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    Chapter 18   

 Clara Epithelial Cell Depletion in the Lung 

           Sanchaita     S.     Sonar      and     Jan     C.     Dudda   

    Abstract 

   The bronchial epithelium has been increasingly recognized as an important immunomodulatory compartment 
in asthma and other lung diseases. Clara cells, which comprise the nonciliated secretory epithelial cells, are 
an important epithelial cell type with functions in the regulation of lung homeostasis and infl ammation. 
Using naphthalene, Clara cells can be depleted within 24 h and regenerate by 1 month, hence, providing 
an easy method to study the impact of Clara cells on lung infl ammation.  
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1       Introduction 

 The airway epithelium comprises ciliated and secretory cells arranged 
in a continuous stratifi ed structure. In mouse and other species, 
nonciliated bronchiolar Clara cells (CC) are the predominant epi-
thelial cell type secreting both pro- and anti-infl ammatory factors 
[ 1 – 3 ]. It accounts for 70–90 % of the cells in distal airways of many 
species including mice [ 4 ]. In humans, CC represent about 20 % of 
epithelial cells and have been shown to contribute to cell renewal 
in the normal conducting airway epithelium [ 5 ,  6 ]. CC respond to 
activated Th2 cells via the IL-4 receptor-α [ 7 ], can differentiate to 
mucus-producing goblet cells [ 8 ], and secrete anti-infl ammatory 
factors such as Clara cell secretory protein (CCSP/CC-10) and 
eotaxin [ 9 ]. CCSP has been shown to counter- regulate the Th2 
response in asthma [ 10 ]. Moreover, CC are also able to metabolize 
and detoxify xenobiotics and toxic compounds, such as naphtha-
lene (NA), present in cigarette smoke [ 11 ,  12 ]. Therefore, CC of 
the airways are uniquely susceptible to injury by metabolizing 
chemicals into toxic intermediates. 

 NA is a prominent component of sidestream, whole, and fi ltered 
cigarette smoke [ 7 ]. For compounds like NA, toxicity is highly 
dose dependent and cell type and site selective [ 4 ,  13 ]. The toxicity 
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of NA requires metabolic activation, catalyzed by cytochrome P450 
monooxygenases that cause airway CC swelling, vacuolization, 
and exfoliation into the lumen of the airways 24 h after injury 
is initiated [ 14 ]. Susceptibility correlates with the presence of 
 cytochrome P450 2F2 (CYP2F2) within CC. Therefore, murine 
CC are more susceptible to NA-induced cytotoxic injury than 
other types of airway epithelial cells. CC present in the distal air-
way are more susceptible at very low doses, with susceptibility 
extending to proximal airways with higher doses. Detailed time 
kinetics of NA-induced CC cytotoxicity has been elegantly shown 
previously [ 14 ].  

2     Materials 

      1.    8–10-week-old C57BL/6, BALB/c mice or Swiss Webster mice.      

      1.    Naphthalene, 20 mg/ml stock (Sigma Aldrich Chemical, 
Munich, Germany).   

   2.    Corn Oil (Sigma Aldrich Chemical, Munich, Germany).   
   3.    Pentobarbital sodium.      

      1.    10 % formalin.   
   2.    Xylene.   
   3.    100; 90; 80; and 70 % Ethanol.   
   4.    Distilled water.   
   5.    0.3 % H 2 O 2  in methanol.   
   6.    3 % citrate buffer (pH 6.0).   
   7.    1 % bovine serum albumin.   
   8.    CC10 antibody (Upstate, Millipore, MA).   
   9.    DAPI (4′,6-diamidino-2-phenylindole) (Vector Laboratories, 

Burlingame, CA).   
   10.    Hematoxylin.   
   11.    Horseradish peroxidase (HRP) conjugated anti-rabbit secondary 

antibody (Santa Cruz Biotech, CA).   
   12.    3,3′ diaminobenzidine (DAB) (Vectastain Elite ABC Kit; Vector 

Laboratories, Burlingame, CA).      

      1.    10 μg of endotoxin-free OVA (grade VI, Sigma-Aldrich) in 
200 μl of 1× PBS per mouse.   

   2.    1 % OVA (grade V, Sigma Aldrich) in 1× PBS.      

      1.    Light microscope (Olympus Europa GmbH, Hamburg, Germany).   
   2.    Cell^F imaging software program (Soft Imaging System 

GmbH, Muenster, Germany).       

2.1    Mice

2.2   Naphthalene

2.3  Reagents for 
Immunohisto-
chemistry

2.4  Reagents for OVA 
Sensitization and 
Challenge

2.5  Microscope 
and Software
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3     Methods 

      1.    Prepare NA in a 50 ml falcon tube by dissolving 20 mg in 1 ml 
of corn oil (stock solution). Control animals should receive the 
same amount of corn oil i.p. It is best to make aliquots of corn 
oil and freeze to avoid contamination ( see   Note 1 ).   

   2.    Inject animals with either 200 mg/kg of NA dissolved in corn oil 
(CO) (10 μl of stock solution) or CO alone (10 μl) intraperi-
toneally (i.p.) ( see   Note 2 ).   

   3.    Sacrifi ce animals using an overdose of pentobarbital sodium at 
the time of analysis. Maximal exfoliation of CC is seen from 24 
to 48 h after application of NA + CO, with cell death occurring 
as early as 6 h. CC start regenerating by day 3 and by day 10, 
about 60 % of CC regenerate. For analysis of CC numbers, 
immunohistological analysis of the lung by CC staining should 
be performed.      

        1.    Perfuse the lung with PBS via the heart. Insert a cannula into 
the trachea and fi x with a ligature. Infl ate and fi x the lungs via 
the cannula by gentle infusion with 10 % formalin. Remove the 
infl ated lungs and store in 10 % formalin. Embed the fi xed 
lung tissues into paraffi n and cut into 3 μm sections.   

   2.    Deparaffi nize the tissues using xylene and rehydrate in 100–70 % 
ethanol (10 % steps) for 5 min/concentration and fi nally in 1× 
PBS. Remove endogenous peroxidase activity using 1 % hydro-
gen peroxide in methanol for 30 min. Antigen retrieval can 
be performed by microwave treatment in 3 % citrate buffer 
(pH 6.0). However, this step may be optional depending on 
the antibody. Cool the slides down to room temperature and 
rinse three times with 1× PBS.   

   3.    After washing in PBS, incubate sections in 1× PBS containing 
1 % bovine serum albumin for 30 min, followed by incubation 
with the polyclonal rabbit antibody directed against Clara 
cell-specifi c 10-kDa protein (CC10) in the same solution for 
1 h at 37 °C ( see   Note 3 ).   

   4.    Incubate sections with a peroxidase-conjugated anti-rabbit 
secondary antibody for 30 min at room temperature. Visualize 
using DAB as the chromogen according to the ABC method 
following the manufacturer’s instructions. All sections may be 
counterstained with hematoxylin. Sections can be counter-
stained with DAPI (blue) for detection of all cells.   

   5.    Negative controls without the primary antibody and normal 
rabbit IgG should be included.   

   6.    Sections can be semiquantitatively analyzed for CC numbers 
using light microscopy. CC can be counted as CC10-positive 
cells with nuclear profi les surrounding the proximal or the 

3.1  Clara Cell 
Depletion in Naïve 
Animals

 3.2 Immunohisto-
logical Analysis

Clara Epithelial Cell Depletion in the Lung



232

distal airways/mm of the basement membrane (Fig.  1 ). At least 
ten similar airways are counted per mouse using the software 
Cell^F (or a similar software) linked to the light microscope 
( see   Note 4 ).

                 1.    Sensitize two groups of mice with subcutaneous (SC) injec-
tions of 10 μg of endotoxin-free OVA (grade VI) in 200 μl of 
PBS and in another two control groups with sham injections 
of PBS on days 0, 7, and 14 ( see   Note 5 ).   

   2.    On day 16, i.p. inject one group of SC OVA-sensitized mice 
and one group of mice receiving sham injections of PBS with 

3.3 Clara Cell 
Depletion in Asthma

  Fig. 1    Clara cell depletion. ( a ) CC10 staining was performed in lung sections of corn oil (control) and NA-treated 
mice (day 1 and day 10). Mice were sacrifi ced 24 h post NA treatment for CC10 staining. The CC10- positive 
cells stained with anti-CC10 antibody are diaminobenzidine (DAB) positive ( brown ) against the hematoxylin 
counterstain ( blue ). ( b ) Quantifi cation of CC10-positive cells in the airways of corn oil (control) and NA-treated 
animals at day 1 and day 10. The graph represents CC10-positive cells with nuclear profi les per mm of the 
basement membrane, normalizing CC in the control group as 100 %. Results represent the mean ± SEM of 
at least six animals. *** P  < 0.001. * P  < 0.05. These data are representative of three experiments. Figure 1b, 
reproduced with permission of the European Respiratory Society. Eur Respir J February 2012 39:429–438; 
published ahead of print August 4, 2011, doi:10.1183/09031936.00197810        
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200 mg/kg of NA dissolved in CO. The dose depends on the 
amount of desired Clara cell exfoliation ( see   Note 6 ).   

   3.    On days 26, 27, and 28, subject the SC OVA-sensitized and 
PBS-injected mice for 20 min with either aerosolized 1 % OVA 
(grade V) or aerosolized PBS, as appropriate.   

   4.    Sacrifi ce mice 24 h after the last challenge or, if performing 
airway hyperreactivity (AHR) measurements, 48 h after the 
last challenge.   

   5.    Harvest the lungs and conduct the immunohistochemical 
analysis as described under Subheading  3.2 .       

4     Notes 

     1.    NA is a toxic irritant and is fl ammable. Hence, care must be 
taken while handling NA by wearing gloves, lab coat, face mask, 
and eye protection. Solutions should be prepared in a chemical 
fume hood. Prepare a fresh solution every time. Perform mouse 
injections under the hood.   

   2.    Usually 200 mg/kg should be optimal to effi ciently denude 
CC in proximal and distal airways; however, quantities may be 
optimized for the experiment. Additionally, female and male 
mice have been shown to vary in response.   

   3.    The precise dilution of CC10 antibody should be tested for 
each lot.   

   4.    CC counted on the basis of immunohistochemistry by staining 
nuclear profi les positive for CC10 antigen revealed an ~65 % 
reduction in CC10+ cells at day 1 post NA + CO administra-
tion. This number went to 40 % after 10 days (Fig.  1b ). 
However, doses and time points can be manipulated based on 
the experimental goals.   

   5.    Although this method has been described for subcutaneous 
murine models of asthma, given the many other experimental 
protocols for induction of asthma, including the i.p. sensitiza-
tion, the route of airway exposure, and the variety of antigens 
available for asthma induction, protocols may be changed to 
suit specifi c experimental goals. However, since NA is toxic to 
the mouse, a minimum rest period of 5–10 days should be 
included post NA application before challenge with allergen.   

   6.    CC in the distal airways are more susceptible to NA than cells in 
the proximal airways. Additionally, sex-based differential 
responses to NA have also been reported. Ideally, a dose–response 
for the strain and sex of mice used should be established in the 
lab prior to beginning large-scale experiments.         

Clara Epithelial Cell Depletion in the Lung



234

   References 

    1.    Elizur A, Adair-Kirk TL, Kelley DG, Griffi n 
GL, deMello DE, Senior RM (2007) Clara 
cells impact the pulmonary innate immune 
response to LPS. Am J Physiol Lung Cell Mol 
Physiol 293:L383–L392  

   2.    Elizur A, Adair-Kirk TL, Kelley DG, Griffi n 
GL, Demello DE, Senior RM (2008) Tumor 
necrosis factor-alpha from macrophages 
enhances LPS-induced clara cell expression of 
keratinocyte-derived chemokine. Am J Respir 
Cell Mol Biol 38:8–15  

    3.    Park MS, Zhao B, Ramsay PL, Chang AS, 
Reardon MJ, DeMayo FJ (2000) Expression 
of infl ammatory cytokines in a mouse trans-
formed Clara cell line by tumor necrosis factor- 
alpha. Ann N Y Acad Sci 923:336–337  

     4.    Plopper CG, Suverkropp C, Morin D, Nishio S, 
Buckpitt A (1992) Relationship of cytochrome 
P-450 activity to Clara cell cytotoxicity. I. 
Histopathologic comparison of the respiratory 
tract of mice, rats and hamsters after parenteral 
administration of naphthalene. J Pharmacol 
Exp Ther 261:353–363  

    5.    Boers JE, Ambergen AW, Thunnissen FB 
(1999) Number and proliferation of clara cells in 
normal human airway epithelium. Am J Respir 
Crit Care Med 159:1585–1591  

    6.    Shijubo N, Itoh Y, Yamaguchi T, Imada A, 
Hirasawa M, Yamada T, Kawai T, Abe S (1999) 
Clara cell protein-positive epithelial cells are 
reduced in small airways of asthmatics. Am J 
Respir Crit Care Med 160:930–933  

     7.    Kuperman DA, Huang X, Nguyenvu L, 
Holscher C, Brombacher F, Erle DJ (2005) IL-4 
receptor signaling in Clara cells is required for 
allergen-induced mucus production. J Immunol 
175:3746–3752  

    8.    Evans CM, Williams OW, Tuvim MJ, Nigam 
R, Mixides GP, Blackburn MR, DeMayo FJ, 

Burns AR, Smith C, Reynolds SD, Stripp BR, 
Dickey BF (2004) Mucin is produced by 
clara cells in the proximal airways of antigen-
challenged mice. Am J Respir Cell Mol Biol 
31:382–394  

    9.    Sonar SS, Ehmke M, Marsh LM, Dietze J, 
Dudda JC, Conrad ML, Renz H, Nockher WA 
(2012) Clara cells drive eosinophil accumula-
tion in allergic asthma. Eur Respir J 39:
429–438  

    10.    Wang SZ, Rosenberger CL, Espindola TM, 
Barrett EG, Tesfaigzi Y, Bice DE, Harrod KS 
(2001) CCSP modulates airway dysfunction 
and host responses in an Ova-challenged 
mouse model. Am J Physiol Lung Cell Mol 
Physiol 281:L1303–L1311  

    11.    Buckpitt A, Boland B, Isbell M, Morin D, 
Shultz M, Baldwin R, Chan K, Karlsson A, 
Lin C, Taff A, West J, Fanucchi M, Van 
Winkle L, Plopper C (2002) Naphthalene-
induced respiratory tract toxicity: metabolic 
mechanisms of toxicity. Drug Metab Rev 
34:791–820  

    12.    Chichester CH, Buckpitt AR, Chang A, 
Plopper CG (1994) Metabolism and cytotox-
icity of naphthalene and its metabolites in 
isolated murine Clara cells. Mol Pharmacol 45:
664–672  

    13.    Buckpitt AR, Castagnoli N Jr, Nelson SD, 
Jones AD, Bahnson LS (1987) Stereoselectivity 
of naphthalene epoxidation by mouse, rat, and 
hamster pulmonary, hepatic, and renal micro-
somal enzymes. Drug Metab Dispos 15:
491–498  

     14.    Van Winkle LS, Buckpitt AR, Nishio SJ, Isaac 
JM, Plopper CG (1995) Cellular response in 
naphthalene-induced Clara cell injury and 
bronchiolar epithelial repair in mice. Am J 
Physiol 269:L800–L818    

Sanchaita S. Sonar and Jan C. Dudda


	Chapter 18: Clara Epithelial Cell Depletion in the Lung
	1 Introduction
	2 Materials
	2.1   Mice
	2.2 Naphthalene
	2.3 Reagents for Immunohisto-chemistry
	2.4 Reagents for OVA Sensitization and Challenge
	2.5 Microscope and Software

	3 Methods
	3.1 Clara Cell Depletion in Naïve Animals
	3.2 Immunohisto-logical Analysis
	3.3 Clara Cell Depletion in Asthma


	4 Notes
	References


