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Recurrent aspiration of milk into the respiratory tract has been
implicated in the pathogenesis of a variety of inflammatory lung
disorders including asthma. However, the lack of animal models
of aspiration-induced lung injury has limited our knowledge of
the pathophysiological characteristics of this disorder. This study
was designed to evaluate the effects of recurrent milk aspiration
on airway mechanics and lung cells in a murine model. Under
light anesthesia, BALB/c mice received daily intranasal instilla-
tions of whole cow’s milk (n 5 7) or sterile physiologic saline (n
5 9) for 10 d. Respiratory system resistance (Rrs) and dynamic
elastance (Edyn,rs) were measured in anesthetized, tracheoto-
mized, paralyzed and mechanically ventilated mice 24 h after the
last aspiration of milk. Rrs and Edyn,rs were derived from
transrespiratory and plethysmographic pressure signals. In addi-
tion, airway responses to increasing concentrations of i.v. metha-
choline (Mch) were determined. Airway responses were mea-
sured in terms of PD100 (dose of Mch causing 100% increase
from baseline Rrs) and Rrs,max (% increase from baseline at the
maximal plateau response) and expressed as % control (mean 6
SE). We found recurrent milk aspiration did not affect Edyn and
baseline Rrs values. However, airway responses to Mch were

increased after milk aspiration when compared with control
mice. These changes in airway mechanics were associated with
an increased percentage of lymphocytes and eosinophils in the
bronchoalveolar lavage, mucus production, and lung inflamma-
tion. Our findings suggest that recurrent milk aspiration leads to
alterations in airway function, lung eosinophilia, and goblet cell
hyperplasia in a murine model. (Pediatr Res 48: 776–781, 2000)

Abbreviations
Rrs, respiratory system resistance
Edyn,rs, dynamic elastance of the respiratory system
Mch, methacholine
PD100, dose of methacholine causing 100% increase of Rrs
from baseline
Rrs,max, % increase from baseline at the maximal plateau
response
GER, gastroesophageal reflux
ASM, airway smooth muscle
BAL, bronchoalveolar lavage
AHR, airway hyperresponsiveness
NEP, neutral endopeptidase

Recurrent aspiration of foreign material into the respiratory
tract is a common problem in children and patients with
predisposing anatomic and functional disorders such as tra-
cheoesophageal fistula, GER, and neuromuscular disorders
(1–3). As a result, it has been implicated in the etiology of a
variety of pulmonary disorders (1–3). Clinically, children who

aspirate may present with pneumonia, recurrent wheezing,
unexplained cough, interstitial lung disease, and even apnea
(1–3). Furthermore, an association between aspiration of milk
and exacerbation and/or development of asthma has been
suggested (4). Children with asthma commonly have GER, but
it is not always clear if GER causes, exacerbates, or is the result
of the asthma itself (4). In this respect, the interpretation of
clinical studies represents a clinical challenge in terms of
establishing a cause-effect relationship between GER, aspira-
tion, and pulmonary sequelae (4–7).

An association between milk aspiration and the development
of airway dysfunction has been suggested by clinical and

Presented, in part, at the International ATS/ALA Conference, San Diego, California,
April 24, 1999.

Received January 26, 2000; accepted July 26, 2000.
Address correspondence to Giuseppe N. Colasurdo, M.D., Department of Pediatrics,

UT-Houston Medical School, 6431 Fannin, MSB 3.146A, Houston, Texas 77030, U.S.A.
This work was supported, in part, by grants HL-03196 and HL-03784 from the National

Institutes of Health.

0031-3998/00/4806-0776
PEDIATRIC RESEARCH Vol. 48, No. 6, 2000
Copyright © 2000 International Pediatric Research Foundation, Inc. Printed in U.S.A.

ABSTRACT

776



laboratory studies in recent years (4–8). Although the clinical
relevance of recurrent aspiration is widely recognized, the
mechanisms by which aspiration induces lung injury are poorly
understood. In this respect, limited information is available on
the role played by immune cells in the development of altered
airway function seen in response to milk aspiration. Work
conducted in our laboratory has recently investigated the ef-
fects of repeated milk aspiration on the autonomic regulation of
rabbit airways in vitro (8). These studies showed recurrent
aspiration of milk produces significant alterations of the con-
tractile and relaxant responses of ASM (8). Of interest, these
changes of airway function appear to reproduce alterations of
neural control mechanisms seen in other mammalian models of
lung inflammation (9–11).

Our laboratory has recently developed a murine model of
milk aspiration (12). Using immunocytochemical staining of
milk proteins within alveolar macrophages, we described a
novel diagnostic method for pulmonary aspiration (12). To
further investigate the mechanisms by which aspiration may
lead to airway dysfunction, we performed measurements of
respiratory system mechanics in vivo. Furthermore, we evalu-
ated the presence of inflammatory cells in the BAL fluid and
lung tissue in our mouse model.

METHODS

Experimental animals. Female BALB/c mice (8 wk of age),
obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN),
were used for all studies. All the procedures used in this study
were approved by the Animal Care and Use Committee of the
University of Texas Health Science Center and Baylor College
of Medicine at Houston and conformed to National Institutes of
Health guidelines.

Production of milk aspiration. Cow’s milk was used as the
aspiration medium. After sedation with ketamine and xylazine,
50 mL of milk was placed into the nose of quietly breathing
mice while the mouth was closed. This technique, a modifica-
tion of methods previously described by our laboratory (8–11),
allows for aspiration of milk or saline into the lungs with strong
respiratory effort as evidenced by the coughing produced with
inoculation of either material. The procedure did not lead to
awakening of the mice, and the coughing resolved within
30–60 s after completion of the nasal injection of milk or
saline. This protocol was used for single and repeated aspira-
tion. The latter was accomplished by instilling 50 mL of milk
daily for 10 d. Control animals received normal saline in an
identical manner and schedule. In vivo experiments of lung
mechanics, BAL fluid cell analysis, and histopathological stud-
ies were performed 24 h after the last aspiration event as
described below.

Measurement of respiratory system mechanics. In vivo
studies of respiratory mechanics were performed in anesthe-
tized, tracheotomized, paralyzed, and mechanically ventilated
animals, as previously described (13). After a tracheal cannula
was inserted and secured, animals were placed inside a 0.37-L
Plexiglas pressure-sensitive body plethysmograph. The can-
nula was connected to a mouse ventilator (Harvard Apparatus
687) that produced quasi-sinusoidal inspiratory flow and al-

lowed passive, quasi-exponential expiratory flow. The ventila-
tor was set to provide supplemental oxygen, tidal volume of
13.0 6 1.0 mL/kg (mean 6 SE), respiratory rate of 120/min,
and positive end expiratory pressure of 5 cm H2O. Plethysmo-
graph (Pbox) and tracheal pressure signals were amplified,
low-pass filtered at 10 Hz (8-pole Bessel 902LPF, Frequency
Devices, Haverhill, MA, U.S.A.), and sampled at 40 Hz with
an analog-to-digital converter (DT 2801-A, Data Translation,
Marlborough, MA, U.S.A.). Flow was obtained by digitally
differentiating the volume signal. Both Rrs and dynamic elas-
tance Edyn,rs were estimated as a function of time off-line by
applying a recursive least-square algorithm to the equation of
motion of the single compartment linear model of the respira-
tory system (14). Rrs and Edyn,rs were corrected for equip-
ment resistance and elastance, respectively, and measured at
baseline and during incremental doses of i.v. Mch. After
completion of the in vivo respiratory mechanics studies, the
step response of the plethysmograph was measured by rapidly
injecting 0.3 mL of gas into the plethysmograph with the
mouse paralyzed in situ (15). The first 10 s of Pbox after the
injection were found to be well described by the sum of two
decaying exponential functions, which accounted for the com-
bined effects of a slow leak and the gradual conversion from
adiabatic and isothermal conditions inside the plethysmograph
after the sudden compression of gas. The parameters of the
exponential were used to convert Pbox into the volume as
described by Bates (16). Using our system, the values for Rrs
and Edyn,rs obtained from the corrected volume are similar to
those obtained using the uncorrected volume signal. This
indicates that our pressure-sensitive body plethysmograph ex-
hibits an adequate frequency response in the range of the
experimental respiratory rate used in our studies. Indices of
respiratory responses to Mch were expressed in terms of PD100

(dose of Mch causing 100% increase in Rrs above baseline
value) and Rrs,max (%Rrs value at maximal plateau response).
Results were measured as percentage of baseline values and
expressed as mean 6 SE.

Bronchoalveolar lavage fluid studies. Following studies of
airway mechanics, animals underwent BAL with four aliquots
of 0.5 mL of PBS, with approximately 90% recovery. Aspira-
tion was confirmed by immunocytochemical staining of alve-
olar macrophages for beta-lactoglobulin, as recently described
(12). Total cell count (cells/mL) was determined using a
hemocytometer (mean 6 SE). Cell differentials were calcu-
lated from slides prepared with modified Wright’s stain and
expressed as percentage of total BAL fluid cells.

Histopathological studies. After completion of the in vivo
studies and BAL, mice were euthanized and the lungs removed
and perfused with 10% buffered formalin. Lungs were then
fixed overnight, embedded in paraffin, and then sectioned and
stained with hematoxylin-eosin. Examination of lung histology
was performed using light microscopy. Furthermore, PAS
staining was performed to evaluate the presence of mucus
production within the airway walls. The latter was accom-
plished by using Image-Pro® Plus analysis software (Media
Cybernetics, Silver Spring, MD, U.S.A.). PAS-stained material
was identified on digitized images, and the pixel intensities of
each color channel were averaged. This was repeated for each
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image, and the values averaged to determine the area (M) and
intensity (I) of PAS-stained material within the airway walls.
In addition, the area (A) of the total epithelium including
PAS-staining material was determined. Results were expressed
by using a mucus index determined by the following equation:
M 3 I/A. Final indices represented the mean 6 SE of eight
images per lung including large and small bronchial airways.

Statistical analysis. All results were expressed as mean 6
SE, where n equals the number of animals. Student’s unpaired
two-tailed t test and two-way analysis of variance were used to
determine the level of differences, where appropriate. A p
value of ,0.05 was considered significant.

RESULTS

Studies of respiratory mechanics. After preliminary studies
at various time points following single and repeated aspiration
of milk, animals received daily inoculations of milk for 10 d as
described above. In vivo studies of respiratory mechanics were
performed 24 h after the last aspiration event. Recurrent milk
aspiration did not affect baseline dynamic elastance (Edyn,rs)
when compared with control animals: 53.1 6 3.2 (n 5 7)
versus 46.7 6 6.2 (n 5 9) cm H2O·mL-1, respectively (Fig. 1).
Baseline Rrs was greater after recurrent milk aspiration when
compared with control mice: 0.76 6 0.1 (n 5 7) versus 0.55 6
0.05 (n 5 9) cm H2O·mL-1·s (Fig. 2). However, the difference
between these values did not reach statistical significance (p 5
0.061). The respiratory system responses to increasing concen-
trations of Mch were enhanced after milk aspiration as dem-
onstrated by the Mch dose-response curve shown in Figure 3.
Although PD100 values were not different between the two
groups, the maximal response to Mch (Rrs,max) was increased
by recurrent milk aspiration when compared with control
animals: 1160 6 232.0 (n 5 7) versus 516 6 84.2 (n 5 9) cm
H2O·mL-1·s, respectively (Fig. 3) (p 5 0.02).

Analysis of bronchoalveolar lavage fluid. To evaluate the
effects of recurrent milk aspiration on the cellular constituents
of BAL fluid, lung lavage was performed after completion of
the in vivo studies of airway mechanics. The total number of

cells recovered by BAL was significantly increased after 10 d
of milk aspiration when compared with control mice: 28.4 6
4.1 3 104/mL and 15.1 6 3.2 3 104/mL, respectively (p 5
0.003). After repeated milk aspiration, the differential cell
counts obtained in BAL fluid revealed the following: 59.6 6
12.0% macrophages, 12.0 6 2.8% neutrophils, 12.4 6 2.1%
lymphocytes, and 16.0 6 3.6% eosinophils (Fig. 4). The
percentage of lymphocytes and eosinophils was significantly
enhanced by aspiration of milk when compared with control
mice (p , 0.05) (Fig. 4).

Histologic studies of lung tissue. The examination of lung
morphology in mice exposed to repeated aspiration of milk was
performed by light microscopy of histologic sections stained
with hematoxylin and eosin. These studies were performed on
tissues removed from mice after completion of the in vivo
studies of respiratory mechanics. Furthermore, sections of lung
tissue were also obtained from animals prepared only for

Figure 1. Effect of milk aspiration on baseline Edyn,rs in mice. Animals
received daily intranasal instillations of cow’s milk (50 mL) for 10 d (n 5 7).
Control animals received normal saline in a similar manner (n 5 9). Edyn,rs
is expressed in terms of cm H2O·mL-1 (mean 6 SE). Aspiration of milk did not
affect baseline dynamic elastance (p . 0.05).

Figure 2. Effect of milk aspiration on baseline Rrs in mice. Animals received
daily intranasal instillations of cow’s milk (50 mL) for 10 d (n 5 7). Control
animals received normal saline in a similar manner (n 5 9). Rrs is expressed
in terms of cm H2O·mL-1·s (mean 6 SE). Although baseline Rrs was increased
after recurrent milk aspiration, it did not reach statistical significance when
compared with control values (p 5 0.061).

Figure 3. Effect of milk aspiration on airway responsiveness to Mch. Data
were obtained as mean 6 SE and expressed as percentage of baseline Rrs after
i.v. infusion of increasing doses of Mch (25–1600 mg·kg-1). The maximal
response to Mch (Rrs,max) was increased by recurrent milk aspiration when
compared with control values (*p 5 0.02).
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histologic studies. Representative sections of control and ex-
perimental animals are shown in Figure 5. Repeated milk
aspiration produced significant inflammatory changes within
lung tissues as demonstrated by a thickened airway epithelium
and diffuse infiltration of mononuclear cells in the peribron-
chial and interstitial spaces (Fig. 5B). The area of higher
magnification in Figure 5B reveals the presence of eosinophils
and mononuclear cells within areas of inflammation. Normal
parenchymal architecture from a control animal is shown in
Figure 5A. When evaluating the effects of milk aspiration on
the airway epithelium, we found a significant thickening of the
epithelial layer associated with marked goblet cell hyperplasia
(Fig. 6B). The area of higher magnification depicts a distinct
positive staining of goblet cells. Representative sections of
airways obtained from control animals are shown in Figure 6A.
As a result, the mucus index, obtained as described above, was
significantly increased after milk aspiration when compared
with control animals: 21.7 6 4.7 and 0.3 6 0.2, respectively
(Fig. 7, p , 0.0001).

DISCUSSION

Clinical and laboratory observations have repeatedly sug-
gested an association between aspiration and pulmonary dis-

orders (1–8). In children, repeated episodes of aspiration have
been shown to produce a variety of lung disorders: pneumonia,
bronchiectasis, chronic cough, interstitial lung diseases, recur-
rent wheezing, and apnea (1–7). As a result, significant loss of
lung function and even respiratory failure may occur (2). In
infants and young children, aspiration of milk is capable of
inducing clinical symptoms of airway obstruction associated
with other important features of chronic obstructive lung dis-
eases: airway inflammation and heightened responsiveness (1,
6, 7). Despite the potential importance of aspiration in the
pathogenesis of acute and chronic inflammatory lung disorders,
only recently have animal models been used for the study of
the basic mechanisms involved in aspiration-induced airway
dysfunction (8).

Early work by Olson et al. (17) revealed that rabbit lungs
develop consolidative and interstitial pneumonia with neutro-
philic and mononuclear infiltration following the endotracheal
instillation of milk. Furthermore, rabbits appear to develop
functional alterations characterized by a widened alveolar-to-
arterial oxygen gradient and decreased compliance (18). Our
laboratory has recently investigated the effects of repeated milk
aspiration on the airway’s neural control in rabbits in vitro (8).
These studies showed recurrent aspiration of milk produced
significant alterations of the autonomic regulation of the air-
ways leading to an imbalance between the contractile and
relaxant responses of the airway smooth muscle (8). Of inter-
est, these changes of airway function appear to reproduce
alterations of neural control mechanisms produced by other
common environmental stimuli such as allergens and respira-
tory pathogens (9–11, 19).

In this study, we describe alterations of respiratory system
mechanics in a murine model of milk aspiration in vivo. After
repeated aspiration of milk, we found increased baseline respi-
ratory resistance and enhanced airway responses to Mch, sug-
gesting that changes in the regulation of ASM tone and re-
sponsiveness may occur as a result of airway exposure to milk.
In addition, we found repeated aspiration of milk is capable of
producing a significant recruitment of eosinophils within BAL
fluid and lung tissue. The latter finding is of particular impor-
tance due to the frequent association between eosinophilia and
AHR in the mouse model (20–23). Taken together, our find-
ings suggest that aspiration of milk produces functional and

Figure 4. Effect of milk aspiration on bronchoalveolar lavage fluid cellularity.
Animals received daily aspiration of milk for 10 d. Control mice received
normal saline in a similar manner. Results were expressed in terms of % total
BAL fluid cells (mean 6 SE). The percentage of lymphocytes and eosinophils
was increased by aspiration of milk when compared with control animals (*p
, 0.05).

Figure 5. Lung histopathology. Lung sections obtained from control animals (A) and mice exposed to repeated episodes of milk aspiration (B). (A)
Representative section revealing normal parenchymal architecture. (B) Representative field of the inflammatory changes produced by milk aspiration
characterized by a thickened epithelium (arrow) and diffuse infiltration of mononuclear cells in the peribronchial and interstitial spaces. The area of higher
magnification reveals the presence of eosinophils and mononuclear cells within areas of inflammation. Scale bar in A 5 100 mm. Scale bar in B 5 10 mm.
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cellular changes that mimic asthma-like airway dysfunction in
our murine model.

The mouse model of airway dysfunction has become an
important mammalian model for the study of the basic mech-
anisms of asthma and has broadened our knowledge of the
immunopathogenesis of airway inflammation and hyperre-
sponsiveness (20–23). Although complex interactions between
various inflammatory and immune cells are involved in the
asthma-like phenotype seen in the allergen-driven model, there
is general agreement that the development of altered airway
function is dependent on CD41 T-lymphocytes and that eo-
sinophils are the effectors of this response (20–23). In this
respect, recent studies have further defined the cell signaling
involved in the recruitment and activation of eosinophils within
the lung, the development of an IgE immune state, and their
association with AHR (20–24). Several cytokines appear to
play a critical role in the pathologic and functional changes
seen in mammalian models of asthma (22). Interleukin (IL)-5,
IL-3, IL-13, and granulocyte-macrophage colony-stimulating
factor are involved in the recruitment and activation of eosin-
ophils (22–25). IL-4 is involved in the isotype switching in B
cells from IgG2a and 2b to produce IgG1 (in mice) and IgE (a

hallmark of atopy in human asthma) (22, 26). In addition, IL-4
is involved in activation of mast cells thus leading to the
release of several proinflammatory cytokines and chemotactic
factors that could contribute to the altered airway function (22,
27, 28). Using knockout mice and cytokine antagonists, it has
become evident that a cytokine imbalance with predominance
of Th2 cells is capable of producing an environment favorable
for the development of eosinophilic inflammation, increased
IgE, and AHR (22).

In light of these observations, it is possible to speculate that
repeated aspiration of milk may lead to a Th2-type microen-
vironment, similar to the allergen-driven cytokine imbalance
produced in the mouse model, with subsequent development of
an IgE immune state and lung eosinophilia. These changes
would not be surprising due to clinical and laboratory obser-
vations on the ability of milk aspiration to induce allergic
sensitization. Boulloche et al. demonstrated that infants with
milk aspiration had increased total serum IgE and specific IgE
to cow’s milk compared with control infants and children with
sudden infant death syndrome (29). In both children and
rabbits, the serum concentration of specific IgG, IgA, and IgE
antibodies to BSA, a-lactalbumin, b-lactoglobulin, a-casein,
and gammaglobulin are higher after recurrent milk aspiration
when compared with control values (30). Furthermore, several
reports of IgE-mediated hypersensitivity associated with sig-
nificant respiratory symptoms have been described following
exposure to milk proteins (31–33).

A direct relationship between eosinophilic inflammation and
AHR has not been invariably observed (22, 34). Therefore,
additional mechanisms other than eosinophilic inflammation
and cytokine imbalance could be involved in the development
of AHR in our murine model. The role of the airway epithe-
lium in respiratory pathophysiology is increasingly recognized
(35–37). The epithelial lining of the airways is capable of
modulating several cellular responses within the lung, includ-
ing airway smooth muscle tone and responsiveness (35–37).
Several changes in the metabolic function of the airway epi-
thelium are capable of disrupting the airway control. Loss of
NEP and release of bronchoconstrictor agents have been well
described in conditions associated with airway inflammation
and hyperresponsiveness (38, 39). Furthermore, the phenotyp-
ical changes involving the airway epithelium after milk aspi-
ration are strikingly similar to the alterations described in

Figure 6. PAS staining of lung sections obtained from control animals (A) and mice exposed to repeated episodes of milk aspiration (B). (A) Representative
section of a control animal. (B) Representative field of the changes produced by repeated milk aspiration. The airway epithelium was thickened as a result of
marked goblet cell hyperplasia in the airways. The area of higher magnification shows distinct positive staining of goblet cells. Scale bar in A 5 100 mm. Scale
bar in B 5 10 mm.

Figure 7. Effect of milk aspiration on mucus index. PAS-stained material was
identified on digitized images using Image-Pro® Plus analysis software, and
the pixel intensities of each color channel were averaged. This was repeated for
each image, and the values averaged to determine the area (M) and intensity (I)
of PAS-stained material within the airway walls. In addition, the area (A) of
the total epithelium including PAS-staining material was obtained. Results
were expressed as mean 6 SE by using a mucus index determined by the
following equation: M 3 I/A. The mucus score was increased by aspiration of
milk when compared with control animals (*p , 0.05).
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allergen-driven (40) and IgE-mediated milk hypersensitivity
murine models of lung inflammation (41). Although further
work is needed to evaluate the effects of milk aspiration on
epithelial cell function, it is possible that loss of NEP may
enhance the physiologic effects of bioactive peptides due to
decreased enzymatic inactivation (38, 39). In addition, a thick-
ened airway epithelium and goblet cell hyperplasia with en-
hanced mucus production, as shown in our murine model, may
contribute to increased airway tone and responsiveness (40).

In summary, we have developed a murine model in an
attempt to characterize the effects of milk aspiration on airway
mechanics. In addition, we evaluated whether aspiration of
milk produces inflammatory changes within the lung. Our
results demonstrate that repeated milk aspiration produces
AHR, eosinophilic inflammation, and goblet cell hyperplasia.
Due to the striking resemblance of these changes with human
and experimental asthma, our model could represent an un-
precedented tool for the study of the cell signaling involved in
aspiration-induced airway dysfunction. Of particular interest is
the fact that airway hyperresponsiveness and inflammation are
produced by a stimulus (milk) that is believed to be an impor-
tant cause of wheezing in young children and a potential risk
factor for the development of asthma (4, 33). Further studies
are needed to define the cell signaling involved in the devel-
opment of airway dysfunction, eosinophilia, and mucus pro-
duction in response to milk aspiration.
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