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Abstract

The guinea pig sensitized by ovalbumin is the most widely used model to

study cough experimentally, as the neurophysiology of the vagus nerve in

the guinea pig is closest to humans. Nonetheless, the choice of the antigen

remains questionable, which influences the translation of results into clinical

medicine. The present study seeks to develop an alternative model of cough

study using house dust mite sensitization (HDM). Thirty guinea pigs were

divided into the HDM group, ovalbumin (OVA) group, and control group

based on their cough response to 0.4 M citric acid. In the HDM group

animals were sensitized by 0.25 %HDM aerosol, which they inhaled for

5 min over 5 days, followed by inhalation of 0.5 %HDM in the same

protocol. Sensitization was confirmed by a skin test. Symptoms of allergic

rhinitis were induced by intranasal application of 15 μl 0.5 %HDM and

cough challenges with citric acid were performed. Airway resistance was

measured in vivo by Pennock’s method. We found that both HDM and

OVA-sensitized groups showed a significantly enhanced nasal reactivity

and cough response compared with controls. The airway resistance data

did not show significant differences. We conclude that the HDM cough

model replicates functional aspects of the OVA model, which may make it

an alternative to the latter. However, the superiority of the HDM model for

experimental cough studies remains to be further explored.
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1 Introduction

Animal models are extensively used in the bio-

medical research with the purpose to improve the

understanding of diseasemechanisms, to find early

and effective diagnostic tools, and to develop

novel treatment options. The rationale for using

animal models is that they are likely to remain

necessary until alternative models and systems,

which would be equally sound and robust, are

developed (Chow et al. 2008). The data obtained

from animal models should be compared and

translated to the conditions of human diseases.

Cough is the most important airway defensive

mechanism and a symptom of the majority of

respiratory diseases including asthma and

COPD. Despite extensive animal research, there

is still a lack of sufficient treatment for cough,

regardless of its cause. The inability to translate

and replicate the results from preclinical animal

models to humans can stem not from the medica-

tion or the animal used, but from the model itself,

which should mimic the natural pathogenesis of

disease processes. Most preclinical studies of

neural pathways involved in cough reflex and

its pharmacological regulation have been

conducted in guinea pigs, rats, rabbits, cats, or

dogs (Belvisi and Bolser 2002). The literature

shows that the most useful animal model to

study cough is the conscious guinea pig.

Extensive work in this field clearly shows that

the neurophysiology and neuropharmacology of

the guinea pig vagus nerves are very similar to

those of man. A great deal of research on the

modulation of cough as a defensive mechanism

and on the neural background involved in the

cough regulatory circuits have been obtained

from animal models using ovalbumin (OVA)-

induced airway inflammation (Mokry et al. 2013;

Sutovska et al. 2013; Hori et al. 2011; Brozmanova

et al. 2008). Although the animals sensitized to

OVAexhibit positive skin reactivity to the allergen

and they develop early and late phase allergic

responses after OVA exposure, accompanied by

eosinophilia, the way of sensitization (intraperito-

neal) and the antigen itself (chicken egg protein)

are not as natural as human inhalation allergies.

The elucidation of mechanisms which are

responsible for airway hypersensitivity can signif-

icantly increase the effectiveness of cough treat-

ment and contribute to better quality of life of the

affected patients. Effective therapy can simulta-

neously decrease the costs associated with

diagnostics and more or less effective therapy. In

the UK alone, there are around two million

prescriptions issued by general practitioners for

medications used for cough treatment every year,

which translates into £1,314,000 (British Thoracic

Society 2006). These costs are underestimated, as

many cough treatment medications can be

obtained over the counter.

The main objective of this study was to

develop a model of house dust mite (HDM)

antigens inhalation allergy in the guinea pig and

to compare selected functional parameters with

those that are usually measured in cough reflex

studies employing OVA in the conscious guinea

pig. The HDMs are complex antigens which sen-

sitize the subjects via immunogenic epitopes,

fecal pellets, lipopolysaccharides, beta-glucans,

and chitin. They are used to study allergy and

asthma (Yasue et al. 1998), but have never been

used in the cough research field.We hypothesized

that HDM-induced airway inflammation could

also be an alternative model to study the cough

response in the guinea pig.

2 Methods

2.1 General Notes

Animal care was provided and the experiments

were conducted in agreement with the Animal

Welfare Guidelines of the Comenius University

and the statutes and rules of the Slovak Republic

legislation. The study was approved by the Ethics

Committee of Jessenius Faculty of Medicine (per-

mit no. 2999/07-221). Male Dunking Hartley

guinea pigs were used, obtained from an accredited

breeding facility (L. Sobota, Městec Králové,

Czech Republic). The animals were housed at a

controlled room temperature of 21–22 �C, humid-

ity of 60–70 %, 12-h light–dark cycle, and had free

access to water and standard chow.
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The animals were adapted twice to the labo-

ratory conditions. To keep the stress to the min-

imum, they stayed in a plethysmography

chamber to get familiarized with the environ-

ment and the laboratory personnel responsible

for the experimental manipulations. In the

chamber, the animals were exposed to an aero-

sol of buffered saline for 2 min, which

corresponded to the future experimental proce-

dure. Later on, the animals were challenged

with 0.4 M citric acid and based on the response,

they were divided into the control, OVA, and

HDM groups, 10 animals each. All the groups

involved an equal count of normo-, hypo-, and

hyperreactors. The reason for this pattern of

group assignment was that the cough response

to citric acid in conscious animals shares

extremely high variability, present even among

healthy animals.

2.2 Sensitization

There were the following sensitization

procedures.

1. Sham-sensitized animals in the control group,

injected with physiological saline – 1 ml;

2. OVA-sensitized animals, injected with 10 μg
of OVA, suspended in the aluminium

hydroxide adjuvant, in 1 ml of saline; sensi-

tization was confirmed by a skin prick test

21 days later on. All injections were

intraperitoneal.

3. HDM-sensitized animals. First line sensitiza-

tion was achieved by inhalation of 0.25 %

HDM aerosol (Greer Labs; Lenoir, NC) for

5 consecutive days for 5 min each in the

plethysmography chamber. Second line

(boosting) sensitization was achieved by inha-

lation of 0.5 %HDM aerosol for 5 consecutive

days for 5 min each. Successful sensitization

was confirmed 14 days later by a skin prick

test (15 μl of 0.5 % HDM; intradermal appli-

cation) and the animals were observed

throughout the early and late phases of aller-

gic reaction.

2.3 Assessment of Nasal Symptoms
After Antigen Challenge

The intensity of symptoms was evaluated using a

nasal symptom score system that matches

symptoms’ intensity to numeric values (maxi-

mum 6 and minimum 0), according to the method

of Brozmanova et al. (2006). The number of

sneezes was tallied and the following symptoms

were scored: (i) nasal discharge – lack 0, mild/

moderate 1, dropping from the nostrils 2, (ii) eye/

conjunctival reaction – lack 0, hazy eyes 1, visi-

ble lacrimation 2, and (iii) nasal crackles: lack

0, audible 1, audible from a distance 2. The main

objective of this procedure was to confirm the

ability of the allergen to induce upper airway

response after a topical antigen challenge. To

this end, the OVA group received 0.15 ml of

0.5 % OVA and the HDM group received

0.15 ml of 0.25 % HDM into both nostrils.

2.4 Citric Acid-Induced Cough

Conscious guinea pigs were individually placed

in the body box (type 855, Hugo Sachs

Electronik, March, Germany) consisting of head

and body chambers. The opening between the two

chambers was equipped with a plastic collar

sealing the animal’s neck to prevent communica-

tion between the chambers. The appropriate col-

lar size was chosen for each animal to prevent

neck compression. The head chamber was

connected to a nebulizer (Provokation Test

I-Menzel; PARI GmbH, Starnberg, Germany),

having the following specification: output 5 l/

min and particle massmedian aerodynamic diam-

eter 1.2 μm. A suction device adjusted to the input

of 5 l/min was connected to the head chamber to

maintain constant airflow through the chamber

during the aerosol administration. The airflow

was measured with a Fleisch head connected to

the head chamber. Data were recorded with the

acquisition system ACQ Knowledge (Biopack,

Santa Barbara, CA). Respiratory sounds, includ-

ing sounds during coughing and sneezing, were

recorded with a microphone placed in the roof of
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the head chamber and connected to a preamplifier

and MP3 recorder. The pneumotachograph and

microphone output were simultaneously recorded

for off-line analysis.

The cough challenge was performed using an

inhalation of 0.4 M citric acid for 10 min. Cough

was defined as an expiratory airflow interrupting

the basic respiratory pattern accompanied by a

coughing sound. Coughs were analyzed by two

trained persons; both being blind to the

procedures carried out. Their results were com-

pared and averaged if no statistically significant

differences occurred.

To assess the cough threshold, the animals were

challenged by gradually increasing concentrations of

citric acid (0.05–1.60 M; 30 s inhalation separated by

1 min intervals) conducted at least 3 days apart.

Parameters ofC2andC5were obtained, corresponding

to the concentrations of citric acid inducing 2 andmore

coughs or 5 or more coughs, respectively. The dose

response curves also were constructed. Cough

responsesweremeasured after nasal allergen and saline

challenges as based on the upper airway cough syn-

drome model validated by Brozmanova et al. (2006).

2.5 Measurement of Specific
Airway Resistance

Specific airway resistance (Raw) was measured

by a non-invasive plethysmographic method of

Pennock et al. (1979). Conscious animals were

placed in the body box as outlined above. Nasal

airflow was measured in the head chamber and

thoracic airflow was calculated from the pressure

change in the lower chamber. Both

measurements, made with differential pressure

transducers (Simsoft; Martin, Slovakia), were

fed into PC equipped with Pulmodyn Pennock

W software for further analysis. The Raw is

proportional to the phase difference between

nasal and thoracic airflows and is based on the

Lissajous loop representation of the two airflows

on the X and Y axes. The Raw was measured

after inhalation of histamine and methacholine

aerosols.

3 Results

3.1 Skin Prick Tests

Skin tests were performed in all groups and early

and late phase responses were observed on the

skin after OVA and HDM intradermal injections,

with saline and histamine pricks used as negative

and positive controls, respectively (Fig. 1a).

All OVA-sensitized animals exhibited the acute

phase response with the presence of flare and

edema, which developed within 15 min after

antigen administration. The acute phase was

observed up to 1 h. After 4–8 h, late phase was

observed with the presence of flare (3–5 mm on

average), edema, and induration, which was

detected in 8/10 OVA-sensitized animals. In the

HDM group, acute phase of the skin response

Fig. 1 Guinea pigs with positive and negative pricks (a) and detail of a scratch injury and scab (b)
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was significantly weaker; redness with edema

developed only in 4/10 animals. The late phase

response, however, was considerably stronger

when compared with the OVA group as it was

present in 10/10 animals. Intensive scratching

was observed in all animals a day after sensitiza-

tion and scratch injuries and scabs were observ-

able (Fig. 1b).

3.2 Nasal Symptoms

Animals in all groups were challenged by intra-

nasal saline, OVA, or HDM. Control (saline)

challenge induced no considerable symptoms,

animals sneezed once or twice immediately

after or during the insertion of a catheter. The

animals of OVA and HDM groups were sneezing

significantly more during the whole observation

time of 1 h: 2 � 1 vs. 12 � 4 vs. 10 � 2,

p < 0.05, in the control, OVA, and HDM groups,

respectively. In the last two groups, there also

were present nasal discharge and nasal acoustic

phenomenon typical for breathing through

obstructed nasal passages. The OVA, but no

HDM group, developed a conjunctival reaction.

A total symptom score was comparable in these

two groups: 5 � 1 vs. 4 � 1 points, which was

significantly higher from the lack of symptoms in

the control group (p < 0.05) (Fig. 2).

3.3 Cough Response to Inhalation
of Citric Acid

Cough response to citric acid, the most fre-

quently used tussive agent, was analyzed during

the acute phase of the allergic response induced

by nasal challenges of saline, HDM, and OVA. It

is generally known that an inflammatory process

in the nose/sinuses considerably upregulates the

cough response. A total cough count obtained

during 10-min lasting inhalation of citric acid

was 9 � 2 in controls vs. 16 � 3 in HDM and

15 � 2 coughs in OVA groups. The cough

response in both sensitized groups, OVA and

HDM, was significantly higher than that in

controls (p < 0.05). However, the OVA and

HDM groups achieved very similar results for

the total cough count. This pattern was present

also for the cough latency, which is the time from

the start of exposure to a tussigen to the onset of

the first cough bout. In controls, the first cough

appeared after 180 � 8 s, while in the OVA and

Fig. 2 Count of sneezes and nasal symptom score in the early phase. MED median, IQR interquartile range, HDM
house dust mite sensitization, OVA ovalbumin sensitization
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HDM groups it appeared after 86 � 8 and

80 � 10 s, respectively, after the start of citric

acid exposure (Fig. 3).

3.4 Specific Airway Resistance
In Vivo

No significant changes were observed in specific

airway resistance measured in vivo in response to

histamine or methacholine, as compared with

saline, in the HDM group (Table 1).

4 Discussion

The present study demonstrates that the house

dust mite antigens can be used to model airway

hypersensitivity/hyperreactivity in the guinea

pig, with the possible application of this model

in studies on cough reflex. Sensitization to HDM

was confirmed indirectly by positive skin tests

after intradermal administration of HDM, and

also by the onset of nasal symptoms after topical

intranasal HDM challenges in sensitized animals.

We were able to reproduce functional changes,

especially the upregulation of cough reflex in

HDM-sensitized guinea pigs after topical admin-

istration of the allergen. Some of the data were

comparable to the functional changes observed in

the OVA-sensitized animals. However, we failed

to show a significantly modified cough reflex

sensitivity, which is well known for the OVA

model (Brozmanova et al. 2006).

An animal model suitable to study cough in

conscious animals, along with the effectiveness

of a medication, should be characterized by an

enhanced cough response to tussive stimuli when

compared with control subjects, which reflects

the upregulation of cough. This is achieved by

the mechanisms of either peripheral or central

neuroplasticity. The effectiveness of an antitus-

sive medication should be studied on the back-

ground of upregulated cough response, which

enables to notice a reduction of coughing. Fur-

ther, such a model should be characterized by

increased permeability of airway mucosa to tus-

sive stimuli, which allows using lower

concentrations of tussive aerosols. This strategy

mimics the situation in humans, especially when

the cough response is triggered by subthreshold

stimuli. Increased permeability of airway mucosa

is typical for airway inflammation. The animals

used to model cough responses should be in the

Fig. 3 Citric acid induced cough. MED median, IQR interquartile range, HDM house dust mite sensitization, OVA
ovalbumin sensitization
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state of consciousness to mimic the cough reflex

in humans that cannot be studied in anesthetized

subjects, when the essential contribution of the

suprapontine neural mechanisms is missing.

Another important issue is to limit

bronchoconstrictive response, which is a usual

accompaniment of different models of airway

hyperreactivity. Bronchoconstriction influences

breathing pattern of an animal and a total amount

of inhaled tussigen and its deposition in airways.

Therefore, none or mild bronchoconstriction

would benefit a cough study, whereas models in

which animals respond to airway challenge with

wheezing and breathing difficulties are not suit-

able for this purpose. In the present study, we

used the 0.25 % and later 0.50 % HDM antigen

concentrations to sensitize the guinea pig. These

concentrations are lower than those used in the

mouse asthma models where they are in a range

of 10 mg HDM extract per ml (Yasue

et al. 1998).

In modeling, it is important to consider what

the expected outcomes would be. Intraperitoneal

sensitization, followed by intranasal and aerosol

challenges, is relatively easy to conduct, induces

strong Th2 responses, and it is more suitable

from the immunological standpoint. On the

other side, repeated aerosol challenges as a way

of sensitization are more suitable to develop air-

way hyperreactivity and airway remodeling.

Therefore, we set out to use the aerosol HDM

challenges to develop our model. The downside

of the HDM use is that it represents increased

risk for the development of occupational allergy

or asthma in laboratory personnel (Ruoppi

et al. 2005), whereas this risk is virtually null

when using intraperitoneal sensitization.

The question arises of whether the HDM as a

whole extract or Der p 1 protein alone should be

employed for sensitization? The Der p 1 allergen

is the most immunogenic house mite protein of

the extract, but not the only one. Accordingly, we

found the sensitization to be far less effective

with Der p 1 alone. Also, no one is exposed to

Der p 1 alone. Therefore, unless one desires to

study the allergenic capacity of just this allergen

or to work on a specific desensitization, the

whole HDM extract is more advisable (Hammad

et al. 2010).

Cough is the most important defensive reflex

of airways and it remains the most common

symptom of airway diseases. Nonetheless, exten-

sive research in the cough field has by far failed

to bring satisfactory results which could possibly

be translated into clinical applications in chronic

cough. Neural circuits responsible for the media-

tion and modulation of cough reflex are studied

in both anesthetized and conscious animals using

either naı̈ve animals or animals with airway

inflammation. These models use different

approaches to induce inflammation and thus

modulate neurophysiological properties of

cough mediating fibres in airways. This process,

known as peripheral cough plasticity, is believed

to be responsible for upregulation of cough reflex

and troublesome persistent coughing (Poliacek

et al. 2009a,b).

The overview of the literature suggests that

the most frequently used model is based on oval-

bumin sensitization with different patterns of

secondary airway challenges (intranasal, inhala-

tional) after the primary sensitization phase,

which is usually intraperitoneal. Ovalbumin

models of acute and chronic airway inflammation

have been extensively reviewed by Kumar

et al. (2008), with the listing of advantages and

disadvantages regarding the clinical translation

of findings as well as the description of

limitations of OVA use. The OVA, however, is

seldom implicated in humans, and other

researchers have used alternative allergens that

may have a greater clinical relevance, e.g., house

Table 1 Specific airway resistance (Raw; ml/s) in vivo in
the house dust mite (HDM)-sensitized, compared with

control, guinea pigs

Controls Saline Histamine Methacholine

3.16 � 1.29 3.42 � 0.23 3.75 � 1.59

p vs.
saline

– 0.40 0.38

HDM Saline Histamine Methacholine

3.67 � 2.07 4.20 � 1.68 4.39 � 1.95

p vs.
saline

– 0.24 0.33

Data are means � SD
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dust mite or cockroach extracts (Nials and Uddin

2008).

The antigenic potential of HDM is complex,

and this aggregate of allergens can induce an

inflammatory response via multiple mechanisms

compared with OVA. Proteases, fecal pellets,

chitin, lipopolysaccharide, and others belong to

the spectrum of pro-inflammatory signals

released by the HDM. In general, currently used

HDM models rely on topical administration of

HDM into the airways (usually intranasally) over

a course of weeks, which results in airway

inflammation accompanied by eosinophilia, but

there is not enough evidence to show the allergic

nature of inflammation underscored by

HDM-specific IgE antibodies, B-, or T-cells.

Therefore, it is unclear whether the inflammation

is truly allergic or just a consequence of repeated

nasal insults.

Cough studies in vivo are usually based on the

observation and analysis of the cough response to

tussive challenges. Citric acid or capsaicin

aerosols are used to induce reliable and repro-

ducible cough responses to study either the

mechanisms of cough or effectiveness of anti-

cough medications. The HDM could play a role

in such studies. It contains a number of proteo-

lytic enzymes: cysteine proteases (group 1: Der

p 1 and Der f 1) and serine proteases (groups 3, 6,

and 9: Der p 3, Der p 6, Der p 9, Der f 3, Der f

6, and Der f 9); the enzymes are also present in

HDM fecal pellets (Chapman et al. 2007). Col-

lectively, they are responsible for 79 % of pro-

teolytic activity of HDM (Stewart et al. 1994).

Der p 1 and Der f 1 disrupt the intercellular tight

junction proteins occludin and claudin-1 (Wan

et al. 2001; Wan et al. 1999), which enables the

delivery of an antigen to submucosal antigen-

presenting cells. This impairment of the barrier

function of the epithelium, present in poorly con-

trolled asthmatic patients (Bhure et al. 2009), has

not been replicated in a murine in vivo model

after a single dose of HDM (Turi et al. 2011),

which suggests that it results from chronic expo-

sure to HDM rather than from an acute insult. To

induce coughing, tussive aerosols must penetrate

the airway mucosa to reach afferent nerve

endings mediating cough. It is supposed that the

HDM, with its protease activity, can destroy tight

junction proteins connecting the airway epithe-

lial cells, which may, in turn, increase mucosal

permeability for different irritants, including tus-

sive stimuli. Increased permeability of airway

mucosa may facilitate cough induction with the

use of lower concentrations of tussive

substances, which possibly better emulates the

natural conditions in which coughing appears.

In conclusion, HDM antigens appear to be a

promising way to study the cough reflex. Further

research is required to validate and optimize the

HDM model of hypersensitive, cough producing

airways.
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