sterile normal saline, followed by intranasal instillation

into mice using a sterile pipette. Control mice were sensi-

tized and challenged with diluent. The OVA sensitization

and challenge protocol was similar to that described pre-

viously.12 It is shown in Fig. 1 and described as follows.

Mice were studied in four groups (n ¼ 10 for each

group).

Group 1: Pure Upper Airway Challenge (UAC). Five

hundred microlitres of 0.005% OVA was injected intra-

peritoneally (i.p.) on days 1, 5, 14 and 21 and OVA

(500 lg/20 ll) was given intranasally (i.n.) daily from day

22 to day 35.

Group 2: Pure Lower Airway Challenge (LAC). Five hun-

dred microlitres of 0.005% OVA was injected i.p. on days

1, 5, 14 and 21 and OVA (250 lg/10 ll) was given i.n.

with anaesthesia seven times between day 22 and day 35.

Noses were rinsed with 10 ll normal saline each time

after the application of OVA.

Group 3: Upper and Lower Airway Challenge (ULAC). Five

hundred microlitres of 0.005% OVA was injected i.p. on

days 1, 5, 14 and 21 and OVA (500 lg/20 ll) was given

i.n. without anaesthesia and OVA (250 lg/10 ll) was

given i.n. with anaesthesia on alternate days from day 22

to day 35.

Group 4: Control. Mice were sensitized and challenged

with normal saline, using the same volume of solution as

used in the OVA-treated mice, applied both i.p. and i.n.,

respectively.

Kinetic study

The UAC and ULAC mice were also used for kinetic stud-

ies; after the daily i.n. OVA challenge from days 22 to 35,

the mice were allowed a 5-day recovery interval, then i.n.

Day 1 5 14 21 22 35 36

UAC

LAC

IP IP IP IP IN IN Sacrificed

ULAC

IP IP IP IP IN IN Sacrificed

IP IP IP IP IN IN Sacrificed

Figure 1. Protocol for ovalbumin (OVA) intraperitoneal (i.p.) sensi-

tization and subsequent OVA intranasal (i.n.) challenge. UAC, upper

airway challenge group; LAC, lower airway challenge group; ULAC,

upper and lower airway challenge group.
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OVA provocation was performed on day 43. The mice were

killed for outcome measurements prechallenge and 2, 12,

24 and 48 hr postchallenge (n ¼ 5 at each time-point).

Outcome measurements

Mice were killed at the times indicated post-i.n. provoca-

tion with OVA or normal saline, by cardiac puncture after

induction of deep anaesthesia, using a solution that con-

tained ketamine hydrochloride (Ketalean�; Bimeda-MTC,

Animal Health Inc., Cambridge, ON, Canada) and xylazine

(Rompun�; Bayer Inc. Agriculture Division, Animal

Health, Toronto, ON, Canada), diluted in sterile normal

saline. Nasal and bronchoalveolar lavages were performed,

peripheral blood was drawn, and nose and lung tissue and

femoral bone marrow (BM) were removed and processed

immediately. Outcome measurements included IL-5 and

eotaxin levels in nasal lavage (NL) fluid, bronchoalveolar

lavage (BAL) fluid, peripheral blood and BM. Eosinophils

and CD4+ cells were counted in the nasal mucosa and

lung tissue, as were Eo/B-CFU and CD34+ cells in BM, all

at the indicated times after final intranasal OVA challenge.

Tissue preparation

Nose and lung tissues were removed and placed in pre-

labelled base moulds with frozen tissue matrix (OCT�)

(Sakura Finetek USA, Inc. Torrance, CA). Base moulds

with tissue in the frozen tissue matrix were plunged into

2-methylbutane (Sigma, St Louis, MO) prechilled in a

Dewar flask of liquid nitrogen until the block had almost

solidified. The tissue block was removed and placed on

dry ice. The embedded tissues were cut into 4-lm sec-

tions using a microtome for ultrathin sections (Ultra Cut;

Leica, Microsystems, Wetzlar, Germany).

Nasal and bronchoalveolar lavage

Under deep anaesthesia, the neck soft tissue was removed

and the trachea was exposed and cannulated using two

blunted 18-gauge needles (the first needle pointing toward

the head for NL fluid, the second one toward the chest for

BAL fluid). One injection of 500 ll phosphate-buffered sal-

ine was performed and the fluid was collected with a tube

under both nares of the nose for NL fluid; two injections of

250 ll phosphate-buffered saline were injected and with-

drawn through the needle for BAL fluid. The NL and BAL

fluid were centrifuged for 10 min at 150 g at 4�. The super-
natants were stored at )70� for IL-5 and eotaxin assays.

Bone marrow preparation and methylcellulose cultures

After mice were killed by terminal exsanguination via car-

diac puncture, one femur was removed from each mouse

and freed of soft tissue. BM cells were flushed using 3 ml

McCoy’s 3+ buffer injected through a 25-gauge needle. To

break up cell clumps, the suspension was passed through

needles of 18, 20 and 22 gauge. The mixture was then cen-

trifuged for 10 min at 150 g at 4�, and the supernatants

were stored at ) 70� for IL-5 and eotaxin assays. Suspended

cells were separated by density-gradient centrifugation

over LymphoPrep (NYCOMED Pharma, Oslo, Norway)

for 25 min at 850 g, and the cells at the interface were

removed. The mononuclear cells were washed once with

McCoy’s 3+ buffer, then incubated for 2 hr in plastic

flasks at 37� and 5% CO2 to remove adherent cells (which

interfere with the growth of progenitor cells in semisolid

culture). The non-adherent mononuclear cells (NAMNC)

were diluted to a concentration of 5 · 105/ml in McCoy’s

3+ buffer and cultured in 35 · 10-mm tissue culture

dishes (Falcon Plastics, Oxnard, CA) in a culture medium

that comprised 0�9% methylcellulose (The Dow Chemical

Company, Midland, MI), 20% fetal calf serum (Gibco

BRL), Iscove’s Dulbecco’s medium (with 1% penicillin–

streptomycin, 0�5 lg of 2-mercaptoethanol and 0�1%
bovine serum albumin) and the following recombinant

mouse (rm) cytokines (R & D Systems Inc., Minneapolis,

MN): rmIL-5 (5 ng/ml) in the presence of 1 · 105

NAMNC, rmIL-3 (5 ng/ml) in the presence of 5 · 104

NAMNC, or rm granulocyte–macrophage colony-stimula-

ting factor (GM-CSF; 5 ng/ml) in the presence of

2�5 · 104 NAMNC. Following 6 days of culture, colonies

of more than 40 cells were counted using an inverted

microscope; Eo/B-CFU were classified using morphologi-

cal and histological criteria (tight, compact, round refrac-

tile cell aggregates). To confirm the identification of

colonies as Eo/B-CFU, samples were selected at random

from cultures, placed on slides and stained with Diff-

Quick (Baxter, McGaw Park, IL), as previously described

in detail for both human and murine Eo/B-CFU.5,14

The NAMNC at a concentration of 5 · 105/ml in

McCoy’s 3+ buffer were also used to prepare cytocentri-

fuge slides (Cytospin 3; Shandon Scientific, Sewickly, PA)

on 3-aminopropyltriethoxysilane (APTEX)-coated glass

slides and stained with Diff-Quick. Eosinophil counts

were performed based on morphological and histological

criteria (400 cells counted).

Immunostaining

To identify eosinophils in the nasal mucosa, bronchial and

lung tissue, slides were fixed in acetone–methanol at room

temperature for 10 min, then stained in Diff-Quick; slides

were then embedded in Permount (Fisher Scientific, Fair

Lawn, NJ). To identify CD4+ lymphocytes in airway tissues

and CD34+ cells in BM cytocentrifuge preparations,

a streptavidin–biotin complex immunostaining system

method was employed, using specific anti-murine mono-

clonal antibodies (mAbs); anti-murine CD4 mAb [L3T4,

rat immunoglobulin G2a (IgG2a), j; BD Bioscience
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Canada, Mississauga, ON, Canada); and anti-murine CD34

mAb (rat IgG2a, k; BD Bioscience Canada), as previously

described but with some modification.12 Briefly, OCT�-

embedded tissue slides and cytocentrifuge slides were fixed

at )70� in cold acetone for 15 min before pretreatment

(to inhibit endogenous peroxidase activity) with a solution

of 0�1% sodium azide and 0�3% hydrogen peroxide for

30 min. Slides were then washed with Tris-buffered saline

(TBS), treated for 30 min with TBS containing 1% skim-

med milk (Carnation; Nestlé, Don Mills, ON, Canada) and

10% fetal bovine serum (Gibco BRL), followed by incuba-

tion for 20 min with sterile water saturated with bovine

serum albumin (Sigma) and 10% normal goat serum in

TBS to block non-specific reactivity. Each mAb was then

added and the mixture was incubated overnight at room

temperature. Bound antibodies were then labelled with bio-

tinylated second-stage antibodies appropriate to the isotype

of each primary antibody (BD Bioscience Canada) for 2 hr,

and detected using a streptavidin–biotin peroxidase detec-

tion system (StreptABComplex/HRP, DAKO Canada).

Aminoethylcarbazole (AEC; Sigma) was then applied as a

chromogen and the sections were counterstained with

Mayer’s haematoxylin (Sigma) to contrast with the red pos-

itive staining of AEC. Negative control sections were simi-

larly treated with the same isotype immunoglobulin at the

same concentrations of primary antibodies. As a posit-

ive control, murine spleen tissue was stained by the same

procedure.

Evaluation and quantification of staining

In the lamina propria of nasal mucosa, all cells expressing

positive immunoreactivity for cellular surface marker were

counted. The area of the nasal tissue was measured, exclu-

ding glands, using an eyepiece with a grid, and the cell

count results were expressed as the number of cells/mm2

of lamina propria; the same method of evaluation was

employed for lung tissue. For BM evaluation, differential

cell counts were performed on cytospin preparations of BM

cells after application of Diff-Quick stain; eosinophilic cells

on each slide were enumerated by light microscopy and

results were expressed as the number of cells per total cells

counted or as a percentage of total femoral BM cells.

CD34+ cells on BM cytospins were also counted by light

microscopy: 1000 mononuclear BM cells were counted and

the result was expressed as the absolute number of positive

cells per total mononuclear cells of the femoral BM.

Blood smears and serum analyses

Blood samples were obtained by cardiac puncture

and blood smears were prepared in duplicate. Total white

blood cells were counted in heparinized blood using a

haemocytometer. Serum was obtained by centrifugation

for 10 min at 150 g and 4� and stored at )70� for IL-5,

and eotaxin assays. Differential cell counts were per-

formed on the blood smears using Diff-Quick stain and

cells were classified as neutrophils, lymphocytes, mono-

cytes, eosinophils and basophilic cells, based on morpho-

logical and histological criteria.

IL-5 assay

IL-5 levels in NL fluid, BAL fluid, serum and BM fluid

were assayed by enzyme-linked immunosorbent assay

(ELISA) using a mouse IL-5 kit (R & D Systems, Minnea-

polis, MN). The sensitivity of detection of the ELISA was

5 pg/ml.

Eotaxin assay

Eotaxin levels in NL fluid, BAL fluid, serum and BM fluid

were assayed by ELISA using a mouse eotaxin kit (R & D

Systems). The sensitivity of detection of the ELISA kit

was 5 pg/ml.

Statistics

For all cell counts, stained slides were read randomly and

in a blinded manner. All statistical analyses were performed

using spss software (Version 10, SPSS Inc., Chicago, IL).

All summary statistics were expressed as the mean ± SD.

Group mean comparisons were performed on the absolute

numbers using repeated measures analysis of variance

(anova). After significant group effects, Newman–Keuls

post-hoc analysis was used for specific comparisons. All

comparisons were two tailed and P < 0�05 was considered

statistically significant for all analyses.

Results

BM Eo/B-CFU

Using 5 ng/ml of rmIL-3 in vitro and per 5 · 104 NAMNC

plated, all the treatment groups showed significantly

higher numbers of Eo/B-CFU than the control group

(22�2 ± 3�2, 168�0 ± 27�1, 178�7 ± 14�2 and 101�9 ± 13�4
for control, UAC, LAC and ULAC groups, respectively,

P < 0�05) at 24 hr postchallenge, while the number in the

ULAC group was significantly lower (P < 0�05) than in

the UAC and LAC groups. Using 5 ng/ml of rmIL-5

and rmGM-CSF in vitro, and 1 · 105 and 2�5 · 105 per

NAMNC plated, respectively, again Eo/B-CFU counts in all

three treatment groups were significantly greater than in

the control group at 24 hr (rmIL-5: 23�0 ± 4�0, 87�2 ± 9�6,
70�9 ± 5�4 and 56�5 ± 7�6; rmGM-CSF: 31�3 ± 4�7,
78�5 ± 11�4, 66�3 ± 4�3 and 48�8 ± 6�2 for control, UAC,

LAC and ULAC groups, respectively, P < 0�05) while the

counts in the ULAC group were significantly lower than in

the UAC group at 24 hr (P < 0�05) (Fig. 2).
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BM analysis

In comparisons among the four groups, a significant

increase in BM eosinophil counts was observed after

OVA challenge in all three treatment groups. The num-

ber of CD34+ cells also increased significantly in all

three treatment groups compared to control. This num-

ber in the ULAC mice was significantly lower than in

the UAC group at 24 hr postchallenge (P < 0�05)
(Table 1).

Pathological changes in airway tissues

The number of eosinophils was increased significantly in

the nasal mucosa in both UAC and ULAC mice at 24 hr

(P < 0�001), while there was no significant difference in

LAC mice when compared with the control group. There

was a remarkable increase in the number of eosinophils

in lung tissue in LAC and ULAC groups (P < 0�001), but
not in UAC mice as compared with controls at 24 hr

(Table 1).

A significant increase in the number of CD4+ cells in

nasal mucosa occurred 24 hr after i.n. daily challenge

with OVA in UAC and ULAC mice (P < 0�00001) but

not in LAC mice, compared with the control group. The

number of CD4+ cells in lung tissue was significantly

elevated in LAC and ULAC mice (P < 0�0001) but not in
UAC mice when compared with the control group

(Table 1).

Table 1. Pathological changes in nose, lung, peripheral blood and bone marrow 24 hr after final intranasal challenge

Control UAC LAC ULAC

Nasal mucosa and NL fluid

Eosinophils1 12�96 ± 19�73 459�04 ± 167�07** 6�88 ± 8�36 499�22 ± 183�84**
CD4 + cells1 167�82 ± 44�54 417�80 ± 69�71** 184�03 ± 24�15 379�44 ± 39�26**
Eotaxin2 1�54 ± 1�89 50�85 ± 37�80** 2�23 ± 1�94 44�46 ± 32�73**

Lung tissue and BAL fluid

Eosinophils1 4�33 ± 3�19 6�26 ± 5�08 1965�30 ± 327�13** 1584�86 ± 422�52**
CD4+ cells1 286�11 ± 50�57 308�42 ± 79�06 624�64 ± 198�44** 725�57 ± 270�08**
IL-53 0�57 ± 0�63 0�75 ± 0�91 11�73 ± 10�05** 9�34 ± 6�42**
Eotaxin3 0�13 ± 0�25 0�29 ± 0�32 102�09 ± 42�14** 73�94 ± 31�27**

Peripheral blood

Eosinophils4 4�20 ± 1�30 11�20 ± 2�30** 12�80 ± 2�90** 15�40 ± 3�00**
IL-55 2�05 ± 1�37 19�45 ± 12�49* 21�30 ± 20�38* 20�42 ± 17�83*
Eotaxin5 412�36 ± 55�25 443�00 ± 58�41 401�62 ± 45�78 481�96 ± 102�63

Bone marrow

Eosinophils6 4�07 ± 2�08 7�94 ± 2�40** 7�51 ± 2�69** 7�44 ± 2�01**
CD34+ cells6 16�10 ± 1�66 40�10 ± 3�80** 38�9 ± 5�21** 26�30 ± 2�36*�

1Number of cells (mean ± SD)/mm2 of tissue; 2(mean ± SD)ng/ml of NL; 3(mean ± SD)ng/ml of BAL; 4number of cells (mean ± SD) · 104/ml

of blood; 5(mean ± SD)ng/ml of blood; 6number of cells (mean ± SD) · 106/femur; *P < 0�05, **P < 0�01 compared with the control group,

�P < 0�05 compared with UAC group.

Control, control group; UAC, upper airway challenge group; LAC, lower airway challenge group; ULAC, upper and lower airway challenge

group.
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Figure 2. Eo/B-CFU in 6-day methylcellulose cultures of murine

bone marrow (mean ± SD). Eo/B-CFU in the presence of 5 ng/ml

each in rmIL-3, rmIL-5, and rmGM-CSF. Control, control group;

UAC, upper airway challenge group; LAC, lower airway challenge

group; ULAC, upper and lower airway challenge group.
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Eosinophils in peripheral blood circulation

In peripheral blood, the absolute number of eosinophils

was significantly increased in all treatment groups

(P < 0�01) when compared with the controls at 24 hr

(Table 1).

IL-5 levels in NL fluid, BAL fluid, serum
and BM fluid

IL-5 was not detected above background level in NL and

BM fluids in any mouse. In BAL fluid, both LAC and

ULAC (P < 0�003), but not UAC, mice, had a signifi-

cantly higher level of IL-5 than controls. IL-5 in serum

was elevated significantly in all treatment groups com-

pared to control mice at 24 hr (Table 1).

Eotaxin in NL fluid, BAL fluid, serum and BM fluid

Eotaxin level was elevated significantly in NL fluid in

UAC and ULAC (P < 0�0007) mice but not in the LAC

group as compared with control mice. In BAL fluid, LAC

and ULAC, but not UAC, mice had significantly higher

levels of eotaxin than controls (P < 0�00007). Eotaxin

levels in serum were not significantly different among the

four groups and could not be detected above the measur-

able limit in BM fluid in all groups (Table 1).

Kinetics of inflammatory changes in BM and tissue

Because BM Eo/B-CFU counts and CD34+ cells in ULAC

mice were significantly lower than the other two treat-

ment groups in response to three haemopoietic cytokines

24 hr after the last OVA challenge, a second study was

performed to observe the kinetics of inflammatory

responses of BM and tissue in this group, using UAC

mice as controls.

Bone marrow Eo/B-CFU

The number of BM Eo/B-CFU in the presence of IL-3,

IL-5 and GM-CSF in ULAC mice peaked at 2 or 12 hr

after OVA challenge while in the UAC group the peak

was 24 hr after OVA challenge (Fig. 3).

Bone marrow CD34 cells

Similarly, BM CD34+ cells increased significantly at 2 hr

and peaked at 12 hr in ULAC mice whereas the peak in the

UAC group occurred at 24 hr after OVA challenge (Fig. 4).

BM eosinophils decreased significantly (P < 0�05) at 2 hr

in ULAC mice and 12 hr in the UAC group, followed by a

remarkable increase (P < 0�01) at 12 hr in ULAC mice and

24 hr in the UAC group. The eosinophil counts decreased

gradually from 12 to 48 hr postchallenge in ULAC mice
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Figure 3. The time–course of Eo/B-CFU in 6-day methyl-

cellulose cultures of murine bone marrow (mean ± SD). Eo/B-

CFU in the presence of 5 ng/ml each in rmIL-3, rmIL-5, and

rmGM-CSF. UAC, upper airway challenge group; ULAC, upper

and lower airway challenge group. aP < 0�05, a’P < 0�01 com-

pared with prechallenge (time 0) in UAC group; bP < 0�05,
b’P < 0�01 compared with prechallenge (time 0) in ULAC group;

�P < 0�05, �P < 0�01 UAC compared with ULAC at the same

time-point.
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while they remained at high levels from 24 to 48 hr post-

challenge in the UAC group (Fig. 5).

Eosinophils in blood and tissues

In peripheral blood, eosinophil numbers in UAC mice

increased significantly at 12 hr, peaked at 24 hr and

remained at significantly high levels at 48 hr after OVA

challenge while the absolute number of eosinophils was

significantly increased at 2 hr, peaked at 12 hr and also

remained at high levels at 24 hr and 48 hr postchallenge

in ULAC mice (Fig. 5).

Eosinophils in nasal mucosa in both UAC and ULAC

groups were elevated significantly at 2 hr and peaked at

24 hr postchallenge. In lung tissue, the number of eosino-

phils showed no significant changes in UAC mice during

the 48 hr postchallenge period, while numbers increased

significantly at 2 hr, peaked at 12 hr, and remained at

high levels from 24 to 48 hr after challenge in the ULAC

group (Fig. 5).

Cytokine and chemokine responses

IL-5 levels did not significantly change in BAL fluid in

UAC mice, while increases were observed in ULAC mice,

peaking at 2 hr, remaining high at 12 hr postchallenge

(P < 0�01), and decreasing after 24 hr in ULAC mice

(Fig. 6). In serum, IL-5 level was elevated significantly at

12 hr and peaked at 24 hr postchallenge (P < 0�01) in

UAC mice, whereas the peak of serum IL-5 occurred 2 hr

postchallenge in the ULAC group (P < 0�01) (Fig. 6).
Eotaxin levels did not significantly change in BAL fluid

in UAC mice compared to increases at 12 hr, peaking at

24 hr both in NL fluid and serum in these animals

(P < 0�05) (Fig. 7). In ULAC mice, eotaxin levels in NL

fluid, BAL fluid and serum were elevated significantly at

2 hr, and peaked at 12 hr after challenge (P < 0�05), at
which time they started to decrease (Fig. 7).

Discussion

Both local and systemic aspects of allergic (eosinophilic)

inflammation at given airway mucosal sites involve,

at least in part, haemopoietic (eosinophilopoietic) mecha-
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nisms. In the current study, we were able to establish

either pure upper and/or lower airways eosinophilic

inflammation, utilizing parallel models of sensitization

and challenge. The present study has focused, in partic-

ular, on key markers of systemic responses, including

haemopoietic cytokine- and chemokine-induced BM pro-

genitor cell recruitment during the induction of allergic

inflammation in the upper or lower airways.

Sensitization and challenge by the methods described

have generated models of airway compartmentalization of

inflammatory cellular and molecular responses. In several

previous studies of murine experimental allergic rhini-

tis, the lower airway was not formally examined in

parallel;13–15 several previous studies in mice have focused

on the lower airway only.14,16 Although the experimental

protocol in this study does not completely reproduce air-

way allergen exposure in humans, it allows for a study of

local and systemic inflammatory/immune responses using

aerosolized allergen to challenge the upper and lower air-

ways of the animals simultaneously.

Anatomical factors involved in the localization of

inflammatory changes to a specific airway site might

include: the amount of antigen presented at any site;

alertness of the animals during challenge (involving intact

or anaesthetized pharyngeal reflexes); posture of the

animals (head-down position for upper airway challenge

and upright position for lower airway challenge); and

whether or not nasal cavity lavage (after OVA applica-

tion) is performed. We were able to control exposure of

either the upper or the lower airway to the antigen, with-

out contamination of the reciprocal compartment, as evi-

denced by negative trypan blue staining, respectively, in

the tracheal region (lower airway in isolated upper airway

challenge), or the nasal cavity (isolated lower airway chal-

lenge) (data not shown).

It is known that administration of allergen into the

nasal cavities of individuals with allergic rhinitis results in

acute nasal reactions that involve the typical symptoms of

rhinitis, but not of asthma, accompanied by the release of

inflammatory mediators and the development of acute

inflammatory changes in the upper airway only.17 As long

as the allergen is administered only to the nose and not

inhaled into the lower airways, some investigators report

no evidence of acute effects on lower airways,18 compat-

ible with the ‘anatomical control’ of allergen exposure in

our models. However, there is evidence that neural stimu-

lation of the nasal mucosa, for example with cold air or

histamine, may produce acute bronchoconstriction in

asthmatic patients19,20 and it is not rare to observe lower

airway airflow limitation in patients with asthma several

hours after nasal-allergen provocation;18–20 nasal-allergen

challenge can lead almost invariably to increased lower

airway responsiveness when repetitive nasal provocations

are administered to induce priming.18,20 Braunstahl et al.

have shown that lower airways eosinophilia develops after

nasal-allergen provocation in subjects with allergic rhini-

tis.21 Given our current findings, and the above evidence

in humans, one can hypothesize that isolated allergic rhi-

nitis may eventually cause lower airway responses if the

dose of allergen is increased or the duration of allergen

exposure is prolonged enough to activate the ‘cross-links’

between upper and lower airways through local and/or

systemic pathways. Thus, it is possible that anatomical

factors are necessary in determining the degree and local-

ization of airway inflammation, but not sufficient to

explain the impact of rhinitis on asthma.1

Exposure to common aeroallergens leads to activation of

CD4+ T lymphocytes and the release of cytokines.22 Indeed,

we have measured a significant increase in the number of

CD4+ cells in nasal mucosa in UAC and ULAC mice, and

in lung tissue in LAC and ULAC mice, after daily allergen

challenge. In a clinical study, Kelly et al.23 showed an

increase in activated CD4+ cells in BAL fluid, accompanied

by increases in IL-5 protein following allergen challenge in

both rhinitis and asthma patients. Saito et al.12 showed that

nasal symptoms and hyper-responsiveness appear, accom-

panied by significant nasal mucosal changes in CD4+, IL-4+

and IL-5+ cells, in a murine model of isolated allergic rhini-

tis. Moreover, airway allergen challenge in sensitized sub-

jects elicits eosinophilic inflammation in the airways in
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both humans2,24 and mice5,12,25 and is related to enhanced

eosinophilopoiesis in the BM.12,14,25

We observed that both immature and mature eosinoph-

ils in the BM and peripheral blood increased significantly

during OVA challenge in the three different airway inflam-

matory models, indicating BM participation in each case,

in agreement with our previous studies of Eo/B-CFU

in blood and BM in patients with a variety of atopic

disorders.7,8,26–28 The current study formally demonstrates,

for the first time, the activation of BM inflammatory cells

and their progenitors in situations in which isolated upper

airway, isolated lower airway, or both upper and lower air-

way responses are generated, which has been difficult to

demonstrate in human studies.7,8,26,27 This supports the

notion that eosinophils develop and mature in the BM

from haemopoietic progenitor cells in response to antigen

challenge at any one site.

The time point of 24 hr initially used to measure tissue

and BM changes was chosen based on our previous pro-

tocols.5,12 Since BM CD34+ cells and Eo/B-CFU counts in

ULAC mice were significantly lower than the other two

treatment groups at this time-point, we embarked upon a

kinetic study. Results indicated that BM eosinophils

decreased as early as 2 hr in ULAC mice, accompanied by

increases in circulating eosinophils and the development

of tissue eosinophilia, suggesting that there was a brief

period during which eosinophil recruitment from the BM

exceeded production rates. Bone marrow eosinophils

peaked at 12 hr, matching the time of increases found in

BAL fluid eosinophils, circulating IL-5 levels and BM

CD34+ cells; systemic IL-5 may thus be responsible for

stimulating more rapid eosinophilopoiesis in this model.

While UAC mice had similar profiles in the BM and

blood, this occurred almost 10 hr later than ULAC mice,

matched by later IL-5 and CD34+ responses.

Other studies have also investigated the time course of

BM eosinophils in response to allergen exposure. A study

by Ohkawara and co-workers25 using OVA-sensitized

mice demonstrated that there was a decrease in BM eosi-

nophil numbers in the first 3–6 hr after airway allergen

challenge, followed by airway, blood and marrow eosino-

philia that peaked later and persisted for 10–15 days.

These data, and results from our study, suggest that pro-

genitor cell expansion in the BM is necessary to restore

and increase eosinophil numbers following allergen expo-

sure, with the increase in eosinophil production lasting

for the duration of the local airway inflammatory

responses.29 These findings are mirrored by changes in

CD34+ progenitor cells in the BM during airway allergen

challenge: these cells are maintained at high levels during

the daily antigen challenge protocol in all three different

airway inflammatory models, with a rapid response as

early as 2 hr and maximally by 12 hr in ULAC mice.

This is in accordance with our previous findings of

higher than normal levels of CD34+ cells in studies

of blood and marrow in atopic (asthmatic/allergic and

rhinitic) individuals8,10,30 and in the murine model

of isolated rhinitis.12 Indeed, Eo/B-CFU also increased

significantly in all three airway inflammatory models,

indicating that the BM appears to be also activated func-

tionally. The demonstration of a four-fold increase in the

absolute numbers of IL-5-sensitive, Eo/B-CFU at 2 hr in

ULAC mice after allergen challenge is in disagreement

with another murine model of asthma14 in which the

IL-5-sensitive progenitors were maximally responsive at

24 hr. Our recent kinetic studies in human asthmatic

subjects31 are compatible with progenitor responses

(CD34+ cells expressing IL-5Ra and other cytokine and

chemokine receptors) in primed subjects occurring earlier

than 24 hr after allergen challenge.

Several studies have stressed the importance of systemic

or local effects of IL-5 and eotaxin produced in the air-

ways.5,13,32 Based on our observations, we propose that

signalling between the airways and BM in response to

allergen exposure involves systemic elaboration of haemo-

poietic/chemotactic mediators. However, both Minshall

et al. and Wood et al. have observed that following expo-

sure of airways in mice or human subjects to allergen,

there is an increase in CD3+ cells within the BM; many of

these cells contain both IL-5 mRNA and protein.30,33

These results suggest a mechanism by which exposure to

allergen at the airway is linked to haemopoietic cytokine

production within the BM, a process which also may be

operative in our murine models. Circulating and/or loc-

ally produced IL-5 can stimulate BM Eo/B progenitors;

because IL-5 is detected in serum after allergen challenge

in mice25 and because plasma taken from mice after aller-

gen challenge is capable of increasing BM mature eosin-

ophils when injected into naı̈ve recipient mice5,14 it is

likely that both (and not either34,35) local airway and cir-

culating production of IL-5 critically determine eosinophil

production in the BM; eotaxin reciprocally determines

eosinophil trafficking to tissues. With regard to eotaxin,

its undetectability in BM makes it likely that only locally

active eotaxin is involved in the trafficking of eosinophils

and their progenitors to the airways6 supported by our

kinetic observations of significant increases in eotaxin lev-

els in NL and BAL fluids, which coincide with the eosino-

phil efflux from BM. Increased IL-5 and eotaxin levels in

serum have been shown after allergen challenge and dur-

ing exacerbation of disease,36,37 although levels of these

factors do not change in patients with stable asthma and

rhinitis38 in whom higher numbers of blood eosinophils

and skin test reactivity can be found.

In summary, we have studied local and systemic

responses in upper and lower eosinophilic airway inflam-

mation. Our experimental murine models provide useful

tools with which to study the factors involved in the

development or regulation of airway inflammation after

upper or lower airway antigen exposure.
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