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Abstract

Evaluation of lung disease is limited by the inability to visualize
ongoing pathological processes. Molecular imaging that targets
cellular processes related to disease pathogenesis has the potential
to assess disease activity over time to allow intervention before
lung destruction. Because apoptosis is a critical component of

lung damage in emphysema, a functional imaging approach was
taken to determine if targeting apoptosis in a smoke exposure
model would allow the quantification of early lung damage

in vivo. Rabbits were exposed to cigarette smoke for 4 or

16 weeks and underwent single-photon emission computed
tomography/computed tomography scanning using technetium-
99m-rhAnnexin V-128. Imaging results were correlated with

ex vivo tissue analysis to validate the presence of lung destruction
and apoptosis. Lung computed tomography scans of long-term
smoke—exposed rabbits exhibit anatomical similarities to human
emphysema, with increased lung volumes compared with

Current imaging modalities in lung disease
primarily focus on the evaluation of organ
damage and destruction (1). Although
molecular imaging approaches have been

established in oncology (2, 3) and in the
assessment of cardiovascular disease (4),
the utility of such an approach in
nonneoplastic lung disease has not yet been

controls. Morphometry on lung tissue confirmed increased mean
linear intercept and destructive index at 16 weeks of smoke
exposure and compliance measurements documented
physiological changes of emphysema. Tissue and lavage

analysis displayed the hallmarks of smoke exposure, including
increased tissue cellularity and protease activity. Technetium-
99m-rhAnnexin V-128 single-photon emission computed
tomography signal was increased after smoke exposure at 4 and
16 weeks, with confirmation of increased apoptosis through
terminal deoxynucleotidyl transferase dUTP nick end labeling
staining and increased tissue neutral sphingomyelinase activity in
the tissue. These studies not only describe a novel emphysema
model for use with future therapeutic applications, but, most
importantly, also characterize a promising imaging modality
that identifies ongoing destructive cellular processes within

the lung.
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established. The development of methods
to image cellular processes and targets
related to disease pathogenesis allows an
evaluation over the time course of the
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Clinical Relevance

Current pulmonary imaging modalities
elucidate damaged and destroyed
tissue but do not provide information
regarding ongoing pathogenic
processes. Here, we demonstrate a
novel imaging modality that can
identify, in vivo, apoptosis within the
lungs of smoke-exposed animals
correlating with disease activity. The
rabbit smoke exposure model develops
emphysema in a manner similar to the
human disease, with apoptosis,
increased protease activity, and
characteristic morphometric and
physiologic changes in the lung.

In vivo technetium-99m-annexin
V-128 imaging correlates with ex vivo
tissue analyses of apoptosis, providing
a novel imaging methodology that can
aide with clinical prognostication and
assessment of response to therapy in
patients with chronic obstructive
pulmonary disease.

disease, and provides information as a
potential biomarker of disease activity and
response to therapy.

Apoptosis is a process of programmed
cell death that occurs during normal lung
morphogenesis and development; however,
apoptosis is uncommonly identified in the
healthy adult lung (5). Apoptosis can be
triggered by multiple stimuli that are
pertinent in chronic obstructive pulmonary
disease (COPD) pathogenesis, including
loss of contact with the extracellular matrix,
induction by immune cells, and various
stressors, including oxidative stress (6, 7),
and lung injury and repair (8, 9). Our group
(10) and others (11) have established the
presence of apoptosis in the human
emphysematous lung with the level of
apoptosis directly correlating with airway
destruction in emphysema (10).
Furthermore, a negative correlation has
been established for apoptosis and lung
surface area (10). There is a critical role for
ceramide synthesis upstream of apoptosis
(12), with neutral sphingomyelinase
(nSMase) 2 activity elevated in the setting
of cigarette smoke exposure (13). Elevated
nSMase2 results in membrane-sphingomyelin
hydrolysis and ceramide generation (13).
As apoptosis continues in the setting of
ongoing smoke exposure or additional

insults, such as infection or disease
exacerbations, without a compensatory
proliferative response, lung destruction
occurs. Despite the importance of
apoptosis in the human disease state,
smoke exposure in the mouse model of
emphysema leads to variable levels of
apoptosis within the lung (11, 14), in part
due to differences in mouse genetic
background. As a result, investigators have
turned to alternative models of emphysema
that more closely mimic the human disease
(15-18).

Early in the process of apoptosis,
phosphatidylserine (PS), which is normally
confined to the inner sarcolemmal cell
membrane layer, is transposed to the outer
layer. Annexin V is a naturally occurring
protein that binds PS. Labeling annexin V
with a radioactive tracer has provided an
important tool for diagnosing and
quantifying apoptosis in live subjects.
Hydrazinonicotinamide-annexin A5
(HYNIC-Anx), a technetium-99m
(**™Tc)-labeled imaging agent, has proven
sensitive for detecting apoptosis in different
diseases, including cancer and
atherosclerosis (19-23). In this study, we
used a direct *™Tc-labeled mutant of
annexin (°*™T¢ rhAnnexin V-128, herein
referred to as AxV-128/Tc), which has
improved binding affinity to PS, faster
blood pool clearance, and similar
biodistribution compared with
P’MTc-HYNIC-Anx (14, 24).

Our initial studies establish the rabbit
model of smoke exposure as a close mimic
of the human disease with regard to
inflammatory cell recruitment, protease
induction, and emphysema development,
including physiologic compliance changes.
Subsequently, we used this model for
investigating the novel apoptotic imaging
agent. We hypothesized that uptake of AxV-
128/Tc would be higher in the lungs of
smoke-exposed rabbits compared with
normal controls, and that quantitation of
probe uptake would correlate with
histopathology, providing a potential
noninvasive marker to monitor disease
activity and/or response to therapy in
smoke-induced lung disease.

Materials and Methods

Animals
All animal studies were performed with the
approval of the Institutional Animal Care
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and Use Committee of Columbia University
(New York, NY). Female New Zealand white
rabbits (weight, 1.3-1.8 kg) were obtained
from Harlan Laboratories (Indianapolis,
IN) and Charles River Laboratories
(Wilmington, MA).

Exposure of Rabbits to Cigarette
Smoke

Rabbits were acclimatized to the animal
facility for at least 48 hours before use.
Subsequently, animals underwent smoke
exposure in a TE-10 Teague Smoking
Apparatus (Teague Enterprises, Woodland,
CA). University of Kentucky 3R4F
Reference Cigarettes (University of
Kentucky, Lexington, KY) were used and
total particulate matter was maintained at
100-150 mg/m>, as measured by
gravimetric analysis. Rabbits underwent
smoke exposure 4 hours per day, 5 days per
week, for 4 or 16 weeks. Rabbits were
always exposed to cigarette smoke the day
before imaging and/or being killed. As a
surrogate measure of smoke exposure,
serum cotinine levels were determined by
ELISA (Mouse/Rat Cotinine ELISA,
SE120083; Sigma-Aldrich, St. Louis, MO),
per the manufacturer’s instructions.

Imaging Procedures

AxV-128/Tc was prepared by reconstitution
of annexin V (provided by Advanced
Accelerator Applications, Saint-Genis-
Pouilly, France) with 18-22 mCi **™Tc in
2 ml volume. Rabbits were injected with 3.64
(%£0.40) mCi AxV-128/Tc via an ear vein
catheter. After 3 hours, rabbits were sedated
with ketamine and xylazine and underwent
single-photon emission computed
tomography (SPECT) imaging on the
nanoSPECT system (Mediso, Budapest,
Hungary) fitted with two parallel hole
collimators. Within 5 days of SPECT
imaging, rabbits underwent a sedated spiral
chest computed tomography (CT) on a
Siemens 64 slice Biograph camera (Munich,
Germany). After all SPECT and CT
imaging, rabbits were killed, and fresh lung
tissue was obtained for correlative gamma
well counting. Gamma well counting was
performed within 12 hours of radiotracer
injection for SPECT imaging. For imaging
analysis, SPECT and CT images were
merged, reconstructed, and analyzed as
outlined in the supplemental MATERIALS AND
MEetHODS. Organ biodistribution is also
provided in the online supplement.
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Lung Compliance Measurements

After killing with Euthasol (Virbac, Fort
Worth, TX), a neck dissection was
performed and a 3.5 endotracheal tube
secured in the trachea with a suture. The end
of the endotracheal tube was connected via
three-way stopcock to a manometer and
syringe for pressure measurements. The lung
was sequentially inflated 5 ml at a time and
pressure recorded after equilibration to a
maximum volume of 25 ml (for 4-wk rabbits)
or 40 ml (for 16-wk rabbits). These volumes
are within 15-20% of the resting tidal
volumes for smoke-exposed rabbits detected
on CT scan.

Histologic and Morphometric

Analysis

After the neck dissection, the chest was
opened and dissected. Bronchoalveolar
lavage (BAL) was performed, flushing 60 ml
of sterile PBS into the lungs in two 30-ml
increments. BAL fluid was spun for 10
minutes at 2,000 RPM, and supernatant
removed and stored at —80°C for further
analysis. The lungs were pressure inflated
with 10% formalin to 25 cm H,O. Each
lung region (right upper, right lower, left
upper, and left lower) was paraffin
embedded, sectioned, and hematoxylin and
eosin stained. At least 25 images at X4
magnification were obtained per rabbit,
with sampling performed in each lung
region for morphometry, including mean
linear intercept (14), a measure of airway
enlargement, and destructive index (25), the
percentage of the number of destroyed alveoli
compared with the total number of alveoli.
Tissue cell counts were performed on cell-
specific immunohistochemistry sections.
Lymphocytes were identified with anti-CD3
(ab11089, rat monoclonal to CD3 [CD3-12],
1:250; Abcam, Cambridge, MA). Macrophages
were identified with anti-macrophage antibody
(ab22506, mouse monoclonal to [MAC387]
macrophage, 1:750; Abcam). Neutrophils were
identified with anti-CD11b (MBS438151, rat
monoclonal to CD11b [ITGAM], 1:10;
MyBioSource, Inc., San Diego, CA). At least
eight microscopic fields were randomly
photographed and inflammatory cells per
square millimeter were calculated for tissue cell
counts (14).

Terminal Deoxynucleotidyl Transferase
dUTP Nick End Labeling Staining
Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay was
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performed on paraffin-embedded lung tissue
sections (In Situ Cell Death Detection Kit,
POD; Roche, Indianapolis, IN). At least five
images were obtained at X20 magnification.
A ratio of TUNEL-positive to total nuclei
was obtained to generate an apoptotic index.

Protease and Enzymatic Activity

Lung lysates were prepared from flash-
frozen lung tissue. Lung protein
concentration was assessed using the Pierce
BCA Protein assay (Thermo Fisher, Grand
Island, NY). Lung tissue cathepsin D activity
(Abcam), BAL neutrophil elastase activity
(Cayman Chemical, Ann Arbor, MI), and
sphingomyelinase activity (Amplex Red
Sphingomyelinase Assay Kit; Thermo
Fisher) were measured per manufacturer
directions. Gelatin zymography was
performed (26, 27) to assess matrix
metalloproteinase (MMP)-2 and MMP-9
activity.

A .
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Statistical Analysis

Uptake of AxV-128/Tc for each lung was
averaged for each group (4-wk and 16-wk
smoke and room air exposed) and groups
compared using Student’s ¢ test. Similar
comparisons were made between groups for
morphometric analysis as well as the
apoptotic index with P less than 0.05
considered statistically significant. Prism 6
for Mac OS X (GraphPad, San Diego, CA)
was used for statistical analysis.

Results

Increased Airway Inflammation in the
Smoke-Exposed Rabbit

As expected under smoke exposure
conditions, the serum cotinine levels were
significantly increased at both the 4-week
(room air, 0.041 = 0.26 ng/ml; smoke,
7.99 * 6.03 ng/ml; P=0.028) and 16-week
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Figure 1. Increased tissue inflammatory cells in the smoke-exposed rabbit. (A) Increased
inflamsmation in the lungs of 16-week smoke-exposed rabbits (right panel) as compared with room air
control (left panel). The black arrow points to a macrophage and the blue arrow points to a neutrophil.
Main images taken at X20 magnification, and inset images were taken at X40 magnification.

(B) Total inflammatory cells (Total), macrophages (Mac), neutrophils (PMN), and lymphocytes (Lymph)
in 4- and 16-week room air— and smoke-exposed rabbits (n =3, 4-week room air; n =4, 4-week
smoke; n =3, 16-week room air; n =6, 16-week smoke). Increased neutrophils and macrophages
were identified in 16-week smoke-exposure conditions. Data are presented as mean (=SD).

*P < 0.05 versus room air control.
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(room air, 0.49 = 0.43 ng/ml; smoke,
75.23 £ 27.07 ng/ml; P=0.001) time point
of smoke exposure. Rabbits exhibit an
increase in tissue cell counts within the lung
(Figures 1A and 1B) after 16-weeks of
smoke exposure, most notably in
macrophages and neutrophils (Figure 1B).

Increased Protease Activity and
Apoptosis in the Smoke-Exposed
Rabbit Model

Initial studies demonstrated that MMP-1
protein expression is increased in the rabbit
model after 8 weeks of exposure (27),
consistent with what is seen in the human
disease (28). Along with this increase in
MMP-1 protein, there was a significant
increase in BAL neutrophil elastase activity
after 16 weeks of smoke exposure

(Figure 2A), and after 4 weeks of smoke
exposure there was an increase in cathepsin
D activity in whole-lung homogenates
(Figure 2B). Gelatin zymography
demonstrated increased pro-MMP-9 and
active MMP-9 at the 16-week smoke time
point. There was an increase in pro-MMP-2
at the 16-week time point, but active
MMP-2 was not present. MMP-2 was
detected at low levels in all rabbit BAL fluid
tested (Figure 2C).

Tissue from 4- and 16-week smoke-
exposed rabbit lungs was examined for
markers of cellular apoptosis. At both the 4-
and 16-week time points, TUNEL staining
revealed increased apoptosis in the lungs of
smoke-exposed rabbits (Figure 3A).
TUNEL-positive cells included pulmonary
endothelial and epithelial cells, as well as
macrophages (Figure 3A, arrows).
Quantification confirms a statistically
significant increase in TUNEL-positive cells
at both 4 and 16 weeks of smoke exposure
(Figure 3B).

nSMase synthesizes ceramide from
membrane sphingomyelin in cells
undergoing apoptosis, and is elevated in
human emphysema and mouse models (29).
The sphingomyelinase activity assay of
whole-lung homogenates reveals a
significant increase in nSMase activity
under smoke exposure conditions
(Figure 3C).

Radiographic Findings of Emphysema
in the Smoke-Exposed Rabbit

Within 5 days of SPECT imaging, rabbits
underwent spiral chest CT. Due to the
predominant diaphragmatic breathing
pattern of rabbits and a very short
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Figure 2. Increased protease activity after 4 weeks of smoke exposure. (A) Increased neutrophil

elastase activity in the bronchoalveolar lavage (BAL) fluid of 16-week smoke-exposed rabbits (P = 0.0204,
16-week room air versus smoke-exposed). (B) Increased cathepsin D activity in whole-lung homogenates
of 4-week smoke-exposed rabbits (P =0.0441, 4-week room air versus smoke exposed). (C) Increased
matrix metalloproteinase (MMP)-9 gelatinase activity in the BAL fluid of 16-week smoke-exposed rabbits.
*P < 0.05 versus room air control. Data are presented as mean (+=SD). RFU, relative fluorescence units.

acquisition time, scans exhibited only
minimal or no blurring on the basal slices
and, as such, respiratory gating was not
performed. Representative midlung field
transverse sections of a 16-week smoke-
exposed and room air control rabbit are
provided in Figure 4A. After image
acquisition, serial transverse slices were
summed into 1-cm-thick sections. Regions
of interest were drawn around serial
sections to calculate lung volumes and
Hounsfield units (HU). As demonstrated in
Figure 4B, there was a statistically
significant increase in lung volume, as
measured on chest CT, after 16 weeks of
smoke exposure, with no difference seen at
4 weeks.

Although the mean value for HUs for
the 16-week smoke-exposed rabbits was
lower than for the 4-week smoke-exposed
rabbits, there was not a statistically
significant difference due to large standard
deviations of values for both time periods for
room air and smoke-exposed rabbits.
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However, when examining the segmental
values for HUs, for the 16-week smoke-
exposed rabbits, 10 of 20 segments revealed
values below 2 SD of the mean for the
4-week room air-exposed rabbits, whereas,
for the 16-week room air-exposed rabbits,
there were only 2 of 24 segments with
HU values below 2 SD of the mean for the
4-week room air-exposed rabbits.

Increased AxV-128/Tc Uptake in the
Lungs of Smoke-Exposed Rabbits
AxV-128/Tc SPECT/CT imaging
demonstrated increased uptake in the lungs
of smoke-exposed rabbits at both the 4- and
16-week time points. Representative
midlung field transverse reconstructed
merged SPECT/CT images are shown in
Figure 5A. Quantification of tracer uptake
as percent injected dose (%ID) in both
lungs was significantly higher in smoke-
exposed rabbits compared with room
air—exposed rabbits at both early (4 wk) and
late (16 wk) time points, as shown in bar
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Figure 3. Increased markers of apoptosis in the lungs of smoke-exposed rabbits. (A) Representative
images of increased terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)—-positive
cells after 4 weeks of smoke exposure. Images are taken at X40 magnification. Arrows
denote TUNEL-positive endothelial cells (blue), macrophages (red), and epithelial cells (green).
(B) Quantification of TUNEL-positive cells (n =3 per group; P=0.033 4-week room air versus
smoke exposed, P=0.0093 16-week room air versus smoke exposed). (C) Increased neutral
sphingomyelinase activity in the lung homogenates of 16-week smoke-exposed rabbits (n =5
per group, P=0.0141). *P < 0.05 and **P < 0.01 versus room air control. Data are presented

as mean (*=SD).

graphs in Figure 5B. After death, ex vivo
gamma well counting obtained from tissue
sections of the left upper, left lower, right
upper, and right lower lobes confirmed
increased radiotracer signal within the
lungs of smoke-exposed rabbits

(Figure 5C).

Airway Destruction and Increased
Lung Compliance after Long-Term
Smoke Exposure

To validate the imaging findings in smoke-
exposed rabbits against physiologic and
morphologic measures of emphysema
found in the human disease, static lung
compliance was assessed and standardized
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morphometry was performed on histologic
samples. It was found that 4 weeks of
smoke exposure leads to increased
apoptosis, but there was no evidence of
structural or physiologic changes
consistent with emphysema at this early
time point. However, after 16 weeks of
smoke exposure, there was a statistically
significant increase in static lung
compliance (Figure 6A). In addition, at
16 weeks of smoke exposure, there was
pathologic evidence of emphysema, with
an increase in lung destruction, measured
quantitatively using the mean linear
intercept (Figure 6B) and destructive index
(Figure 6C).

Discussion

In this study, the rabbit model of chronic
smoke exposure is characterized and
demonstrated to be pathologically similar to
human COPD with regard to an increase in
lung cellularity, protease activity, airway
mechanic changes, airspace enlargement,
and the development of cellular apoptosis.
Furthermore, these studies successfully
demonstrate that a probe targeting cells
undergoing apoptosis has increased uptake
in lungs of cigarette smoke-exposed rabbits,
and can be imaged and semiquantified by
SPECT/CT. The annexin V probe signal
correlated with apoptosis demonstrated by
TUNEL staining and increased neutral
sphingomylinase activity in lung tissue
removed at necropsy. This is the first report
to apply molecular imaging targeting
apoptosis to chronic lung disease in a
relevant animal model.

The level of cigarette smoke exposure in
this rabbit model of emphysema is in line
with the exposures seen in human disease;
serum cotinine levels from smoke-exposed
rabbits fall within the lower end of the serum
cotinine range documented in the self-
identifying smokers in the National Health
and Nutrition Examination Survey
population (30). The proteolytic changes
secondary to cigarette smoke seen in the
rabbit model are documented to occur in
the human disease (27, 31, 32) and in the
mouse models (33-35). Cathepsin D is
elevated in smoke exposure in both humans
(36) and animal models (33), and we
document in these studies the elevation of
this protease in the rabbit smoke exposure
model at an early time point. The
discrepancy between the timing of smoke-
induced increases in cathepsin D activity
and neutrophil elastase activity likely
reflects the alterations in inflammatory cell
activation and the proteolytic response as
the animal transitions from acute to
chronic smoke exposure.

The mouse model of smoke-induced
emphysema exhibits variable levels of
infiltrating neutrophils depending on the
mouse strain (37), and rarely exhibits
neutrophil elastase activity in the BAL. The
rabbit model presented in this study
exhibits statistically significant increases in
tissue neutrophils at 16 weeks of smoke
exposure. This increase correlates with
increased neutrophil elastase activity in
BAL fluid. Interestingly, whereas at 4 weeks
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Figure 4. Lung computed tomography (CT) of smoke-exposed rabbits exhibits anatomical similarities
to human emphysema, with larger lung volumes compared with room air controls. (A) Representative
transverse CT sections from 16-week smoke-exposed and room air control rabbits. (B) Increased
lung volumes in the 16-week smoke-exposed rabbit. Lung volumes calculated from 4-week room air
(n=9), 4-week smoke exposed (n =8), 16-week room air (n =5), and 16-week smoke exposed
(n=4). Data are presented as mean (=SD). *P < 0.05 versus ipsilateral side 4-week smoke

exposure and 16-week room air control. L, left.

of smoke exposure there is a trend to
increased tissue neutrophils, there is no
alteration in neutrophil elastase activity.
Work by Terashima and colleagues (38)
details the effect of acute smoke exposure
(11 d) on neutrophil sequestration; it is
possible that the neutrophils identified in
lung tissue at the 4-week time point are
sequestered in the pulmonary microvessels,
accounting for the trend to increased tissue
neutrophils at this time point, but the lack
of increase in neutrophil elastase activity in
BAL fluid. The significant increase in
neutrophil elastase activity upon long-term
smoke exposure suggests that the rabbit
model will be useful to test antielastolytic
therapies in chronic smoke exposure

models. Furthermore, the rabbit develops
clear physiological changes representative
of emphysema, which have not been
demonstrated in all mouse models of
smoke exposure (14). The development of
the rabbit model will allow for the testing of
matrix remodeling agents that could not be
tested in the mouse.

Apoptosis or programmed cell death is
an ordered process, with extrinsic receptor-
mediated and intrinsic mitochondrial
pathways, which activate a group of effector
enzymes called caspases that cleave
intracellular proteins (39). This process
leads to typical morphological changes,
including cell shrinking, chromatin
condensation, nuclear fragmentation, and

Goldklang, Tekabe, Zelonina, et al.: In Vivo Imaging of Apoptosis in Emphysema

cell membrane changes. The latter
includes the activation of a translocase
that flips the bilayer lipid membrane and
exposes the aminophospholipids, PS and
phosphatidylethanolamine, from the inner
to the outer cell surface, which then serve as
“eat me” signals to phagocytes (39).

Annexin V is a 36-kD human protein,
which serves as a naturally occurring
anticoagulant and has a high affinity for PS.
By linking annexin V with **™Tc via a
chelator (**™Tc-HYNIC-AnxV), a
molecular imaging agent for SPECT
imaging was developed and has been
investigated as an in vivo marker for
apoptotic cell death. Because apoptosis
occurs in response to a number of stress
signals and injury, including ischemia,
oxidative stress, and toxins, it plays an
important role in a wide spectrum of
diseases (40). Preclinical and clinical trials
of this probe have been investigated in
subjects with myocardial ischemia and
infarction (41, 42), in atherosclerosis (43,
44), and in cerebral ischemia (23, 45), and
to follow the response of tumors to
chemotherapeutic agents that induce cell
death (46, 47). In our previous work, we
have evaluated **™Tc-HYNIC-AnxV as a
marker of macrophage cell death in
atherosclerotic plaques in aortae of
apolipoprotein E-null mice (48) and in the
coronaries of hyperlipidemic pigs (43), and
as a marker of the paracrine effects of
conditioned stem cells to decrease myocyte
cell death after cell engraftment into acutely
ischemic myocardium (49).

Other approaches to probe
development for apoptosis imaging have
been pursued, including both new probes
to target different steps in the process and to
improve annexin V labeling. Approaches to
target caspases have proven to be difficult
due to the necessity of delivering the probe
into the cells. Approaches to improve
annexin V labeling include the development
of annexin V mutants with endogenous
chelation sites for *™T¢ (50). Tait and
coinvestigators (51) showed that all four
domains of annexin V are required for
optimal uptake in apoptotic tissues and, by
adding an endogenous Tc chelation site to
the N terminus of annexin V (annexin
V-128), all four binding sites remain free.
They also showed with an in vitro binding
assay that binding site affinity is decreased
by derivatization (52). These observations
were born out by comparison of direct-labeled
AxV-128/Tc with *"Tc-HYNIC-AnxV that
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Figure 5. Increased apoptosis detected by AxV128/Tc single-photon emission CT (SPECT)/CT imaging in smoke exposure conditions. (A) Representative
transverse midlung field SPECT/CT scans from smoke-exposed rabbits on left, room air on right, four week on top, 16 week on bottom. The lookup table
threshold bars displayed next to the figures show the upper threshold levels chosen to display the lung uptake. R, right; ant, anterior. (B) AxV-128 SPECT
imaging detected higher tracer uptake with smoke exposure at 4 weeks and at 16 weeks compared with room air. At 4 weeks, percent injected dose
(%ID) for room air-exposed rabbits (n = 6) was 0.40 = 0.16 for right lung (RL) and 0.39 * 0.13 for left lung (LL), and, for smoke-exposed rabbits (n = 6),
2.37 £0.73 for RL and 1.92 + 0.63 for LL (P =0.0009 for RL, P=0.0016 for LL). At 16 weeks of room air (n = 5), values were 0.50 = 0.44 for RL and
0.38 = 0.31 for LL, and, for smoke-exposed rabbits (n = 5), values were 2.14 + 0.39 for RL and 1.56 = 0.16 for LL (P = 0.00025 for RL, P = 0.00028 for
LL). There was no significant difference in uptake for either lung between 4- and 16-week smoke exposure. (C) Ex vivo tissue analysis using gamma well
counting, a measure of tissue radioactivity, confirmed these results. All data are presented as mean (+SD). ***P < 0.001 and *P < 0.05 as compared
with ipsilateral room air control.

showed higher uptake of the direct-labeled  superiority of AxV-128/Tc as an apoptosis probe in smoke-exposed rabbits. This is the
probe in apoptotic tissue. In addition, imaging probe. first reported application of apoptosis-
there was lower dose to the kidneys with In the present study, we used AxV- targeted nuclear imaging in COPD using
AxV-128/Tc. These properties support the = 128/Tc and documented lung uptake of the a relevant animal model. Importantly,
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Figure 6. Physiologic and anatomic changes of emphysema in the rabbit smoke-exposure model. (A) Increased static lung compliance in the 16-week
smoke-exposed rabbit (n =5 room air, n =6 smoke). (B) Increased mean linear intercept in 16-week smoke exposure (n =3 room air, n =5 smoke).
(C) Increased destruction of alveoli, as measured by destructive index, in 16-week smoke exposure (n =3 room air, n =5 smoke). *P < 0.05 versus room
air. Data are presented as mean (=SD). Changes were not significant at the 4-week smoke-exposure time point.
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apoptosis was observed at 4 weeks of
smoke exposure, a time point with no
morphometric changes, demonstrating that
AxV-128/Tc uptake does not change
solely based on tissue destruction. To
anatomically localize the signal from the
marker molecule, hybrid SPECT/CT
scanning is performed.

Although in the current study the CT
scans were merged with the SPECT scans to
define the lung boundaries and not perform
segmental correlation, advantages of this
hybrid imaging approach in patient studies
would be to obtain more detailed assessment
of regional differences in lung anatomy/
pathology to correlate with regional differences
in radiotracer uptake. Over time, as the inciting
injury (cigarette smoke) continues, apoptosis
may decrease as chronic injury causes a loss of
lung tissue. Serial imaging in patients could,
in theory, identify and possibly quantify areas
of lung tissue actively undergoing apoptosis
versus areas of normal lung tissue; such an
approach could offer important additional
information on disease stage to be used for
clinical decision making. The choice of a
positron emission tomography (PET)-labeled
versus a SPECT-labeled radiotracer would
depend on further development and clinical
availability of PET-labeled probes for biological
targets important in lung disease. Whether the
improved sensitivity of PET versus SPECT is
important for imaging small targets, SPECT/CT
may be equally effective for imaging diffuse
disease in an entire lung or lung segment. Both
SPECT/CT and PET/CT cameras are widely
available. The strength of the targeted approach
described in this study is the availability of the

radiotracer and the importance of the target,
apoptosis, in development of COPD.

Although the rabbit model is ideal for
the study of apoptosis and proteases under
smoke exposure conditions, there are several
limitations. The model is quite expensive;
housing costs are up to 25 times higher than
those of mice, and all mating of rabbits is
performed with outside vendors rather than
at a university. Furthermore, the rabbit
genome is not fully sequenced, limiting the
use of primers for genetic expression assays.
In addition, many of the antibodies for
tissue analysis (immunohistochemistry and
Western blot) are not compatible with
rabbit tissue.

In addition, because exposure of
PS occurs early in the apoptotic process,
it is possible that mitigation in the
instigating stressor can stop and reverse
the process. In this case, cells that bind
the probe would eventually recover;
therefore, quantifying the signal would
overestimate the number of cells that
ultimately die. This may occur in
myocardial reperfusion injury with
restoration of tissue oxygenation (53).
Nevertheless, the extent of uptake of
AxV-128/Tc signals severe cell injury
and/or death and, in all the preclinical
studies, including the present work,
excellent correlations have been shown
between probe uptake and TUNEL or
quantitative caspase tissue staining by
immunohistology.

The in vivo nuclear molecular imaging
approach presented in this report is the
first to apply this hybrid imaging

technology to lung disease. There are
several clinical issues facing patients

with COPD that cannot be addressed with
the standard modalities available for
disease assessment. It is currently not
possible to assess disease activity and
predict which patients will develop
disease progression after diagnosis,
despite knowledge of the various critical
pathogenic processes leading to lung
destruction. In addition, the ability to
monitor disease-targeted interventions is
limited by the current clinical and
imaging methodology available. The
favorable results reported in this
relevant rabbit animal model of smoke-
induced lung disease potentially offers
clinicians a tool to noninvasively image
ongoing pathobiology in addition to
destructive changes seen on CT

scans. The hybrid nuclear/CT scanning
modality is widely available, and

the techniques presented are easily
translatable to human patients for testing
to determine if the assessment of ongoing
pathobiological changes can predict
prognosis and follow therapeutic
response. ll
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