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Abstract

Background—Obliterative bronchiolitis (OB) is a major obstacle to the success of lung 

transplantation and is also a serious complication of hematopopietic stem cell transplant. It has 

few therapeutic options and respiratory delivery of potential therapeutic drugs is hindered by the 

narrowed and occluded airways.

Methods—OB was induced in mice using an established protocol and lung function was assessed 

by plethysmograph. Mice were exposed to four different aerosols of aluminum phthalocyanine 

tetrasulfonic acid (AlPCS) that ranged in concentration and median particle size distribution (0.2–

4.0 µm). The fluorescent intensity and number of pixels were measured for the trachea and lobes at 

two different compressional thicknesses. With analysis of the fluorescent intensity, the 

concentration and attenuation coefficient were estimated for each lobe and the trachea as well as 

individual pixels. The latter allowed generation of images reflective of the concentration.

Results—Lungs/trachea from OB mice had lower deposition, which correlated with lung 

function measurements, and apparent greater variability in the intensity compared to controls. The 

estimated lung volumes measured by plethysmograph were not different between the OB group 

and controls; however, total inflational lung capacity was reduced in OB mice.

Conclusions—Despite the variability in disease induction, there is a clear link between aerosol 

deposition and lung function, which was revealed by fluorescent imaging. The modulation of 

aerosol deposition in lungs with restrictive airway disease underscores the importance of tailoring 

aerosolization to optimize drug delivery.
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INTRODUCTION

Respiratory delivery is an effective means to achieve a high concentration of drug in the 

lungs. In asthma, this principle is applied to deliver bronchodilators and steroids to the 

airways to minimize systemic side effects. However, as the understanding of disease 

processes grows, there is a desire to have a better understanding of how airway disease 

affects the deposition of drugs within the lungs [1, 2].

In this work, we have examined a mouse model of bronchiolitis obliterans syndrome (BOS) 

for which the main histological finding is obliteration of the airways through scarring, also 

known as obliterative bronchiolitis (OB). OB is a fibrotic lung disease that occurs in humans 

after lung transplant as well as after hematopoietic stem cell transplant (HSCT) as a 

consequence of tissue injury and chronic allograft rejection [3–5]. HSCT is routinely given 

to approximately 15,000 patients per year in the United States, including those with 

hematological malignancies, immune deficiencies, and inborn errors of metabolism. BOS 

occurs in 5% to 25% of long-term allo-HSCT survivors [6–8] with only 15% survival of 

those BOS patients at 5 years [9, 10]. Lung transplantation is usually the only curative 

therapy for those patients with irreversible structural lung disease such as chronic obstructive 

pulmonary disease (COPD)/emphysema, idiopathic pulmonary fibrosis, primary pulmonary 

hypertension, α1-antitrypsin deficiency, and cystic fibrosis, but survival is only 50% at 5 

years, mostly due to BOS [11, 12]. Prevention of BOS would be a significant step toward 

ameliorating morbidity and mortality in these patient populations.

In our recently developed mouse model, OB develops due to the combined effects of 

pretransplant conditioning and transplantation with allogeneic bone marrow with effector T 

cells [13]. In an effort to determine the effect of OB on respiratory delivery of potentially 

therapeutic drugs, the extent of deposition was determined with aerosols of varying particle 

size distributions. The distribution of a fluorescent probe, aluminum phthalocyanine 

tetrasulfonic acid (AlPCS), was determined among the mouse lobes of normal and diseased 

mice. Using an analytical approach to correct the fluorescent intensity for tissue attenuation 

[14, 15], the concentration of the fluorophore in each lobe was estimated from which it was 

established that diseased mice had lower deposition fractions, which correlated with lung 

function measurements. Extending the work, we examined the heterogeneity of the 

deposition by statistically analyzing the intensity within the left lobe. Consistent with the 

disease, a greater variability in the intensity was found in the diseased mice relative to the 

controls.

MATERIALS AND METHODS

Materials

Aluminum (III) phthalocyanine chloride tetrasulfonic acid was purchased from Frontier 

Scientific, Inc., Woburn, MA, USA. Cyclophosphamide (Cytoxan) was obtained from 

Bristol Myers Squibb, Seattle, WA, USA. Complement was purchased from Nieffenegger 

Co., Woodland, CA, USA. Water used in these experiments was deionized, distilled, and 

deoxygenated.
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OB Induction

C57BL/6 (H2b) and BALB/c (H2d) mice were purchased from Jackson Laboratories (Bar 

Harbor, ME, USA).Mice were housed in microisolator cages in the specific pathogen-free 

(SPF) facility of the University of Minnesota and cared for according to the Research 

Animal Resources guidelines of our institution. Experiments were approved by the 

Institutional Animal Care and Use Committee of the University of Minnesota. For bone 

marrow transplant (BMT), BALB/c donors were 2–3 months of age and C57BL/6 recipients 

were 5 months of age.

The BMT protocol has been described previously [13]. Donor BALB/c BM was T-cell 

depleted with anti-Thy 1.2 monoclonal antibody (mAb) (clone 30-H-12, rat IgG2b; kindly 

provided by Dr. David Sachs, Charlestown, MA) plus complement. Recipient C57BL/6 mice 

received cyclophosphamide, 120 mg/kg per day intraperitoneally, as a conditioning regimen 

pre-BMT on Days −3 and −2. Allmice were lethally irradiated on the day before BMT (7.5 

Gy total body irradiation) by X-ray (XRAD, PXI, North Branford, CT) at a dose rate of 1 

Gy/minute. Recipient mice were transplanted via caudal vein with 15 × 106 T-cell–depleted 

allogeneic marrow with 2 × 106 spleen cells as a source of allogeneic T cells (BMS group 

that develops OB).

Pulmonary Function Tests

Lung function was assessed by whole body plethysmography using the Flexivent system 

(Scireq, Montreal, QC, Canada) and Flexivent software version 5.1 was used. The Flexivent 

is calibrated for open-and closed-tube systems for each pulmonary test performed. Each 

mouse was anesthetized and allowed a brief period to acclimate to the ventilator. The 

maximum pressure was set at 30 cm H2O for pressure/volume (PV) analysis and 

determination of total lung capacity (TLC). The positive end-expiratory pressure remained 

constant at approximately 2.5 cm H2O.

Aerosol Generation

Deposition experiments were carried out by exposing control and treated mice to four 

aerosols that had different particle size distributions. To generate the aerosols, two different 

devices were used: a modified Medi-Nuclear (M-N) jet nebulizer (Powerscope, Minneapolis, 

MN, USA) and an Aeroneb nebulizer (Aerogen, Galway, Ireland and supplied for nonhuman 

use by Scireq, Montreal, QC, Canada) operating with and without a drying column [14, 15]. 

The aerosol was generated with an M-N jet nebulizer containing either a 10 mg/mL solution 

AlPCS or 10 mg/mL AlPCS and 100 mg/mL CsCl and was operated at 30 psi with a 

compressor. The mass output rate was determined by the filter capture method in which the 

aerosol concentration of AlPCS was determined by imaging the extracted solutions and 

interpolating the intensity from standard curves prepared from the intensity of extracted 

solutions obtained from spiked filters of a known mass of AlPCS [15]. The particle size 

distribution was measured with a scanning mobility particle sizer (SMPS) (TSI, Shoreview, 

MN, USA). The resulting number distribution was converted to a mass distribution assuming 

a density of 1 for the AlPCS solution and 4 g/mL for the solution containing CsCl [15].
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To generate aerosols with a larger particle size distribution, an Aeroneb nebulizer (AN) was 

used. For one aerosol, the concentration of AlPCS solution was 2 mg/mL and the aerosol 

consisting of droplets was directed to the exposure area. For the second, a solution 

containing 2 mg/mL ALPCS and 18 mg/mL CsCl was used, and the aerosol was then passed 

through a silica drying column. The outputs were also determined by the filter capture 

method as mentioned earlier, but the size distribution was determined with an Intox low flow 

rate impactor operating at 0.5 LPM. The particle size distribution was determined by 

imaging the solution obtained from extracting the impactor plates.

For exposures, conscious mice were introduced into cylinders with a tapered end that opened 

into the aerosol stream. The other end was open, and the mouse was prevented from backing 

out by hand for the nose-only exposure of 1 minute. Short exposure times were used so that 

the distribution of the dye into the blood stream could be neglected. Mice were sacrificed by 

cervical dislocation immediately after aerosol exposure. The lung was severed at the carina, 

and the trachea and lung were removed and divided into lobes. The lobes were compressed 

between microscope slides and imaged as described previously [14] with a CRi Maestro 

system (CRi, Woburn, MA, USA). Briefly, images were obtained at two compression 

thicknesses using spacers, 0.1 or 0.09 and 0.072 cm, from the upright and inverted 

perspectives. A 649 nm excitation filter and 700 nm long-pass emission filter were used in 

the multispectral acquisition analysis of the images obtained at 730 nm.

Image Processing

Image-Pro Plus Version 6.3 was used to process the images, and a Gaussian filter was 

applied of strength 6 over an area of 9 by 9 pixels as previously described [15]. The total 

number of pixels and optical density (OD) in the area of interest (AOI) were measured and 

exported to Excel for further processing. Pixel dimensions were calibrated as described 

previously. The concentration of AlPCS in each lobe was estimated using the following 

function [14]:

where Te is the exposure time, A is the area in pixels, z is the compression thickness, K is 

the instrument/compound constant, C is the concentration, and μt is the attenuation 

coefficient (units of per cm). Images of standard solutions were taken each day to relate 

intensity to concentration of AlPCS, that is, measure the value of K. In this approach, the 

fundamental assumptions are that the fluorescent compound is uniformly distributed as a 

function of depth and the attenuation by the tissue is a linear function of depth.

Microscopy

In separate mice exposed to aerosols of AlPCS, lungs were embedded in OCT compound, 

frozen in liquid nitrogen, and stored at −80°C. Cryosections (6 µm) were acetone-fixed (5 

min at room temperature) and stained by immunofluorescence with chicken antilaminin 

(Abcam, Cambridge MA, USA) with alexafluor 488-labeled anti-chicken secondary 

(Jackson Immunoresearch, West Grove, PA, USA) to visualize tissuematrix. Sections were 
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analyzed without mounting medium by confocal microscopy using an Olympus BX51 

FluoView 500 confocal microscope and FluoView software.

Statistical Analysis

Measurements were performed in triplicate and the values are reported as the mean ± 

standard deviation. In analyzing the relative deposition as a function of lung parameters, the 

deposition fraction observed for a given mouse was divided by the average deposition of the 

controls and then plotted as a function of lung volume and also as a function of lung 

compliance. This allowed assessment of the deposition for the extent of disease, but as such, 

there were no replicates and each data point represented a single mouse.

RESULTS AND DISCUSSION

BOS is believed to involve airflow obstruction with air trapping but it is a heterogeneous 

disease that can be associated with either obstructive or restrictive physiology [16]. In this 

murine BMT model of OB, the physiology is mostly restrictive (increased resistance, 

decreased compliance) and the histologic lesion is bronchiolar with some alveolar 

involvement. The increase in lung wet/dry ratios [13] may also contribute to the restrictive 

physiology. In our BMT protocol, all mice are fully engrafted at 2 months post-transplant. 

With induction of OB, the lungs typically have extensive perivascular and peribronchiolar 

inflammation consisting of T cells (CD4+ & CD8+), macrophages, neutrophils, and B cells 

[13, 17]. In addition, the lungs have elevated levels of hydroxy-proline (OH-proline), a 

measure of collagen accumulation and fibrosis. The results from the pulmonary function 

tests (PFTs) (whole body plethysmograph-–Flexivent system) are given in Table 1. The 

resistance to inflation was significantly increased by 23% from just under 0.6 to over 0.7 cm 

H2O sec/mL. The compliance was reduced (increased elasticity) by about 30%. The total 

lung capacity, that is total volume for inflation, was also reduced by almost 26% as well, 

which is consistent with the trend found in previous work [13].

Four different aerosols were generated to examine the effect of OB on the deposition and 

distribution of particles in mice. The aerosol concentration in terms of mass of AlPCS per 

volume of air (µg/L) is given in Table 2. Because of the variation in the output of the 

different nebulizers and lung deposition, the concentration of AlPCS in the solution from 

which the aerosols were generated was adjusted to allow images to be obtained that had 

comparable fluorescent intensity. The Medi-Nuclear nebulizer generates droplets with a 

particle size near 1 µm, which are carried from the device at a flow rate of 2 LPM [14]. The 

droplets evaporate to leave dry particles composed of the nonvolatile components, AlPCS or 

AlPCS with CsCl. The aerosol concentration in terms of AlPCS for both these systems was 

about 0.14 mg/L [14, 15]. This does not include the presence of cesium chloride, since this 

is not visible in the imaging process.

In contrast, the Aeroneb device generates droplets with a size near 4 µm. At an air flow rate 

of 0.4 LPM, the extent of evaporation is negligible and thus the particle size does not 

appreciably change from that at the point of production. With the larger initial droplets, the 

aerosol cloud will carry a much higher mass compared with the Medi-Nuclear device despite 

using a lower concentration of solution for generation. The same system was also used along 
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with a drying column to evaporate the water and thereby reduced the size of the aerosol 

particles to near 1.6 µm with the presence of cesium chloride.

Figures 1A–H contains the fluorescent images of the control and treated lungs and trachea 

obtained at each particle or droplet size. The images were processed with a Gaussian filter to 

increase the sharpness of the image without causing appreciable distortion in the image 

intensity [15]. It is also important to note that different light exposure times were used in 

acquiring the images, since this causes a direct proportional increase in the intensity or 

brightness of the image. When the differences in exposure time are allowed for, it can be 

seen that the treated lungs/trachea gave rise to images with less overall intensity. Also 

evident, but less apparent, is the greater heterogeneity of intensity in the OB group. Control 

lungs have a relatively uniform intensity with the large dark lines corresponding to the main 

airways as well as blood vessels and connective tissue. This does not appear to greatly vary 

with a change in the aerosol particle size distribution. In OB lungs, there appear to be more 

regions that are distinctly dark that do not correspond to large airways or tissue/blood. In 

addition, a number of very bright, small-area regions indicate high localized deposition. 

These were not removed with rinsing of the external lung surface.

From the imaged area, in terms of calibrated pixels, and the known compression thickness, 

the volume of each lobe was estimated; the sum provides a measure of the lung volume. In 

Figure 2, the measured volume of the mouse lobes, T:trachea, PC:post claval, RM:right 

medial, RS:right superior, RI:right inferior, and L:left for the different aerosols are given. 

This imaged volume is expected to be intermediary between a fully expanded and 

completely collapsed lung. There is no evident difference among the lungs when comparing 

different aerosol exposures or between the lungs when comparing OB and control groups. 

The imaged volume of the lung, which was calculated as the sum of the individual lobes, is 

given in Table 1. This volume was not significantly different between the OB group and 

controls; however, it was significantly smaller than the total lung capacity measured by 

plethysmography as part of the lung function measurements. The latter reflects the 

maximum volume of air required for inflating the lung whereas the former reflects the 

volume of the lung with compression to a thickness of 0.1 cm. Thus, consistent with the 

disease model, the visual size of the lung remains unchanged with treatment, but the 

presence of fibrosis caused a reduction in the compliance and extent of expansion and 

thereby accounts for the OB-induced reduction in total lung capacity.

The images obtained at different degrees of compression were analyzed to estimate the 

tissue attenuation of the fluorescent signal as well as the concentration of AlPCS. The results 

for the tissue attenuation are given in Figure 3, where the values range from just over 6 to 

nearly 15 cm−1. Given the magnitude of the error bars, which represent standard deviations 

with n = 3, these values do not appear to depend on the particle size of the aerosol. In the 

treated mice, there appears to be a larger variation in the attenuation for the 0.2 and 4 µm 

aerosols, particularly for the larger left and right medial lobes. This likely reflects 

heterogeneity within the lobe since OB exhibits a patchy pattern of pathology. While it may 

be expected that regions with more and larger blood vessels and airways have higher light 

attenuation, this may not be the case. A greater loss of fluorescent light can occur when 

passing through the periphery of the lung, where the curved surfaces of alveoli cause 
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reflection. In addition, the small alveoli will require the light to pass through multiple layers 

of tissue and air that give rise to refraction and scattering. This is also supported by the 

microscopic image provided in Figure 4. Relatively uniform deposition of AlPCS is evident 

by the red hue distributed on the characteristic pattern of airways and alveoli indicated by 

the laminin stain shown in green. In contrast, the OB tissue has little AlPCS intensity with 

evident disrupted tissue morphology.

In Figure 5, the concentration estimated for each lobe is given for the four different 

exposures in the control and treated animals. The ordinate of each figure has been adjusted 

to facilitate comparison of the treated and control groups. As found previously, the 

concentration among the lobes is relatively uniform and indicates that the mass deposited 

scales with the volume of the lobe [14]. The most striking feature of these graphs is the 

distinctly lower concentration observed in the OB animals when compared to the controls. 

The difference in concentration appears to be larger in the 0.2 and 0.4 µm aerosol exposure 

than that seen with the 1.6 and 4 µm aerosol exposures. Thus, the alteration in lung structure 

evident in Figure 4 and lower total lung capacity are coincident with a lower relative 

deposition particularly with the small particle sizes. It may be that the proximal airway 

occlusion resulted in lower deposition in the damaged alveolar areas. Furthermore, the 

fibrosis in areas of diffuse alveolar damage create a distension and enlargement of alveoli in 

the intervening areas and this would require a greater displacement for diffusional impaction 

on the lung surface. This would also be consistent with the absence of any difference with 

the larger aerosols, since most of the mass may deposit by inertial impaction and 

sedimentation, which was less sensitive to changes in airway geometry.

There is also a possible secondary factor that is operative, which can be better appreciated 

by an examination of the relationship between relative concentration and lung function as 

shown in Figure 6. Here, the concentration observed in the OB lungs normalized to the 

concentration observed in the controls is plotted as a function of lung resistance. The 

different symbols correspond to the different aerosol particle size distributions. It can be 

seen that as the airway resistance increases, there was a reduction in the relative lung 

concentration. This indicates that the mass deposited is inversely related to lung resistance. 

Furthermore, Figure 7 shows the relationship between relative concentration and lung 

compliance. In this case, as the lung becomes more compliant, there was an increase in the 

relative concentration reflecting a higher deposition. Although not shown, there was no 

evident relationship of the relative concentration with total lung volume or image volume.

Thus, mice with high resistance and low compliance have respiratory parameters that 

adversely affect deposition during the exposure to the aerosol. Specifically, more rapid, 

smaller tidal volumes associated with treatment may have led to the smaller deposition. The 

lack of effect of particle size may be explained by a closer examination of the data. It 

appears that mice exposed to the 1.6 and 4 µm aerosols generally had better lung function 

and thus the effect on deposition was statistically more difficult to determine. If true, then 

the changes in ventilatory parameters are of greater importance than the secondary measures 

of compliance/resistance. As such, there may not be a direct causal relationship between 

deposition and lung compliance/resistance. Despite the variability in disease induction, there 
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is a clear link between aerosol deposition and lung function, which was revealed by 

fluorescent imaging.

While the lower deposition observed in mice with OB relative to the controls has not been 

unequivocally demonstrated to be a consequence of the expanded alveoli, it is possible to 

speculate upon the implications of aerosol delivery in humans suffering from OB. The 

disease primarily affects the bronchioles and alveolar region of the lower respiratory tract, 

and as such, no direct change in deposition of aerosols would be expected in the oral/

pharyngeal or tracheobronchial regions beyond that induced by changes in ventilation of the 

patient. If the alveolar sacs are expanded due to distension caused by contractile fibrotic 

tissue in adjacent areas, then there would be a corresponding decrease in the deposition, 

since a greater length of time would be needed for sedimentation and diffusional impaction 

to occur [18–20]. Even with additional information as to the precise geometric changes, the 

change in the deposition fraction would be at best be an estimate. Nevertheless, if the extent 

of disease observed in mice is representative of that in humans, a discernable lower 

deposition fraction of aerosols in the alveolar region would be observed in OB patients.

In conclusion, our data provide insight into the deposition of drugs in lungs with restrictive 

airway disease and underscore the importance of tailoring aerosolization parameters to 

accommodate lung ventilation mechanics in order to optimize drug delivery.
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FIGURE 1. 
(A) Control mouse lobes and trachea following exposure to the 0.2 µm aerosol, exposure 

time 200 ms. (B) OB mouse lobes and trachea following exposure to the 0.2 µm aerosol, 

exposure time 800 ms. (C) Control mouse lobes and trachea following exposure to the 0.4 

µm aerosol, exposure time 200 ms. (D) OB mouse lobes and trachea following exposure to 

the 0.4 µm aerosol, exposure time 800 ms. (E) Control mouse lobes and trachea following 

exposure to the 1.0 µm aerosol, exposure time 100 ms. (F) OB mouse lobes and trachea 

following exposure to the 1.0 µm aerosol, exposure time 100 ms. (G) Control mouse lobes 
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and trachea following exposure to the 4.0 µm aerosol, exposure time 200 ms. (H) OB mouse 

lobes and trachea following exposure to the 4.0 µm aerosol, exposure time 800 ms. 

Nomenclature for lobes is T: trachea, PC: postclaval, RM: right medial, RS: right superior, 

RI: right inferior, and L: left.
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FIGURE 2. 
Lung lobe volumes (mean ± SD, n = 3) for ( ) Control and (■) OB mice exposed to aerosols 

at the indicated median particle size of aerosol, T: trachea, PC: postclaval, RM: right medial, 

RS: right superior, RI: right inferior, and L: left.
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FIGURE 3. 
Tissue attenuation coefficients (mean ± SD, n = 3) for ( ) Control and (■) OB mice exposed 

to aerosols at the indicated median particle size of aerosol, T: trachea, PC: postclaval, RM: 

right medial, RS: right superior, RI: right inferior, and L: left.
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FIGURE 4. 
Fluorescent micrographs of (left) Control and (right) OB lung tissue where images obtained 

at 500 nm and 750 nm were superimposed to depict the colocalization of tissue (green) and 

AlPCS (red).
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FIGURE 5. 
AlPCS concentration (mean ± SD, n = 3) for ( ) Control and (■) OB mice exposed to 

aerosols at the indicated median particle size of aerosol, T: trachea, PC: postclaval, RM: 

right medial, RS: right superior, RI: right inferior, and L: left. Note different scales for the 

figures.
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FIGURE 6. 
Relative concentration (OB/control) given as a function of airway resistance for the 

exposures with particles sizes of (◊) 0.2, (o) 0.4, (Δ) 1.6, and (□) 4.0 µm.

Yi et al. Page 16

Exp Lung Res. Author manuscript; available in PMC 2017 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 7. 
Relative concentration (OB/control) given as a function of lung compliance for the 

exposures with particles sizes of (◊) 0.2, (o) 0.4, (Δ) 1.6, and (□) 4.0 µm.
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TABLE 1

Physical Lung Properties, Lung Function Tests of Resistance, Compliance, and Total Lung Capacity, and 

Image Volume Estimated from Image Analysis

Group Resistance (cm of H2O sec/mL) Compliance (mL/cm of H2O) Total lung capacity (mL) Image volume (mL)

Control 0.585±0.021 0.0451±0.0022 1.11±0.056 0.287±0.023

OB 0.72±0.13* 0.0316±0.0065* 0.823±0.110* 0.253±0.017

Note. Results are reported as mean ± standard deviation; n = 5 Control and n = 12 OB.

*
p < 0.05 versus Control.
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