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ABSTRACT
Background In allergic asthma, exposure to relevant
antigens leads to an early asthmatic response (EAR)
followed, in certain subjects, by a late asthmatic
response (LAR). Although many subjects with asthma
consider LAR to be one of the defining symptoms of their
disease, and despite its widespread use in the clinical
assessment of new therapeutic entities, the mechanism
underlying the LAR remains unclear.
Method A study was undertaken using ovalbumin-
sensitised and challenged Brown Norway rat and C57BL/
6J mouse models which recapitulate phenotypic features
of allergic asthma including the LAR and its susceptibility
to clinically effective agents.
Results In conscious animals an EAR was followed by
a LAR. The LAR was subjectively evidenced by audible
(wheeze) and visual signs of respiratory distress
associated with quantifiable changes in non-invasive lung
function assessment. Treatments that attenuated the
EAR failed to impact on the LAR and, while anaesthesia
did not impact on EAR, it abolished LAR. A key role for
airway sensory neuronal reflexes in the LAR was
therefore hypothesised, which was confirmed by the
blockade observed after administration of ruthenium red
(non-selective cation channel blocker), HC-030031
(TRPA1 inhibitor) and tiotropium bromide
(anticholinergic) but not JNJ-17203212 (TRPV1
inhibitor).
Conclusion These results suggest that LAR involves the
following processes: allergen challenge triggering airway
sensory nerves via the activation of TRPA1 channels
which initiates a central reflex event leading to
a parasympathetic cholinergic constrictor response.
These data are supported by recent clinical trials
suggesting that an anticholinergic agent improved
symptoms and lung function in patients with asthma.

INTRODUCTION
Asthma is a chronic inflammatory disease of the
airways that is characterised by variable airflow
obstruction and airway hyper-responsiveness
(AHR) and the presence of symptoms such as
dyspnoea, chest tightness, wheezing and cough.1

According to the World Health Organization, an
estimated 300 million people have asthma, repre-
senting a major public health issue, with an
increasing prevalence and associated mortality.1 2

Epidemiological studies show environmental
allergens (eg, pollens and house dust mite) to be
important inducers of asthma.3 Allergen inhala-
tional challenge via the aerosol delivery of
specific allergens in patients with mild asthma

has been well characterised, is a useful model for
understanding the mechanisms involved in the
pathophysiology of asthma4 5 and has been
predictive of therapeutic utility.6 7 Allergen
inhalation by allergic subjects results in a bron-
choconstrictor response which is characterised
by two phases and is associated with AHR and
eosinophilic inflammation.8 The acute or early
bronchoconstrictor response (EAR) occurs within
minutes after allergen exposure and is associated
with the allergen causing cross-linking of the IgE
on mast cells leading to mast cell degranulation
and the release of inflammatory mediators
such as histamine and cysteinyl-leukotrienes.
Approximately 50% of subjects with asthma
with an EAR will experience a late asthmatic
response (LAR) which follows the EAR 3e8 h
after allergen exposure.9

The current view is that allergen-induced LAR is
thought to involve eosinophilic airway inflamma-
tion and a subsequent increase in oedema.
Supporting this hypothesis is the fact that studies
using clinically effective doses of inhaled steroids
have shown marked inhibition of the LAR10e13 and
eosinophil influx,13 and this has also been observed
with other effective agents including omalizumab14

and b2 agonists.7 15 However, the precise mecha-
nisms underlying this response are still unclear and
controversial. Elucidating the nature of the LAR
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remains an intriguing challenge, given the use of these models in
the discovery of novel therapeutic strategies for disease treat-
ment.

The late sequelae following allergen challenge can be recapitu-
lated in animal models16e23 including the Brown Norway rat20 22

and the C57BL/6J mouse.17 Furthermore, currently approved
drugs for asthma (including b2 agonists and steroids) modify this
response.22 23 These animal models are characterised by inflam-
matory infiltration and a biphasic bronchoconstrictor response
(EAR and LAR) to allergen challenge with audible (wheeze) and
visual signs of respiratory distress associated with quantifiable
changes in non-invasive lung function assessment.22 In this paper
we suggest, for the first time, that airway sensory nerves, central
reflexes and a parasympathetic effector arm leading to cholinergic
constrictor responses play a key role in the LAR response in these
preclinical models. In order to study this intact autonomic
effector mechanism over protracted periods of time, we chose
specifically to use an indicator of lung function, enhanced
pause (Penh), which has previously been used to assess lung
function in awake animals thus preserving the neurological
output of the CNS.

METHODS
Animals
Male Brown Norway rats (200e225 g) and C57BL/6J mice were
obtained from Harlan (UK). The animals were housed for
1 week before use. Food and water were supplied ad libitum.
Experiments were performed in accordance with the UK Home
Office guidelines for animal welfare based on the Animals
(Scientific Procedures) Act 1986.

Sensitisation and challenge
Brown Norway rats were sensitised and challenged with oval-
bumin (OVA, Sigma, UK) or saline as described previously.22

C57BL/6J mice were sensitised and challenged with a single
OVA exposure as described previously.17

Demonstration in conscious animals of EAR and LAR after
inhaled OVA
On day 28, conscious and unrestrained saline- or OVA-sensitised
rats were placed in a whole body plethysmograph (WBP) and
pressure changes measured as previously described.22 Penh was
recorded for 2 min (baseline) before the rats were exposed to
aerosolised OVA for 20 min. Mean Penh values were recorded for
up to 6 h after challenge. Owing to the times of the pharma-
cological interventions, OVA challenge in mice and rats in
subsequent experiments was carried out outside the WBP
chamber via aerosol challenge in a Perspex chamber (rat) or by
intratracheal administration under isoflurane anaesthesia (mice)
and Penh was recorded for 1e6 h after challenge.

Effect of anaesthesia on LAR
Several symptoms of asthma such as cough, wheezing and
dyspnoea are thought to be under neural control. To investigate
the role of the CNS in the allergen-induced LAR, the following
experiments were performed. The effect of anaesthesia was
examined in Brown Norway rats on established OVA-induced
LAR. Conscious OVA-sensitised rats were challenged with
aerosolised saline or OVA (1% w/v in saline) as described above.
The presence of LAR was observed and monitored (visual and
audible signs of respiratory distress) as above. Once the LAR
was established, the conscious rats were anaesthetised with
intraperitoneal ketamine and xylazine (144 and 10 mg/kg,

respectively), mechanically ventilated and cannulated as
described previously24 and changes in resistance were deter-
mined. In a separate experiment, naïve rats were anaesthetised
with intraperitoneal ketamine and xylazine (144 and 10 mg/kg,
respectively) and instrumented as above, then exposed to
inhaled methacholine (16 mg/ml) and changes in resistance
recorded.

Pharmacological modulation of OVA-induced LAR
On day 28, OVA-sensitised rats were challenged in a Perspex
chamber with vehicle (saline, aerosolised by a nebuliser for 30 min)
or OVA (1% w/v in saline). Before and after challenge the rats
received the appropriate vehicle or budesonide (3 mg/kg orally),
formoterol (2 mg/kg orally), methysergide (10 mg/kg intraperito-
neally), montelukast (30 mg/kg orally), mepyramine (10 mg/kg
intraperitoneally), ruthenium red (2 mg/kg intraperitoneally), JNJ-
17203212 (100mg/kg intraperitoneally), HC-030031 (30-100-
300 mg/kg intraperitoneally) or tiotropium bromide (0.1 mg/kg
intratracheally).22 24e28 One hour after the challenge the LAR was
monitored for up to 5 h.
On day 28, OVA-sensitised mice were challenged with

vehicle (intratracheal saline) or OVA (intratracheal 2% w/v in
saline). Before challenge the mice received the appropriate
vehicle or budesonide (3 mg/kg orally), ruthenium red (2 mg/kg
intraperitoneally), JNJ-17203212 (100 mg/kg intraperitoneally),
HC-030031 (300 mg/kg intraperitoneally) or tiotropium
bromide (0.02 mg/kg intranasally). One hour after the challenge
the LAR was monitored for up to 5 h. All details are given in the
figure legends.

Drugs
Methysergide was donated by GlaxoSmithKline Pharmaceuti-
cals, Stevenage, UK. Mepyramine was obtained from Rhone-
Poulenc Rorer Ltd, Dagenham, UK; montelukast from Cayman
Chemical, Ann Arbor, USA; capsaicin, budesonide, ruthenium
red and formoterol from Sigma-Aldrich, Poole, UK; HC-030031
from Chembridge, San Diego, USA; tiotropium bromide from
Kemprotec, Middlesbrough, UK; and JNJ-17203212 from Tocris,
Bristol, UK.

RESULTS
Demonstration of EAR and LAR after inhaled OVA
Exposure to inhaled OVA caused an increase in audible (wheeze)
and visual signs of respiratory distress which were measured
subjectively and correlated temporally with objective measure-
ments (Penh) in all rats and mice previously sensitised to the
antigen but not the vehicle. The sensitised and challenged rats
had both an EAR and a LAR (figure 1A). The LAR could also be
observed in mice (figure 1C). Treatment with approved clinically
effective asthma therapiesda b2 adrenoceptor agonist (formo-
terol) or a glucocorticosteroid (budesonide)dattenuated the
LAR, suggesting that parallels exist between humans and animal
models with regard to the susceptibility to currently used
therapeutics (figure 1B,C). As b1 and not b2 adrenoceptors
mediate b agonist bronchodilator activity in mouse airways,
formoterol was not tested in the mouse asthma model.29

Effect of mepyramine, methysergide and montelukast on the LAR
following OVA challenge
Previously published data have shown that methysergide and
montelukast treatment blocked the EAR, which suggests that
this allergic response is driven by 5-hydroxytryptamine (5-HT)
and cysteinyl-leukotrienes.24 Treatment with mepyramine,
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methysergide and montelukast individually (data not shown) or
together (figure 2) failed to have a marked impact on the LAR
despite their effect on EAR. None of the compounds tested had
any effect on baseline readings (data not shown). This suggests
that those mediators that are involved in the EAR are not
driving the LAR, and that the LAR can develop irrespective of
the presence of an EAR.

Modulation of the LAR following OVA challenge by inhibition of
sensory nerve activation
Conscious rats were exposed to aerosolised OVA and developed
a robust LAR compared with animals exposed to saline. These
same animals, with an established LAR, were anaesthetised with
ketamine and xylazine and intubated and ventilated for resis-
tance measurements. Animals that had exhibited a LAR while
conscious lost this response after anaesthesia. Indeed, no
discernable differences in resistance were measured between
saline-challenged and OVA-challenged animals after anaesthesia,
even though it was shown that a LAR was present in these
animals both by Penh measurements and by observations of
audible and visual signs of respiratory distress. These data
indicate a possible role for a central neuronal reflex component
to the OVA-induced LAR in this model, although an effect of
anaesthesia on peripheral sensory nerves cannot be ruled out.
Further evidence in support of sensory nerve activation and
a central reflex component to the LAR is that ruthenium red,
a non-selective transient receptor potential (TRP) blocker,
attenuates the LAR both in rats and mice (figure 3A,B respec-
tively). These data support the hypothesis that OVA challenge
can activate sensory nerves resulting in a central neural reflex
and ultimately smooth muscle contraction and the resulting
LAR. In subsequent experiments we investigated the role of two
cation channels of the TRP family, TRPV1 and TRPA1, which
have been shown to be involved in the initiation of airway
sensory reflexes and OVA-induced airway inflammatory

responses.30e34 JNJ-17203212, a TRPV1 blocker, inhibited
capsaicin-induced airway constriction in both rats and mice
(figure 4A,B; inset graphs). JNJ-17203212, however, was not able
to affect the OVA-induced LAR in the rat or mouse asthma
model (figure 4A,B). Similarly, capsazepine, another TRPV1
blocker, did not reduce the allergen-induced airway responses in
these models (data not shown). In contrast, the TRPA1 blocker
HC-030031 inhibited OVA-induced LAR in both the rat
(figure 4A) and murine asthma model (figure 4B). None of the
compounds tested had any effect on baseline readings (data not

Figure 2 Effect of mepyramine, methysergide and montelukast on
ovalbumin (OVA)-induced late asthmatic response. Saline-sensitised
(square) or OVA-sensitised (triangle and circle) Brown Norway rats were
challenged with aerosolised OVA (1% w/v in saline) for 30 min. Animals
received intraperitoneal methysergide (10 mg/kg) and mepyramine
(10 mg/kg) 30 min before and after challenge and oral montelukast
(30 mg/kg; circle) 90 min before and 60 min after OVA challenge or the
appropriate vehicle at the corresponding time points (intraperitoneal
saline and oral 0.5% methylcellulose and 0.2% Tween80 in H2O; square
and triangle). The enhanced pause (Penh) was recorded for 1e6 h after
challenge. Data are presented as mean6SEM Penh (n¼8).

Figure 1 Early asthmatic response
(EAR) and late asthmatic response
(LAR) after inhaled ovalbumin (OVA)
challenge in sensitised conscious
Brown Norway rats, C57BL/6J mice
and the effect of gold standard asthma
therapies. (A) Intraperitoneal saline-
sensitised (square) or OVA-sensitised
(triangle) Brown Norway rats were
exposed to aerosolised OVA (20 min,
5% w/v in saline) in whole body
plethysmography chambers while EAR
and LAR were monitored by
observation (audible and visual signs)
and changes in enhanced pause (Penh).
Data represent mean6SEM Penh
(n¼4). (B) OVA-sensitised rats received
oral vehicle (0.5% methylcellulose and
0.2% Tween80 in H2O (square and
triangle), budesonide (3 mg/kg; circle)
or formoterol (2 mg/kg; diamond) 1 h
before and 1 h after challenge. Rats
were challenged with aerosolised saline
(square) or OVA (diamond, circle and
triangle, 1% w/v in saline) for 30 min
and the LAR was monitored for 1e6 h
after challenge. Data represent mean6SEM
Penh (n¼5e8). (C) Saline-sensitised (square) or OVA-sensitised (triangle and circle) C57BL/6J mice received oral vehicle (0.5% methylcellulose and
0.2% Tween80 in H2O; square and triangle) or budesonide (3 mg/kg, circle) 60 min prior to OVA challenge (25 ml intratracheally, 2% w/v in saline). The
LAR was monitored for 1e6 h after challenge. Data represent mean6SEM Penh (n¼5e6).
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shown). These data indicate a role for TRPA1 and not TRPV1 in
allergen-induced LAR in these two species.

Modulation of the LAR following OVA challenge by a long-acting
anticholinergic agent
Tiotropium inhibited methacholine-induced bronchospasm in
conscious rats (data not shown). The same dose significantly
reduced the OVA-induced LAR (figure 5A). Similarly to the rat
OVA model, tiotropium inhibited methacholine-induced bron-
chospasm in conscious mice (data not shown) and attenuated
the OVA-induced LAR in the mouse (figure 5B). These data
reinforce the proposed mechanism of action and suggest that,
following OVA challenge, airway sensory nerves can be activated
and drive central reflexes and a parasympathetic effector arm
leading to cholinergic constrictor responses and the resulting
LAR (figure 6).

DISCUSSION
The current view is that allergen-induced LAR is thought to
involve T cell activation and eosinophilic airway inflammation
and a subsequent increase in oedema. Supporting this hypoth-

esis is the fact that studies using clinically effective doses of
inhaled steroids have shown marked inhibition of the LAR10e13

and eosinophil influx.13 However, despite extensive research, the
precise mechanisms underlying this response are still unclear and
controversial. Elucidating the nature of the LAR remains an
exciting challenge given the use of these models in the discovery
of novel therapeutic strategies for disease treatment.
In this study we have used two preclinical in vivo models

(rat and mouse) to determine the mechanism driving the LAR.
We have repeated previous findings demonstrating that
the EAR, but not the LAR, is driven by the mast cell mediators
5-HT and cysteinyl-leukotrienes,24 and that blocking the EAR
does not impact on the LAR. In subjects with asthma who
exhibit a dual bronchoconstrictor response to allergen chal-
lenge, the EAR occurs within the first hour after challenge. The
second response, the LAR, occurs 3e8 h after challenge and can
last up to 24 h.9 Although animal models can exhibit similar
dual responses, often the timeframe in which they develop
differs from the clinical situation. For instance, allergen expo-
sure in guinea pigs can lead to an EAR and a LAR but, while the
EAR may last up to 6 h after challenge, the LAR occurs 7e11 h
after challenge.35 In an allergic murine model of asthma,

Figure 3 Effect of ruthenium red on
ovalbumin (OVA)-induced late
asthmatic response. (A) OVA-sensitised
Brown Norway rats were treated with
intraperitoneal ruthenium red (2 mg/kg;
circle) or vehicle (saline; triangle and
square) 1 h before and 1 h after
exposure to aerosolised saline (square)
or OVA (1% w/v in saline; triangle and
circle). The enhanced pause (Penh) was
recorded for 1e6 h after challenge.
Data are presented as mean6SEM
Penh (n¼5e8). (B) OVA-sensitised
C57BL/6J mice were challenged with intracheal OVA (25 ml, 2% w/v in saline). One hour before challenge the animals received intraperitoneal
ruthenium red (2 mg/kg; circle) or vehicle (0.5% methylcellulose and 0.2% Tween80 in saline; triangle). For comparison, the saline-sensitised and OVA-
challenged control group (square) from figure 1C was added to this graph. Penh was recorded for 1e6 h after challenge. Data are presented as
mean6SEM Penh (n¼5e7).

Figure 4 Involvement of TRPV1 and
TRPA1 in ovalbumin (OVA)-induced late
asthmatic response. (A) OVA-sensitised
Brown Norway rats were treated with
intraperitoneal vehicle (0.5%
methylcellulose and 0.2% Tween80 in
saline; triangle and square), HC-030031
(30 (reverse triangle)-100 (open circle)-
300 (closed circle) mg/kg) or JNJ-
17203212 (100 mg/kg; diamond)
120 min before and 30 min after
challenge with aerosolised saline
(square) or OVA (1% w/v in saline)
(open circle, closed circle, reverse triangle, triangle). The enhanced pause (Penh) was recorded for 1e6 h after challenge. Data are presented as
mean6SEM Penh (n¼7e8). The inset graph shows the inhibitory effect of JNJ-17203212 on capsaicin-induced increases in Penh. Naı̈ve rats were
pretreated with intraperitoneal JNJ-17203212 (100 mg/kg; closed bar) or vehicle (0.5% methylcellulose and 0.2% Tween80 in saline; open bar) 1 h
before exposure to aerosolised capsaicin (10 mM). Penh was recorded for up to 10 min after aerosol exposure. Data are presented as the mean6SEM
increase in Penh area under the curve (AUC) compared with saline control aerosol (n¼6). (B) OVA-sensitised C57BL/6J mice were challenged with
intratracheal OVA (25 ml, 2% w/v in saline). One hour before challenge the animals received intraperitoneal HC-030031 (300 mg/kg; circle), JNJ-
17203212 (100 mg/kg; diamond) or vehicle (0.5% methylcellulose and 0.2% Tween80 in saline; triangle). For comparison, the saline-sensitised and
OVA-challenged control group (square) from figure 1C was added to this graph. Penh was recorded for 1e6 h after challenge. Data are presented as
mean 6SEM Penh (n¼5e7). The inset graph shows the inhibitory effect of JNJ-17203212 on capsaicin-induced increases in Penh. Naı̈ve mice were
pretreated with intraperitoneal JNJ-17203212 (100 mg/kg; closed bar) or vehicle (0.5% methylcellulose and 0.2% Tween80 in saline; open bar) 1 h
before exposure to aerosolised capsaicin (10 mM). Penh was recorded for up to 10 min after aerosol exposure. Data are presented as the mean6SEM
increase in Penh AUC compared with saline control aerosol (n¼6). Statistical significance of the data was assessed using the unpaired t test for
parametric data. A p value of <0.05 was taken as significant.
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allergen exposure resulted in an EAR up to 2 h after challenge
while the LAR was present from 2 h to >8 h after challenge.17 In
the model described in this study, the EAR occurs within the
first 20 min after challenge and a LAR is observed 1e6 h after
challenge. Clearly there are differences between the clinical
situation and the kinetics of the EAR and LAR development in
response to allergen challenge in animal models. However, the
EAR and LAR shown in the present models, like in human
asthma, can be distinguished by using various pharmacological
interventions. Indeed, as in the clinic, a single dose of steroid was
able to block the LAR while there was no effect on the EAR.

The LAR in these models is evidenced as an audible (wheeze)
and visual signs of respiratory distress (assessed subjectively)
which were quantifiable by changes in non-invasive lung func-
tion assessment in conscious animals. Many other stimuli (eg,
exercise, cold air, distilled water) that can provoke asthma-type
symptoms cause bronchoconstriction that may be due, at least
in part, to reflex bronchoconstriction mediated through activa-
tion of the parasympathetic nerve pathway.36e38 Interestingly,
in this study animals that had exhibited a LAR while conscious
lost this response following anaesthesia. This suggests that the
LAR may also involve the generation of central reflex events.

We have shown that inhaled OVA caused an increase in Penh
which is measured by non-invasive WBP in OVA-sensitised rats
and mice but not in animals sensitised to saline. These
measurements correlated temporally with subjective assess-
ments including an increase in audible wheeze and visual signs
of respiratory distress such as lack of activity and gasping for
breath, which indicated that we were not measuring changes in
the upper airway (ie, changes in airflow obstruction in the nose)
although this possibility cannot be completely discounted.
Furthermore, when allergen was delivered intratracheally
directly into the mouse airways, a LAR was evident which also
suggests that Penh is detecting changes in the lung rather than
the upper airway/nose, although this cannot be completely
ruled out. Although several researchers have reported on and
used WBP and the Penh parameter for many years as an indicator
of airflow obstruction,21 39e42 some recent publications have
argued against the use of Penh as a measure of bronchocon-
striction and have urged caution in the interpretation of such
data.43 Similarly, there is an increasing demand to back up any
recording performed in conscious animals with airway resistance
measurements in anaesthetised, ventilated and instrumented
animals. While we are in agreement with these concerns, it is
clear from the data that anaesthesia abolishes the functional
phenotype we are attempting to model. Currently, there are very
few options with regard to the measurement of lung mechanics

in conscious small laboratory rodents and, of those available, it
would not be possible to restrain animals for the periods of time
required to measure the LAR (up to 5 h). Hence we have used
WBP with all the caveats discussed in the publications
mentioned.
Further evidence for a neuronal component to the LAR

was the marked blockade observed after administration of the
non-specific cation channel blocker ruthenium red in both
species.25 26 This finding supports the hypothesis that OVA
challenge can activate sensory nerves resulting in a central neural
reflex and ultimately smooth muscle contraction. In subsequent
experiments we specifically investigated the role of two cation
channels of the TRP family, TRPV1 and TRPA1, which have
been shown to be involved in the initiation of airway sensory
reflexes and OVA-induced airway inflammatory responses.30e34

Interestingly, the TRPV1 blocker JNJ-17203212 inhibited
capsaicin-induced bronchospasm but was not able to inhibit
LAR. In contrast, the TRPA1 blocker HC-030031 inhibited OVA-
induced LAR in a dose-related fashion. A further data set
describing the inhibitory action of the clinically used anticho-
linergic compound tiotropium on the OVA-induced LAR in both
species provides extra support for a mechanism involving
allergen-induced release of an endogenous TRPA1 activator
which stimulates airway sensory nerves and a central reflex
which ultimately leads to cholinergic bronchospasm.

It is not yet clear how allergen activates the TRPA1 channel,
but it is likely that it stimulates the channel indirectly via the
release of endogenously-produced TRPA1 activators.

Figure 5 Effect of tiotropium bromide
on the ovalbumin (OVA)-induced late
asthmatic response. (A) OVA-sensitised
Brown Norway rats were treated with
intratracheal vehicle (0.5% ethanol in
saline; triangle and square) or
tiotropium bromide (0.1 mg/kg; circle)
30 min before and after challenge with
aerosolised saline (square) or OVA (1%
w/v in saline; circle and triangle). The
enhanced pause (Penh) was recorded
for 1e5 h after challenge. Data are
presented as mean6SEM Penh
(n¼6e7). (B) OVA-sensitised C57BL/6J mice were challenged with intratracheal OVA (25 ml, 2% w/v in saline). One hour before the challenge the
animals received intranasal tiotropium (50 ml, 0.02 mg/kg; circle) or vehicle (0.5% ethanol in saline; triangle). For comparison, the saline-sensitised and
OVA-challenged control group (square) from figure 1C was added to this graph. Penh was recorded for 1e6 h after challenge. Data are presented as
mean6SEM Penh (n¼3e5).

Figure 6 Schematic representation of the proposed mechanisms
involved in the late asthmatic response (LAR). Allergen challenge leads
to sensory nerve activation via the TRPA1 channel (blocked by
ruthenium red, HC-030031) and central reflex events (blocked by
anaesthesia) ultimately leading to a cholinergic reflex bronchoconstrictor
response (blocked by tiotropium) which may be responsible for the LAR
seen in this model.
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Interestingly, inflammation can lead to the formation of
endogenous electrophilic compounds in vivo. a,b-unsaturated
aldehydes have been detected in increased levels in patients with
asthma and are known to activate TRPA1.44 Other examples of
such compounds are the cyclopentenone ring-containing A- and
J-series prostaglandins which are formed as non-enzymatic
dehydration products of PGE2 and PGD2, respectively. Prosta-
noids that contain one or two electrophilic carbons such as
15PGJ2, Δ12-PGJ2, 8-iso PGA2 and PGA2 are therefore able to
activate nociceptive neurons via direct interaction with
TRPA1.45 Furthermore, prostaglandins such as PGE2 which can
indirectly activate TRPA1 following activation of the EP3
receptor46 and the inducible form of cyclooxygenase (COX-2) are
elevated in respiratory disease states at the site of inflamma-
tion.47 48 In addition, bradykinin has also been implicated as
a cause of airway responses to eosinophilic cation proteins in
rats49 and may act in part through TRPA1 activation.50 Taken
together, this information would suggest that reactive prosta-
noids and other endogenous TRPA1 ligands, which are produced
in greater amounts during inflammation or oxidant stress, could
evoke the LAR seen in asthma. Interestingly, toluene di-isocya-
nate (TDI), a reactive compound extensively used in the
manufacture of polymeric derivatives, can cause respiratory
symptoms including LAR in exposed workers.51 Recent data
suggest that the TRPA1 receptor mediates TDI-induced respi-
ratory irritation, suggesting that in this case the injurious agent
could directly stimulate sensory nerves to initiate the LAR.52

In conclusion, this study has, for the first time, elucidated the
mechanisms involved in the LAR. The results of this study
suggest that airway sensory nerves, central reflexes and a para-
sympathetic effector arm leading to cholinergic constrictor
responses play a key role in the LAR response in two preclinical
models in different species (figure 6). This finding, if reproduced
in patients with asthma, suggests that anticholinergic therapy
may be effective in patients with a late phase response to
allergen. The data are supported by recent clinical studies
suggesting that an anticholinergic agent improved symptoms
and lung function in patients with asthma.53
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Name:_________________________ Hospital Number: ________________
Date: _________________________ DOB: _________________________ 
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This plan is for people who are going home after coming to hospital with a 
‘flare up’ or ‘exacerbation’ of COPD (Chronic obstructive pulmonary disease) 

 
We want to make sure that you can manage safely at home. 

Before you go home you should go through this list with the discharge 
nurse and be able to tick all of the boxes.  

If there are any gaps, ask the nurse to help you with them. 
 
 

   Tick Here
You should feel able to use your inhalers, and other medications including 
steroids properly. 

The nurses have actually watched you use your inhalers, and spacer if 
appropriate, to make sure that you are doing it correctly. 
The benefits of pulmonary rehabilitation have been explained to you and 
you have been offered the chance to take part in a course if appropriate. 
If you are a smoker you should have been offered assistance to quit. 

You should know what the plan for your follow up care is. 
 
You should have received written information explaining about COPD. 

 

Once you are home
 

1. Hopefully your condition will improve steadily. If you feel that you are 
getting worse or that your breathing is disturbing your sleep then get in 
touch with your GP or community COPD team promptly.  
GP number:___________________ 

 
2. If you are on a course of antibiotics or steroids it is important to 

complete them even though you may feel better. 
 

3. You should have a follow up appointment within a few weeks of going 
home to review your care. 
 

4. Somebody from the hospital or the community team should be in touch 
in the first few days after you go home to see that you are getting on 
OK. 
Tick if you do not want to receive this phone call 
 

My phone number is: ________________ Preferred time to call: _______________ 

B
rit

is
h 

Lu
ng

 F
ou

nd
at

io
n 

(B
LF

) 
08

45
8 

50
50

20
  

w
w

w
.lu

n
g

.o
rg

T
o 

fin
d 

yo
ur

 lo
ca

l B
re

at
he

 E
as

y 
G

ro
up

  
08

45
8 

50
50

20
w

w
w

.l
u

n
g

u
k.

o
rg

/s
u

p
p

o
rt

in
g

-y
o

u
/b

re
at

h
e-

ea
sy

N
H

S
 Q

ui
t L

in
e0

80
0 

02
24

33
2

Health Professional (Print and Signature):
  

Patient Name: _______________________ 
 
Patient Signature: _____________________ 
 

_____________       ________________



V1 10-9-09 

 
 
 

1. Look on EPR system before phoning in case readmitted 
2. Check appointment date given at discharge 

 

Patient Name:___________________________ Hospital Number:________________________ 
Date of Call:_______/___________/_________ Time of call :____________________________ 
Duration of call:___________________minutes Patient not at home (record details): ____________ 

_______________________________________
 
 
Upon Aswering:  “Hello, my name is XXXXXXXXX. I’m calling from XXXXXXXXXX Hospital to ask you how 
you have been getting on since you went home. If there are any problems I can let your GP or the 
community COPD team know so they can see you if necessary.” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Outcome 

Are there causes for immediate concern? Yes □    NO □   (if yes fax GP and/or community COPD team) □ 

If emergency advised contact emergency services □ or done yourself □. 
 

Follow up appointment (Circle as appropriate)  
 

Confirmed Not yet booked Declined Not indicated 
 

 
Caller Name:_____________________________    Caller Signature:________________________ 

1) Do you feel that you are getting better, staying 
about the same, or getting worse since you went 
home? 
(Circle as appropriate)  
 

Same Better Worse 
 
2) Is your breathing keeping you awake at night? 
 

Yes No 
 
3) Do you have a follow up appointment? 
  

Yes No 
 
4) Do you have a written self management plan? 
  

Yes No 
 
5) Are you smoking? 
 

Yes No 
– If yes would you like help to quit? 
 

 
Any other specific problems identified? 

Script for COPD 48-72 hour post discharge telephone 
contact

 
Advice given (e.g. who to contact) ? 
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Context and Research Methodology  

 

The work described in this paper took place with patients admitted to the respiratory 

ward of Chelsea and Westminster NHS Foundation Trust in Central London. The 

NIHR Collaboration for Leadership in Applied Health Research (CLAHRC) for 

Northwest London is centred here. This funded research programme is an alliance of 

academic and healthcare organisations that aims to develop and sustain clinically 

driven innovative and cost-effective research based improvements to patient care 

and experience. A range of stakeholders in COPD care including patients, specialist 

and ward nurses, physiotherapy, pharmacy, physicians and smoking cessation 

providers where involved in the project team. The work was supported by 

collaboration between primary and secondary care healthcare providers through the 

Inner Northwest London Care Community (INWLCC) integrated service improvement 

program for COPD. 

 

There are known variations in care and clinical outcomes which are not adequately 

explained by patient demographics.[1 2] The data from ‘Crossing the Quality Chasm’ 

shows the organisation of care influences outcomes.[3] This is supported by 

reviewing patient journeys and experiences which highlight complicated treatment 

pathways and that interfaces of care between different healthcare professionals and 

settings are where errors occur.[4] This project adopted an action research 

approach. Action research uses multiple research methods and is a combination of 

qualitative and quantitative approaches. Defined data sets are used and continually 

monitored so that participants are aware of the effect of their planned interventions 



and are able to modify their approach on the basis of data in “real time”. The NIHR 

CLAHRC for NWL programme utilised an underpinning improvement model for 

improvement (Figure 1). This is often referred to as ‘rapid-cycle’ improvement (where 

a number of small PDSA cycles take place one after the other to test and implement 

sustainable improvement.[5] 

 

 

 

Figure 1 The Model for Improvement  
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Identifying items for the care bundle 

Acute exacerbations of COPD (AECOPD) are the cause of 12% of acute admissions 

and responsible for more than one million bed days per annum in the UK with about 

one third of patients being readmitted within 90 days of discharge.[6 7] Significant 

variations in outcomes and provision of care have been noted between different 

acute trusts implying that there might be scope to improve outcomes by 

standardising the delivery of optimum care.[8 9] 

 

Selection of items for the care bundle was initially based on national and 

international guidelines for the management of COPD, particularly the guidance from 

the UK National Institute for Clinical Excellence (NICE).[10-13] However the 

selection also incorporated input from other stakeholders including patients to ensure 

that as wide as possible a perspective was used. The involvement of staff and 

patients in the development process was intended to produce a benefit in terms of 

face validity and ownership beyond arguments based simply on published evidence 

and thus enhance uptake and compliance. This was important because to date, 

although the factors in AECOPD associated with poor outcome post hospital 

discharge are well described (age, prior exacerbation history, hypoxia, low level of 

physical activity)[14], the evidence that specific interventions can modify them is less 

strong. The potential items were discussed at several meetings within the project 

group, including with patient representatives, at the British Lung Foundation 

BreatheEasy group and at INWLCC meetings, so that the final selection was 

informed by the literature, expert clinical opinion and patient priorities.  

 



Although it was usual practice for the Respiratory CNS to notify the appropriate local 

community COPD teams, we did not include this as a bundle item because it might 

not have been possible to identify the appropriate team in patients from outside the 

local area. Since improving transitions of care was a major objective of the program 

this requirement for “universality” may have led us to exclude a key item from the 

care bundle.  

 

The justification for each item is outlined briefly below. 

 

1) Notify respiratory clinical nurse specialist of all admissions.  

This was included on a pragmatic basis. Most acute hospitals employ respiratory 

nurse specialists whose role includes the provision of expert care and support to 

ward nurses in the management of respiratory patients.[13] Specialist respiratory 

involvement in all COPD admissions is recommended by NICE and there is some 

evidence that involvement of respiratory specialist care improves outcomes, so this 

item is likely to be operationally useful.[7 15] The bundle does not however define 

what the specialist nurse should do. Although specialist nurses are likely themselves 

to engage with one or more of the bundle items, the bundle items are intended to be 

deliverable by all nurses and other health professionals seeing patients admitted with 

AECOPD. The implementation of the care bundle is intended to drive improvements 

in care across the patient pathway and not simply to be an audit of specialist nursing 

input. An important element of the clinical nurse role is to liaise with community 

respiratory teams, which is likely to be key in maintaining safe and effective transition 

of care from hospital to home. 

 



2) If patient is a smoker, offer smoking cessation assistance.  

Smoking is associated with COPD exacerbations, reduced sensitivity to 

corticosteroids as well as a more rapid decline in lung function and smoking 

cessation is a highly cost effective intervention.[7 16] Smoking cessation is one of 

the only interventions to improve survival in COPD and was selected as a key item 

for implementation in the 2010 NICE COPD guidelines.[7]  

 

3) Refer for assessment for pulmonary rehabilitation.  

Pulmonary rehabilitation is an established therapy that improves exercise capacity 

and quality of life in patients with COPD both in trial populations[17]  and in routine 

clinical practice.[18] PR can reduce hospital admissions and health care costs.[7 19-

23] Low physical activity is associated with an increased risk of hospital admission in 

COPD[24] and exacerbations themselves lead to a dramatic reduction in physical 

activity[25] and health status[26] which can be prolonged, reflected in reduced time 

spent outdoors.[27] In addition, activity limitation is associated with a greater 

likelihood of relapse after discharge following ER attendance.[28] PR promotes 

patient education and empowerment and two studies have shown substantial 

benefits for early PR in terms of exercise capacity, quality of life and hospital 

admission.[19 29] Recovering physical function was identified as a priority by 

patients involved in the care bundle project. 

 

4) Give written information about COPD including British Lung Foundation (BLF) self 

management booklet, oxygen alert card and information about patient support group 

(BLF BreatheEasy Group).[7]  



The report of the 2008 National COPD audit found that there were “serious 

deficiencies in the provision of information to patients across all COPD services.”[13] 

There is some evidence that education programs alone can have an impact on 

admissions.[30]  The provision of written information for patients to consult after 

discharge including self management advice and contact details for patient support 

groups was intended to address patients’ reported need for more information about 

their condition. Engagement with patient support groups could also help to address 

social isolation. Patients reported a lack of certainty about their management and in 

addition going through written material with patients also provides an opportunity for 

staff to develop and maintain their own knowledge and areas of uncertainty. There is 

a Grade A recommendation in the NICE COPD guidelines that patients at risk of 

patients at risk of having an exacerbation of COPD (which of course includes 

patients who have been hospitalised with an AECOPD) should be given self-

management advice that encourages them to respond promptly to the symptoms of 

an exacerbation.[7]  

 Oxygen alert cards are important as morbidity due to excessive oxygen 

administration is a well recognised but still common problem in patients admitted 

with AECOPD and respiratory failure.[31]  

 

5) Demonstrate satisfactory use of inhalers.  

Incorrect inhaler use is widespread and attention to this area is recommended in the 

NICE COPD guidelines.[7 32] There should be multiple opportunities to review and 

correct inhaler technique during the course of a hospital admission and the inclusion 

of this item stresses the need for all ward nurses to be able to identify errors in 



inhaler use and be empowered to help patients to correct there technique. Staff 

surveys found that confidence in this area was low.   

 

6) Follow up appointment to be made with specialist prior to discharge. 

The NICE COPD guidelines recommend that patients be followed up after 

AECOPD.[7]  Having follow up arranged prior to discharge ought to reduce the 

feeling of a lack of support that patients identified.  Since median readmission occurs 

at 38 days following discharge from hospital[13] the consensus position was that 

follow up needed to occur before this if it is to be possible to identify and/or intervene 

where there is deterioration.  

 

Interpretation of initial outcome data 

 

The major purpose of the care bundle is to improve delivery of identified key 

elements of care that have an evidence base to support them. Having developed this 

we wanted to pilot its implementation using action research methodology with a rapid 

feedback mechanism regarding problems with implementation so that these could be 

addressed in real time. The principal objective was to demonstrate that the process 

of care could be improved, so process measures and practical issues around 

administration of the bundle items are the focus of the present report. An initial 

survey established poor compliance with the bundle items, whereas this was much 

improved following bundle initiation. We also tracked 30 day readmission rate since 

this is an important and clinically relevant outcome that may be sensitive to an 

overall improvement in the quality of care. Appropriate inhaler use, smoking 

cessation and pulmonary rehabilitation as well as better patient knowledge might all 



have been expected to contribute to a reduced risk of readmission. Although the 

trend is for a reduction in readmission rate following bundle initiation this is not 

significant and cannot at this stage be used as evidence of the care bundle’s effect 

on this particular outcome.  

 

Sample size 

Segmented (or piecewise) probit regression was used to assess the trend in 

readmissions both before and after the implementation of the care bundle. Piecewise 

regression allows multiple regression models to be fitted to data at different periods 

in time, so for this analysis a separate regression was run both before and after the 

implementation of the bundle, and the trend in readmission rates did not differ 

significantly between time periods. A post hoc power calculation suggests that in 

order to have 85% power to detect a difference of this magnitude (5.6%) this would 

require close to 750 receiving the bundle and 750 not receiving it. Studied 

prospectively, 450 patients would be required in each arm to have an 80% power of 

confirming a difference in one month readmission rates of 10.8% vs 16.4% - the 

readmission rates identified in the present study in patients where the care bundle 

was or was not administered.  

 

Future development of the care bundle 

Following the pilot study described here, implementation of the care bundle is being 

rolled out to a number of other hospitals within the region. At each site the bundle 

items have been retained, but some differences in implementation to meet the 

requirements of the local health economy have been made. For example, the precise 

provision of post discharge phone support will vary depending on the availability of 



early supported discharge programs. In addition, having been piloted on the 

respiratory ward at Chelsea and Westminster it will now be implemented in this and 

other hospital’s acute admissions unit. As data from further sites becomes available 

the data will become available for a more quantitative evaluation of the link between 

these process measures and outcomes using techniques such as statistical process 

control to link bundle compliance with variation in outcomes such as patient 

satisfaction and readmission rate.  

 

The care bundle has been adopted by NHS London as one of the items that 

commissioners can select as part of the Commissioning for Quality and Innovation 

(CQUIN) payment framework.[33]  



 

Table E1 

Care Bundle Patient characteristics  

Age (yrs) 74.6(11.2) 

Sex (M/F) 60 / 34 

Length of stay (Median) 6 
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