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A robust protocol for regional evaluation of
methacholine challenge in mouse models of
allergic asthma using hyperpolarized 3He MRI
Abraham C. Thomasa, Erin N. Pottsb, Ben T. Chenc, Deborah M. Slipetzd,
W. Michael Fosterb and Bastiaan Driehuysa*

Hyperpolarized (HP) 3He magnetic resonance imaging has been recently used to produce high-resolution images of
pulmonary ventilation after methacholine (MCh) challenge in mouse models of allergic inflammation. This capability
presents an opportunity to gain new insights about these models and to more sensitively evaluate new drug
treatments in the pre-clinical setting. In the current study, we present our initial experience using two-dimensional
(2D), time-resolved 3He MRI of MCh challenge-induced airways hyperreactivity (AHR) to compare ovalbumin-
sensitized and challenged (N¼ 8) mice to controls (N¼ 8). Imaging demonstrated that ovalbumin-sensitized and
challenged animals exhibitedmany large ventilation defects even prior toMCh challenge (four out of eight) compared
to no defects in the control animals. Additionally, the ovalbumin-sensitized and challenged animals experienced a
greater number of ventilation defects (4.5W 0.4) followingMCh infusion than did controls (3.3W 0.6). However, due to
variability in MCh delivery that was specific to the small animal MRI environment, the difference in mean defect
number was not statistically significant. These findings are reviewed in detail and a comprehensive solution to the
variability problem is presented that has greatly enhanced the magnitude and reproducibility of the MCh response.
This has permitted us to develop a new imaging protocol consisting of a baseline 3D image, a time-resolved 2D series
during MCh challenge, and a post-MCh 3D image that reveals persistent ventilation defects. Copyright � 2009 John
Wiley & Sons, Ltd.
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INTRODUCTION

Hyperpolarized (HP) 3He magnetic resonance imaging (MRI) is a
novel, non-invasive technique that enables pulmonary venti-
lation to be directly visualized with high spatial resolution (1,2). In
comparison to conventional pulmonary function testing, HP gas
MRI has the potential to greatly enhance detection sensitivity by
adding regional context to the functional information obtained
(3). In particular, HP 3He MRI has been applied successfully to
patients with asthma and reveals that they exhibit numerous
regions where ventilation is impaired or non-existent (4). These
have been referred to as ‘ventilation defects’ and have been
shown to correlate with the severity of asthma (3). Ventilation
defects can be provoked in even larger number by challenging
the patient with aerosolized methacholine (MCh)(5). MCh
challenge is commonly used in diagnosing patients with
suspected asthma (6), and hence, the ability to directly visualize
changes in a patient’s regional ventilation in response to this
diagnostic test is of particular interest in asthma research.
Given the power of 3He MRI to impact clinical asthma research,

it is increasingly important to translate this technology and apply
it to small animal models of asthma. In particular, the mouse has
become an important component of asthma research and drug
development efforts. In mice, a wide availability of models of
allergic lung inflammationmimic some of the pathophysiology of
human asthma, and these animals can be genetically manipu-
lated to evaluate specific pathways and genes involved in the
disease (7). As in the clinic, it is important to be able to visualize
changes in murine ventilation that occur in response to MCh
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challenge-induced airways hyperreactivity (AHR). MCh challenge
is essential in conventional physiologic phenotyping of the
mouse by respiratory mechanics (8). Although remarkable gains
and insights have been made using respiratory mechanics in
conjunction with sophisticated modeling, there is little dispute
that these methods are limited in their capacity to reveal
functional heterogeneity or unambiguously explain the observed
resistance in terms of exact pulmonary behavior (9–11). This
problem is ideally addressed by 3He MRI and to this end, we
recently demonstrated its use to visualize the altered ventilation
distribution in the lungs of mice challenged with MCh (12). This
preliminary work used an ovalbumin allergen sensitization/
challenge model of allergic inflammation (7) and demonstrated a
marked ventilation redistribution after MCh challenge occurring
within seconds of MCh challenge and largely recovering after
several minutes.
A critical next step in demonstrating the value of 3He MRI in

studying mouse models of allergic inflammation is to apply the
technique to a variety of treatment groups in anticipation that
3HeMRImight better differentiate such groups than conventional
methods. Such a comparison requires the development of a
robust protocol whereby the differences between treated and
control groups can be illuminated. In this paper, we describe our
initial experience with a protocol focused on using two-
dimensional (2D) imaging of the temporal dynamics of MCh
response in ovalbumin-sensitized and control animals. This
preliminary work yielded a number of notable differences in the
ventilation patterns of the two groups before and after MCh
challenge, but also exposed difficulties in reliably delivering MCh
in the small animal MRI environment. Thus, we also describe our
investigation of the MCh delivery problem and the new methods
we have developed to overcome it. We summarize the report
with a preliminary demonstration of our revised protocol, which
in addition to making the MCh delivery robust, now also adds 3D
imaging before and after MCh challenge to the 2D time-course
imaging to permit evaluation of both short-time airway response
and more persistent ventilation defects.

EXPERIMENTAL
Ovalbumin sensitization

All aspects of the animal welfare and experimentation were
approved by the Duke University Institutional Animal Care and
Use Committee. All studies used 6–8 week old male Balb/C mice
(Jackson Labs, Bar Harbor, ME) in three groups: naive, allergic
inflammation, or control. The allergic inflammation group was
sensitized with ovalbumin and subsequently challenged with
ovalbumin, whereas control mice were ovalbumin-sensitized, and
challenged with only phosphate buffered saline (PBS). We refer to
these groups as Ova/Ova and Ova/PBS, respectively, and they
were prepared as described by Therien et al.(13) with the
following modifications. Mice were sensitized with an intraper-
itoneal (i.p.) injection of 20mg ovalbumin (Ova) adsorbed to 2mg
of alum adjuvant on day 0 and then again on day 7 with 10mg
Ova adsorbed to 1mg of alum. The mice were subsequently
challenged with either aerosolized Ova or PBS for 20min in a
whole-body exposure chamber on days 14, 15, and 16. The Ova
aerosol consisted of 5% Ova in 1X PBS and the control aerosol
consisted of PBS only. Ova/PBS treatment is the preferred way to
generate a control group to ensure that both groups experience
the same treatments except for the aerosol challenge (7). Because

the Ova/Ova model of allergic asthma is acute (14), all imaging or
physiologic measurements were conducted immediately follow-
ing this protocol on day 17.

Respiratory mechanics and bronchoalveolar lavage (BAL)

The Ova/Ova and Ova/PBS mice were characterized using the
standard metrics of increased MCh-induced AHR and BAL
inflammation. Specifically, three Ova/Ova and three Ova/PBS
mice were used for respiratory mechanics measurements, and
nine Ova/Ova and three Ova/PBS mice were used for BAL to
determine differential cell counts.
Total lung resistance in response to MCh challenge were

measured using the flexiVent system (flexiVent, SCIREQ, Montreal,
Canada), which uses a low-frequency forced oscillation technique
to determine ventilation parameters. These include dynamic
respiratory system resistance (R), elastance (E), and compliance
(C¼ 1/E), which are measured by delivering a standardized
sinusoidal breath waveform while recording the associated
airway pressures. Mice were anesthetized and then tracheoto-
mized with a cannula for connection to a small animal ventilator,
which permits the application of volume perturbations to the
lungs. A positive end-expiratory pressure (PEEP) of 3 cm H2O was
used and airway pressure (side arm of the tracheal cannula) and
tidal volume data were generated by the application of a 2-s
sinewave volume perturbation with an amplitude of 0.2mL and a
frequency of 2.5 Hz. During measurements, MCh was delivered at
a concentration of 80mg/mL by jugular i.v. injection to maintain
consistency with the delivery route and concentration used for
3He MRI studies. Additionally, due to interest in prolonging the
MCh response during long-lasting 3D MRI studies, we tested
delivery of MCh by infusion as well as by the more commonly
used bolus injection. Thus, airway resistance measurements were
made with MCh infusions of 0.3, 0.6, and 1.2mL/h administered
over a period of 2min, corresponding to total doses of 32, 64, 96,
and 128mg/kg for a 25 gmouse. These were compared to a single
80mg/kg dose administered by bolus injection in 3 s.

Animal preparation for MR imaging

Mice were anesthetized with an 85mg/kg i.p. dose of
pentobarbital (Nembutal Sodium Solution, OVATION Pharma-
ceuticals, Inc., Deerfield, IL) and anesthesia was maintained with
doses of 20mg/kg pentobarbital delivered approximately every
45–60min or when the heart rate increased above 500 beats per
minute (bpm).
Mice were prepared for ventilation by inserting a low dead

volume (�50mL) tracheostomy tube below the cricoid cartilage
and advancing it 5mm to provide a sufficient anchor, while
ensuring that the tip remained above the carina. The
tracheostomy tube was created by cutting a 2.5 cm section from
the tip of an 18G catheter (Hospira, Inc., Lake Forest, IL, USA). For
MCh delivery, a 2F catheter (Sherwood Medical, Tullamore,
Ireland) was placed in the jugular vein. The animal was placed on
a custom HP gas and MR-compatible ventilator (15,16) and
ventilated at 100 breaths per minute with each cycle consisting of
a 240ms inspiration, 100ms breath-hold for image acquisition,
and 260ms exhalation period. The animal’s temperature was
measured by rectal temperature probe and this was fed back to a
system circulating warm air through the magnet bore to keep the
animal at 378C. Additional physiologic monitoring consisted of
measuring HR from electrocardiogram (ECG) readings and peak
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inspiratory pressure (PIP), which were recorded by custom
LabVIEW 8.1 (National Instruments Corporation, Austin, TX, USA)
software that also controlled the ventilator timing. The animal
was then placed on a cradle that fit into an 85.1/64.8MHz
dual-tuned 1H/3He birdcage coil (L¼ 5.5 cm, f¼ 3.5 cm) with the
lungs positioned in the center of the coil.

Image acquisition

HP 3He imaging was performed at 64.8MHz in a 2.0T horizontal
15 cm clear bore magnet (Oxford Instruments, Oxford, UK) with
shielded gradients (18G/cm), controlled by a GE EXCITE 12
console. 3He (Spectra Gases, Alpha, NJ) was polarized to
approximately 30% in batches of 1.2 L using a prototype
commercial polarizer (IGI.9600.He, MITI, Durham, NC). After
hyperpolarization was stopped, the HP 3He in the optical cell
decayed with a relaxation time T1¼ 30 h, ensuring that
polarization dropped no lower than 26% over the course of a
4 h study.
2D 3He imaging used a radial acquisition (12) with field of

view¼ 2.4� 2.4 cm2 and 128� 128 matrix to give a Nyquis-
t-limited resolution of 188� 188mm2. Images were acquired
using TR/TE¼ 5–10/0.3ms and BW¼ 31.25 kHz and only during
the 100ms breath-hold period of the ventilatory cycle. During
each breath-hold 10–20 k-space views were acquired, thus
requiring 20–40 breaths (12–24 s) to fully sample the image with
400 radial views. During each breath, the flip angle was
incremented using a variable flip angle scheme ending in a
908 pulse to both maximize the use of polarization and highlight
the airways. Because the final 908 pulse destroys all residual
3He magnetization in each breath, this ensures that imaging
captures the gas distribution that is achieved in a single breath.
Since gas is fully replenished in the major airways in each breath,
but only partially in the distal lung (17), the airway signal intensity
is higher.
3D images were acquired again using a radial trajectory (18)

with a field of view of 2.0� 2.0� 3.2 cm3 and the matrix was
128� 128� 32 for a resolution of 156� 156� 1000mm3. The 3D
images required 11 512 radial views for full sampling and were
acquired with TR¼ 5ms, thus capturing 20 views per breath and
taking 5.75min to complete.

Methacholine delivery for MR imaging

MCh solution (80mg/mL in 0.9% saline) was prepared fresh each
day from MCh powder that had been stored in the dark at�208C
in a desiccator. MCh solution was then stored in the dark and on
ice and was only removed from storage several minutes before
starting 3He image acquisition. MCh solution was delivered to the
mouse by syringe pump to provide optimal control over MCh
volume and rate. However, because the syringe pump contains
ferromagnetic materials, it must be kept at a safe distance from
theMRI scanner, which in our case was 1m.With the animal in the
center of the magnet, roughly 1m from the edge, the MCh
solution therefore had to be delivered through 2m of PE50
extension tubing from pump to jugular catheter. This feature is
unique to the MRI experiment relative to conventional physiology
and required devising methods to ‘prime’ the extension tubing to
ensure that MCh could be delivered on-demand during the MRI
study. Therefore MCh solution had to be advanced through the
2m extension tubing and into the jugular catheter such that the
80mg/mL solution was present at the catheter tip. This aspect of

the experiment was carried out according to an initial protocol
(described below) that was used for the majority of the studies
reported here. However, this protocol was ultimately found to
result in unreliable MCh delivery and was replaced with an
improved protocol described below.

Initial protocol for methacholine delivery

MCh solution was first advanced at the rate of 1mL/min through
the 2m saline-filled extension tubing without being attached to
the jugular catheter to fully flush and fill the tubing. Then, the
extension tubing was connected to the jugular catheter and MCh
was pumped at 0.3mL/min for approximately 1min until MCh
reached the animal. MCh-advancement was halted when a drop
in heart rate of 10% below baseline (i.e., at least 50 bpm) was
detected on the ECG monitor. The animal was then allowed to
recover for 1–2min after this initial MCh exposure and given a
total lung capacity (TLC) breath, after which 3He imaging
commenced.

Improved protocol for methacholine delivery

An improved protocol for MCh delivery was developed to
specifically address the variable MCh response that was
discovered using the initial protocol (see Results section). This
variability was hypothesized to stem from two factors. The first
was potential clotting of the jugular catheter during the relatively
long time (�1 h) from catheter insertion to its use in imaging. The
second was the apparently decaying potency of the dilute MCh
solution in the tubing near the jugular catheter. To prevent
potential clotting of the MCh delivery catheter, its 50mL volume
was filled with 0.1% heparinized saline prior to insertion in the
jugular vein. To address the MCh decay, the extension line and
jugular catheter were frequently flushed and their contents
replaced with fresh MCh solution. Furthermore, prior to image
acquisition for each animal, we first established that a robust and
consistent response to MCh could be elicited as measured by the
ECG signal (19).
As shown in Fig. 1, a three-way valve was inserted between the

2m extension tubing and the jugular catheter. This valve could be
switched to periodically exhaust the entire contents of the
extension tubing and replace it with fresh MCh solution.
Subsequently, the valve was switched and �200mL bolus of
fresh MCh solution was delivered through the short catheter inlet

Figure 1. Improved MCh delivery setup. A three-way ‘T’ valve allows

flushing of potentially degraded MCh solution in the lines leading to the

jugular catheter. After such a flush, an extra bolus was delivered to clear

the catheter inlet line whose volume was made as small as possible
(<200mL) to limit the amount of degraded MCh that was delivered to the

mouse during clearance. MCh is hypothesized to degrade primarily in the

catheter inlet, within the bore of the magnet.
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tubing to displace the old MCh and provide an additional 50mL
to account formixing. Since this flush did result in challenging the
mouse with MCh (albeit with degraded MCh), the animal was
permitted to recover for 2min and then received a TLC breath. To
ensure that MCh delivery was reliable, each animal received
subsequent 125mg/kg boluses of 3 s (with delay and recovery)
until a reproducible drop in heart rate was achieved (typically
300 bpm). Then 3He MRI was initiated immediately afterwards.
The process of refreshing the MCh solution in the extension
tubing and verifying the heart-rate drop was carried out every
30–60min.

Initial imaging protocol

Our initial protocol focused on capturing the temporal dynamics
of MCh response in the sensitized and control animals with a
series of 2D 3He images acquired every 12–24 s for 10 successive
images. Under this protocol, we evaluated eight Ova/Ova mice
and eight control mice. Just prior to 3He imaging, MCh solution
was advanced to the jugular catheter tip according to our initial
method (see Initial protocol for methacholine delivery section)
described previously. Then, 3He was dispensed from the polarizer
into a 250mL Tedlar (Jensen Inert Products, Coral Springs, FL,
USA) bag in the ventilator reservoir and HP gas imaging was
initiated. First, a baseline (pre-MCh) image was acquired and as
soon as it was complete, the syringe pump was started to deliver
MCh by infusion or bolus. Bolus injections were delivered in a 3 s
period in doses ranging from 61 to 640mg/kg. Infusions were
delivered for 144 s (6 image frames) and were then halted to
capture three 3He frames of recovery. The infusion experiments
used flow rates of 0.3, 0.6, 0.9, and 1.2, 2.4, 3.6, and 4.8mL/h,
corresponding to MCh doses ranging from 46 to 742mg/kg for a
25 g mouse. A complete listing of MCh doses delivered to each
animal is displayed in Table 1.

Improved imaging protocol

A final, more comprehensive protocol was developed to include
both 3D and the 2D temporal series data and used the improved
methods for MCh delivery described in the Improved protocol for
methacholine delivery section. This protocol was applied to three
Ova/PBS animals and six Ova/Ova animals. Before any MCh
delivery or setup, roughly 100mL of 3He was dispensed into a
150mLTedlar bag in a reservoir and this gas was used to obtain a
baseline (pre-MCh) 3D image. After this, the MCh solution was
advanced to the jugular catheter as described in the Improved
protocol for methacholine delivery section. Then, a second, larger
volume of HP 3He was dispensed into a 250mL Tedlar bag in a
separate reservoir. This volume was used to generate a 2D
time-course series with a 125mg/kg MCh bolus given after the
first frame. Each frame was acquired in 12 s (by acquiring 20
k-space views per breath with TR¼ 5ms), and 10 such images
were taken. Immediately after this series, which consumed about
80mL of HP 3He, the remaining HP 3He volumewas used, without
giving another MCh bolus, to obtain a 3D post-MCh image that
could be used to study the persistence of ventilation defects at
high resolution.

Data analysis

Data analysis for both protocols focused on the 2D time-course
series following MCh challenge, with particular emphasis on the
baseline pre-MCh image and the post-MCh image showing the

greatest amount of response. Images were visually inspected to
identify bronchoconstriction and ventilation defects. All image
visualization and analysis was performed using ImageJ software
version 1.38x (NIH, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/).
Bronchoconstriction was determined by measuring the

diameter of the most proximal portion of the medial lobe and
dividing it by its diameter in the pre-MCh image. The medial lobe
bronchus was chosen for its conspicuity on all images and
because it appeared to be among the most responsive airways in
all animals. The ratio of pre-to-post diameters was subtracted
from 1 to give a measure of fractional bronchoconstriction.
Ventilation defects were assessed by type, number, and area.

Defects were visually identified as areas of lung showing
decreased intensity relative to known ventilation patterns from
a series of control mice. Each defect was further quantified by
tracing the defect perimeter and calculating its area. Defects were
also classified as those where an entire lobe was unventilated,
referred to as whole lobar defects, and those appearing at the
fissure between lobes, named fissure defects. Finally, the number

Table 1. Various MCh bolus injections and/or continuous
infusion rates applied to each mouse

Mouse

Infusion
rates
(mL/h)

Bolus
amounts
(mL)

Control-initial
protocol

1 78(2)

2 78
3 78(4)
4 0.5, 1, 2, 3
5 0.3, 0.6, 1.2, 2.4 100
6 1.2, 2.4 200(2)
7 1.2, 2 19,39,100
8 1.2, 2.4 39,78,100

Ova/Ova-initial
protocol

1 0.5, 2

2 0.5, 1, 2, 3
3 0.3, 0.6, 0.9, 1.2
4 100
5 0.3, 1.2, 2.4, 3.6 200
6 0.3, 0.6, 1.2, 2.4 200
7 0.6, 1.2, 2.4, 4.8 200
8 1.2, 2.4 39,78,100

Control-improved
protocol

1 39(2)

2 39
3 39

Ova/Ova-improved
protocol

1 39,78

2 39
3 39
4 39
5 39
6 39

Numbers in parentheses indicate separate boluses of the same
volume. The mice are separated by treatment group using
either the initial or improved MCh delivery method.
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of ventilation defects was counted for each lobe. To properly
assign ventilation defects on the 2D projection images to the
associated lung lobe, we used a 3D high-resolution 3He set of
images previously acquired to help visualize the five lobes as they
appear on a 2D image. This mapping is shown in Fig. 2.

RESULTS

FlexiVent and BAL results

Airway cytology and physiology measurements confirmed
allergic inflammation in concordance with expectations from
literature sources (20). Ova/Ova animals displayed prominent
eosinophilia (20 000 cells/mL) compared to the Ova/PBS control
(0 cells/mL) (Fig. 3A). Airway resistance as a function of MCh dose
is shown in Fig. 3B and 3C for Ova/Ova and Ova/PBS animals,
respectively. In Ova/Ova animals after MCh challenge, peak
airway resistance was sixfold higher than in control mice.
Comparing the bolus versus infusion delivery of MCh in Ova/Ova
animals, we note that bolus injection induced a 12-fold larger
increase in peak airway resistance compared to equivalent total
dose delivered by infusion at 0.6mL/h (Fig. 3). In fact, even the
highest infusion rate of 1.2mL/h, which was equivalent to twice
the total bolus dose, resulted in a lower peak airway resistance
than that achieved by bolus injection. While the infusion did
appear to maintain a longer plateau of increased airway
resistance, the overall magnitude of the response was quite
attenuated.

Image findings from initial protocol

Among the notable findings of our initial imaging protocol was
that four out of eight Ova/Ova mice exhibited ventilation defects
even prior to MCh challenge (Fig. 4). In contrast, such baseline
defects were not common in Ova/PBS animals, and were only

seen in one control animal that was evaluated during the initial
stages of the imaging and ventilation protocol development.
Among the Ova/Ova mice exhibiting pre-MCh defects, three out
of eight had whole lobar defects, and one out of eight had fissure
defects. Interestingly, all of the whole lobar baseline defects in
the Ova/Ova mice were localized to the cranial lobe. The fissure
defects identified in this study were a novel finding and were
characterized by decreased signal adjacent to the fissures
between lobes that cause them to appear especially darkened
and prominent (Fig. 4).
Figure 5 exhibits a typical 2D time-course series acquired in an

Ova/Ova animal showing the pre-MCh image, followed by a series
of images taken after 250mg/kg bolus MCh challenge. The
post-MCh images are characterized by bronchoconstriction of all
major bronchi and a ventilation defect that occupies half of the
cranial lobe. The cranial lobe ventilation defect persisted
throughout the 2D time-course, even though bronchoconstric-
tion had diminished dramatically within 36 s after MCh challenge.
The cranial lobe bronchus became progressively more visible
after the third image frame (24 s post-MCh), although this did not
result in increased ventilation of the cranial lobe parenchyma.
The greatest MCh response in this series is also shown in the third
image frame acquired 24 s after MCh challenge.
As shown in Fig. 6, MCh challenge provoked bronchoconstric-

tion and ventilation defects in mice. The various defects were
noted in both Ova/Ova and Ova/PBS animals. The number of
ventilation defects was somewhat greater in the Ova/Ova animals
(4.5� 0.4) than control animals (3.3� 0.6) (Fig. 7), but not by a
statistically significant margin. The analysis of ventilation defects
by type was also performed (Fig. 7). This shows that animals from
both groups exhibited whole lobar defects post-MCh, but such
defects were especially prominent in Ova/Ova animals (five out of
eight) compared to control animals (one out of eight). Both
groups did show similar numbers of fissure defects (three defects
in Ova/Ova mice and two defects in Ova/PBS mice) after MCh
challenge. This may indicate that fissure defects primarily
represent a short-term change in peripheral ventilation that
can be induced by bronchoconstriction alone as opposed to
underlying changes in bronchial smooth muscle tone or airway
wall inflammation and airway closure.
Analysis of pre- and post-MCh ventilation defects on a

lobe-by-lobe basis is shown in Fig. 8. Here, mean defect area
is shown as a percentage of total lung area and assigned to the
lobe of origin. Ova/PBSmice showed virtually no pre-MCh defects
and exhibited a majority of post-MCh defects in the left and
medial lobes. The one pre-MCh ventilation defect noted in an
Ova/PBS mouse was small (0.2% of total lung area per mouse)
compared to baseline defects in Ova/Ovamice (3.2% of total lung
area per mouse). However, Ova/Ova mice exhibited significant
pre-MCh ventilation defects that were all localized to the left and
cranial lobes. These lobes also showed the most significant
ventilation loss post-MCh, suggesting that their associated
bronchi were potentially more sensitized than other lobes.

Variability of MCh response under initial protocol

The studies conducted under our initial protocol revealed
considerable variability in MCh-response. Although on average
the Ova/Ova animals showed more defects and greater
bronchoconstriction, there were numerous cases where Ova/
PBS animals displayed markedly more dramatic MCh response
than the Ova/Ova mice (Fig. 9A).

Figure 2. In vivo lung map based on a 2D image detailing the location of

the left lung and the four right lung lobes: cranial, medial, caudal, and

accessory. Lobe location was determined through known mouse lung
anatomy, airway branching patterns, and correlation of 2D images with

3D datasets, where lobes are distinguished through easily identifiable

fissures. The medial lobe bronchus (small arrow) was used to measure

bronchoconstriction.
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Another example of unexpected variability in MCh response
was found when comparing multiple MCh challenges within
individual animals. For example, some mice challenged with an
initial MCh dose (186mg/kg) and then rechallenged again after
15min of recovery and a TLC breath with a higher dose (371mg/
kg) of MCh, exhibited a smaller response after the high dose than
lower doses (Fig. 9B) even though MCh-response is well known to
be dose-dependent. Despite variability, an increased number of
ventilation defects and degree of bronchoconstriction were
achieved with bolus injection of MCh compared to continuous
infusion (Fig. 10).

Improved reliability and robustness of MCh delivery

During the course of these studies, it became evident that the
degree of bradycardia induced by a standard dose of MCh is a
critical indicator of MCh potency. The degree of bradycardia
induced is directly related to the dose of MCh delivered (19). Thus,
long-term tracings of bradycardia episodes in response to MCh
challenge became essential to establishing reproducibility.
Bradycardia was not reproducible under our initial protocol for
MCh delivery, as shown in Fig. 11A, where each of several 125mg/
kg bolus deliveries resulted in radically different amounts of

Figure 3. BAL cell counts and flexiVent resistance measures of Ova/Ova versus Ova/PBS mice. (A) BAL differential cell counts were increased in Ova/Ova
versus Ova/PBS mice, with prominent increases in macrophages, neutrophils, and eosinophils. (B) Airway resistance measurements in Ova/Ova mice

using i.v. infusion of normal saline or MCh and bolus injection. Error bars indicate standard error of the mean (N¼ 3). (C) Airway resistance measurements

in Ova/PBS under similar conditions (N¼ 3).
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Figure 4. Examples of pre-MCh defects. The left panel displays a whole missing cranial lobe at baseline in an Ova/Ovamouse (circled). Themiddle panel

shows an Ova/Ova mouse with a fissure defect at baseline. The right panel is a baseline image of an Ova/PBS control mouse with no evident ventilation

defects.

Figure 5. 2D time-course images of an Ova/Ova mouse before and after exposure to a 250mg/kg bolus injection of MCh using the initial protocol. The

time-course displays bronchoconstriction in all visible airways evident for the first 24 s, followed by relaxation to baseline bronchial diameters. The
bronchoconstriction of the medial lobe is encircled in the 12 s post-MCh timepoint. The series also shows the evolution of a large cranial lobe defect that

did not return to baseline values an the end of the imaging (shown by arrows).

Figure 6. Pre-(top row) and post-MCh (bottom row) ventilation defects for three separate Ova/Ova animals imaged under the initial protocol. The first
animal received a continuous infusion of MCh at 3.6mL/h (560mg/kg), resulting in complete occlusion of the distal end of the major bronchus to the

accessory lobe and an associated loss of ventilation (circle). The second animal received a 250mg/kg MCh bolus injection, creating prominent ventilation

defects in the cranial lobes of the right and the left lungs (circles). The third animal exhibited a whole lobar cranial defect at baseline and after receiving a

320mg/kg MCh bolus, experienced constriction of most major airways including the right main stem bronchus (arrow).
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bradycardia. The reproducibility of induced bradycardia is
significantly improved, as shown in Figs 11B and 11C, which
depict heart rate changes after MCh challenge under the new
protocol in a control and Ova/Ova mouse.
With the improved MCh delivery procedures, the 3He imaging

studies showed that induced bronchoconstriction became much
stronger, and ventilation defects became more numerous and
both effects lasted longer. The increased bronchoconstriction of

the medial lobe bronchus is illustrated in Fig. 12, which compares
images acquired using the initial MCh delivery protocol and the
revised one. For a moderate MCh dose of 125mg/kg, the new
delivery method achieved 65–100% constriction whereas the
initial methods achieved only 25–60% constriction.
In fact, many of the defects were sufficiently long lasting to be

detectable even in a naive mouse on a 5.75min 3D imaging scan
initiated 2min after a 125mg/kg bolus injection. The ability to

Figure 7. Mean number of defects per mouse in Ova/PBS and Ova/Ova mice observed pre- and post-MCh under the initial protocol. The white shaded

areas represent fissure defects, the black shaded areas represent whole lobar defects, and gray areas represent the remaining defects. Ova/Ova mice

exhibited considerably more pre-MCh defects, including some that consumed an entire lobe (whole lobar). Such whole lobar defects were not seen

pre-MCh in the control mice. Both groups exhibited an equivalent number of fissure defects post-MCh. Error bars indicate standard deviation of the mean
for each group (N¼ 8).

Figure 8. Mean areas of ventilation defects analyzed by lobe under the initial protocol. In Ova/Ova mice, all the pre-MCh ventilation defects arise in the
left and cranial lobes and these lobes also have the most post-MCh ventilation loss. This is likely because the bronchi supplying these lobes are the first

airway branches and suggests that the Ova aerosol reaches these lobes with greater efficiency. The control group showed virtually no pre-MCh defects

and exhibited a majority of post-MCh defects in the left and medial lobes. Error bars indicate standard deviation of the mean for each group, grouped by

lobe.
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Figure 9. Variability of MCh delivery under the initial protocol. (A) Ova/PBS control after a 250mg/kg bolus displays a greater number and size of

ventilation defects than an Ova/Ova mouse following a 640mg/kg bolus. (B) An individual Ova/Ova animal was challenged with a continuous infusion of

MCh at 1.2mL/h (186mg/kg) and 2.4mL/h (371mg/kg). At the low dose it exhibited a large ventilation defect in the apical portion of the left lung, which

was not visible at the higher dose, although it did cause more bronchoconstriction.

Figure 10. Comparison of continuous infusion (top row) versus bolus injection (bottom row) of MCh using the initial protocol. All images were obtained
from the same Ova/Ova mouse. Images obtained after infusion of MCh at 1.2mL/h (186mg/kg) and 2.4mL/h (371mg/kg) showed fewer and smaller

defects than images following MCh bolus injection of 125, 250, and 320mg/kg, respectively.
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detect ventilation defects on 3D images in control mice after MCh
challenge had not been possible before (12), and clearly
indicated that the new MCh procedure provides a far more
potent challenge. Furthermore, this observation pointed to the

value of including in our protocol a 3D scan immediately
following the 2D dynamic image acquisition during MCh
challenge. This 3D scan could then be used to evaluate the
more persistent ventilation abnormalities with finer detail, and
thus complement the high-temporal resolution 2D time-course
study to provide the most comprehensive possible picture. The
complete protocol we now use is presented in Fig. 13, which with
our current 3He capacity of 1.2 L, allows us to fully examine two
mice per day.
The new protocol was used to acquire an image dataset in an

Ova/Ova mouse and is shown in Fig. 14. First, the high-resolution
3D image acquired prior to MCh challenge shows a lung entirely
free of ventilation defects (Fig. 14A). Then, a 2D time-course
following a 250mg/kg MCh dose shows dramatic bronchocon-
striction, accompanied by complete cessation of ventilation in
the caudal, medial, and accessory lobes (Fig. 14C). Interestingly, as
evident on the 2D time-course images, the caudal lobe defect
resolves and subsequently ventilation is re-constituted during the
2min series of scans. The defects in the caudal and medial lobes
persisted sufficiently long to be readily visualized in the 3D
images (Fig. 14B). However, the accessory lobe defect that had
been evident on the 2D time-course was not visualized in the 3D
image, since ventilation to this lobe was shown to be restored
96 s after MCh challenge during the time-course study.

Figure 11. Recordings of heart rate following MCh challenge. (A) Naive mouse showing a high degree of variability in HR response after MCh injection

under the initial protocol. (B) Control mouse with MCh injections via the improved protocol showing much stronger and more consistent MCh response.

(C) Ova/Ova mouse also showing strong, consistent, and dose-dependent MCh response.

Figure 12. Comparison of bronchoconstriction observed in the medial

lobe bronchus between the initial and improved MCh delivery protocols.

Constriction observed under the initial MCh protocol is shown by the

triangles (open for PBS, closed for Ova) at a wide range of doses and
exhibiting a high degree of variability. Constriction observed under the

improved MCh protocol is shown by the circles (open for PBS, closed for

Ova) depicting amuch higher, less variable degree of bronchoconstriction

at lower MCh doses.
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Under the new protocol, only one dose of MCh (125 or 250mg/
kg) is typically used rather than a complete dose–response study.
This is a concession needed to conserve the limited supply of HP
3He gas available per day. The 3D scans consume about 150mL
each, and the 2D scans about 80mL. Our current polarizer
produces �1 L of gas per day, hence permitting two animals per
day to be evaluated.

DISCUSSION

Ventilation defects

Our findings of whole lobar and fissure defects prior to MCh
challenge were interesting and unexpected. Based on their
frequent occurrence in this small study, these defects
are presumably quite common in the Ova/Ova model of acute
asthma. Given defects of this size, one would expect
these animals to also exhibit increased airway resistance at
baseline. However, this was not observed in our own flexiVent
studies, nor has increased baseline resistance been commonly
reported in the physiology literature. This discrepancy may be
explained by the typical use of �3 cm H2O PEEP in most of the
physiology studies, whereas no PEEP was used in our MRI studies.
The application of PEEP is likely effective in preventing the
alveolar collapse (21) that we now visualize on MRI. It is
interesting to note that these baseline defects were not
eliminated by application of a TLC breath, which is always done
prior to 3He imaging. Correspondingly, it has been observed that
TLC breaths given to asthmatic patients after MCh challenge do
not restore their airway resistance to baseline values. This
phenomenon has been attributed to an increased bronchial
airway tone and airway stiffness (7,22–24), which may also be
factors that contribute to the baseline defects we observe in
mice. The presence of baseline whole lobar defects and the
effects of PEEP in Ova/Ova mice are worthy of future study to
uncover the underlying mechanisms for their origin and effective
strategies for their elimination. Moreover, the finding of baseline
ventilation defects in Ova/Ova mice points to the value of

including high-resolution pre-MCh 3D imaging in the improved
imaging protocol.
The greater number of ventilation defects at baseline and

following MCh exposure in the cranial lobe and left lung in the
Ova/Ova mice may indicate that these lobes receive a more
significant exposure to Ova aerosol. This is plausible because their
feeding bronchi would be the first airways encountered by the
aerosol. The lobar pattern of involvement was somewhat
different in the challenge of the Ova/PBS mice, though the left
lung was highly involved.

Methacholine variability

While we were able to see several new and previously
unrecognized aspects of MCh response using 3He MRI, the most
confounding finding was the highly variable and unpredictable
response to MCh with the initial delivery protocol. We note that
highly dilute solutions of MCh, such as those needed for small
animal experiments, are even more susceptible to degradation at
warm temperatures than the more concentrated solutions used
clinically, which have also been shown to degrade (6,25,26).
Degradation of MCh solution is known to be driven by several
factors including exposure to warm temperatures, pH, diluents,
and sensitivity to light (25,26). Hence, it is reasonable to
conjecture that there is some aspect of the MRI experimental
setup that causes accelerated degradation of MCh solution, even
beyond what has been previously reported. Specifically, the MRI
setup and experiment require considerably more time than
bench-top physiology studies, and MCh must be delivered over a
considerable distance. Ultimately, the observation that individual
animals responded differently to serial challenges with the same
MCh solution led us to conclude that the primary cause of
variability was degradation of MCh in portions of the catheter
inlet tubing.
Although, we are yet to uncover the underlying mechanism of

the postulated MCh degradation, it is clear that the improved
protocol for MCh delivery that assumes such a degradation to
take place and takes steps to mitigate it, has generated

Figure 13. Improved protocol for MCh delivery and imaging. A baseline 3D image is obtained prior to MCh challenge using a 150mL dispense of

hyperpolarized 3He gas. Then, the extension tubing is filled and flushed with fresh MCh solution and an initial bolus of�200mL is directed to the animal
to fill the catheter inlet line and catheter with freshMCh. Shortly thereafter, a series of 125mg/kg bolus injections are repeated until a reproducible drop in

HR is obtained. Then, a 2D time-course series of 3He images is obtained consisting of ten frames taken every 12 s and a 125mg/kg MCh bolus delivered

after the first baseline frame. This is immediately followed by acquisition of a 3D image from the same 250mL dispense of hyperpolarized 3He gas to
display persistent defects in greater detail.
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dramatically improved reproducibility and magnitude of MCh
response. Thus, frequent serial challenges with MCh (at least
every 10–15min) and occasional extension tube line flushes are
critical to ensuring a consistent animal response to MCh
injections. Specifically, a 40mL (�125mg/kg) test bolus is applied
and bradycardia is measured to ensure robust MCh response.
Only once reproducibility is established in this way should the
3He imaging study be initiated.

Bolus versus infusion delivery of MCh

Our efforts to compare continuous infusion versus bolus injection
of MCh were complicated by the variability of MCh delivery, but a

few conclusions can be drawn. In all imaging studies using
continuous infusion, the degree of bronchoconstriction and
number of ventilation defects were consistently less than for
similar doses delivered as a bolus. Moreover, ventilation defects
recovered more quickly following infusion than after bolus
injection. Finally, the same bolus/infusion comparison made
using the flexiVent, which was not complicated by the MCh
delivery problem, also clearly resulted in an attenuated response
to MCh infusion compared to bolus delivery. Thus, while the
question of using MCh infusion to prolong ventilation defects
during long-lasting 3D imaging remains one of interest, our
tentative conclusion is that there are no striking advantages to
infusion delivery.

Figure 14. 3D and 2D 3He datasets using the improved protocol in an Ova/Ova mouse. (A) Baseline 3D images and (B) 3D images following a 250mg/kg

MCh challenge, in which ventilation defects and bronchoconstriction are visible on the successive posterior to anterior slices. (C) 2D time-course images

taken at 12 s intervals before and after MCh challenge. Corresponding whole lobar medial and caudal lobe ventilation defects are circled on the 3D and
2D images. The disappearance and subsequent reappearance of the ventilation to the accessory lobe is noted by boxes at the 36 and 84 s post-MCh

timepoints, respectively. We note that although the pre- and post-MCh 3D images were separated in time by the 2D time-course series, they are placed

together in this figure to aid in their comparison.
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Bronchoconstriction with improved protocol

As seen in Fig. 12, the new method of MCh delivery causes large,
consistent bronchoconstrictive responses in naive, Ova/PBS, and
Ova/Ova mice. Bronchoconstriction of the large airways
immediately following MCh challenge is expected to be similar
in Ova/Ova and control mice as the major airways have
acetylcholine receptors that respond to the MCh. Our chosen
MCh concentration of 125mg/kg is likely sufficient to saturate the
receptors in both groups of animals, thus causing similar
bronchoconstriction of large airways. Hence, large airway
bronchoconstriction observed in the 2D temporal dynamics
series is a good indicator of MCh potency, but does not
differentiate the Ova/Ova and Ova/PBS groups. However, the
smaller airways do not contain smooth muscle, and therefore no
acetylcholine receptors. In these airways, one expects a more
significant hyperresponsiveness in the Ova/Ova model caused by
wall thickening and other effects of allergic inflammation. This
hyperresponsiveness would manifest itself through decreased
peripheral ventilation. This could explain why a greater number
of ventilation defects are seen in Ova/Ova compared to controls
despite similar degrees of post-Mch bronchoconstriction in the
larger airways. Hence, persistent ventilation defects may be a
better way to differentiate hyperresponsiveness than large-
airway bronchoconstriction.
In the example dynamic images of Fig. 14, we noticed

unexpected periods where the caudal lobe bronchus alternated
between patency and complete bronchoconstriction. A possible
explanation for this phenomenon may be due to an interplay
between (1) hyperresponsiveness of the caudal lobe bronchus
and distal airways with subsequent bronchoconstriction and (2)
the increased pressure formed in the proximal bronchus due to
constant volume ventilation, thus causing it to open.
Another report from the literature has also demonstrated

hypoventilation in distal airways of mouse models investigated
with 3D imaging techniques (27). This study showed in both
control mice with normal degrees of airway smooth muscle
shortening and sensitized mice with excessive narrowing of the
airway (thickened airway walls, hyperemia of tissues), that some
airways distal to major conducting airway branches proceeded to
full closure. Such distal airway closure has been attributed to
airway wall thickening and an increased tendency of the airways
to close due to excess mucus production or increased surface
tension (28). This hypothesis fits well with the results of this study,
as we are likely dynamically demonstrating the closure of these
distal airways. The short-term dynamic changes in regional
ventilation and bronchoconstriction demonstrated in the current
study highlights the utility of 2D time-course images in the
improved protocol.

CONCLUSIONS

The present study is a novel approach to visualize MCh response
in treatment and control groups of an animal model of allergic
inflammation using HP 3He MRI. Specifically, we discovered
baseline ventilation defects, including whole lobar and fissure
defects that were present in Ova/Ova animals, but not Ova/PBS
animals. Following MCh exposure, 3He MRI depicted both
bronchoconstriction and development of ventilation defects.
The most numerous ventilation defects were noted in the cranial
lobe and left lung, likely due to the branching pattern of murine
airways.

However, this study also exposed specific difficulties associated
with i.v. MCh delivery in the small animal MRI environment. We
have developed simple methods to eliminate the variability in
MCh response and now successfully demonstrate that i.v. MCh
challenge reproducibly leads to profound bronchoconstriction
and ventilation defects that can be present for several minutes
post-challenge. By solving the MCh-delivery problem in the small
animal MRI environment, we have been able to develop a
protocol that combines high-resolution 3D imaging and 2D
time-course studies to comprehensively phenotype MCh sensi-
tivity in the adult mouse lung. Such promising attributes of the
improved protocol should enable reliable MCh delivery andmake
3He MRI phenotyping a valuable tool for investigating novel
hypotheses of regional dysfunction in asthmatic airway disease,
and for developing meaningful approaches that optimize
site-specific therapeutic interventions.
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