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Figure 4.2 Alcohol drinking drives NOS3-dependent airway S-nitrosothiol 
production and PP1 activity in mice. 
A, B) Alcohol drinking (6 weeks x 20 % in drinking water) increases bronchoalveolar lavage 
(BAL) S-nitrosothiol (SNO) (A) and tracheal ring PP1 activity (B) in WT mice. n = 8-12 per 
group. C, D) Alcohol does not increase BAL SNO (C) nor PP1 activity (D) in NOS3-/- mice. n 
= 4 per group BAL SNO and n = 5 per group PP1 activity. P-values are from Student’s t-test; 
bars represent mean ± SEM. 
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procaterol, with complete loss of responsiveness at 100 µM GSNO (Figure 4.3E). 

Additionally, GSNO dose dependently increased cilia-localized S-nitrosation (Figure 

4.3F). In combination, these data demonstrate that cilia and cilia-localized PP1 are 

sensitive to S-nitrosation and that alcohol can drive S-nitrosation in ciliated airway 

epithelial cells. 
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Figure 4.3 GSNO recapitulates AICD in mouse tracheal rings. 
A) GSNO (4 h X 1 mM) and alcohol (EtOH; 100 mM X 10 days) increase PP1 activity in 
mouse tracheal rings, which is reversed by ascorbate (10 m x 30 µM) . Data are 
representative of the mean of 3-6 tracheal rings from 4 mice. a = p < 0.05 compared to 
media control. b = p < 0.005 compared to EtOH. c = p < 0.05 compared to media within 
group. d  = p < 0.05 compared to Asc within group. B) GSNO and EtOH increase biotin 
switch detection of PP1 in mouse tracheal rings. The absence of Asc is a negative 
control for the biotin switch assay. C) In vitro EtOH increases cilia S-nitrosation in mouse 
tracheal rings. Acetylated tubulin (AcTub) - pink; Avidin-fluorescein (SNO) - green D) 
GSNO (4 h) blocks procaterol (1 h x 10 nM) stimulation in mouse tracheal rings. a  = p < 
0.0001 compared to baseline of the same condition. b = p < 0.001 compared to control 
baseline. c = p < 0.01 compared to control stimulated. Data are representative of 3-4 
tracheal rings from 4-5 mice per condition. E) GSNO (4 h) blocks procaterol stimulation 
in cultured mouse tracheal epithelial cells. a  = p < 0.001 compared to baseline of the 
same condition. b = p < 0.001 compared to control stimulated. n = 13-24 cultures per 
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Intraperitoneal injections of 3 g / kg cause CBF desensitization and increase BAL 

S-nitrosothiol content 

 
Since tracheal rings from mice that were given 20% alcohol to drink ad libitum for 

6 weeks did not display CBF-desensitization to procaterol we next sought to test another 

model of alcohol administration. Previous literature suggests doses of alcohol from 3-5 

mg / kg decrease Streptococcus Pneumoniae clearance from the lungs of mice 

compared to saline injected controls. We hypothesized that a controlled dose of alcohol 

via intraperitoneal (I.P) injection (3 g / kg) produces alcohol-induced ciliary dysfunction 

and further hypothesized that I.P. alcohol increases bronchoalveolar S-nitrosothiol 

content. To test these hypotheses, we injected 3 g / kg 20% alcohol or saline and 

measured tracheal ring CBF-responsiveness to procaterol 24 after injection. Tracheal 

ring baseline CBF between alcohol and saline injected animals was not different (Figure 

A.2A). Importantly, procaterol stimulation of CBF was blunted in alcohol-injected animals 

compared to controls. Although, CBF in tracheal rings from saline-injected controls and 

alcohol-injected mice was stimulated above baseline, this stimulation was statistically 

significantly less in the tracheal rings from the alcohol-injected mice compared to 

controls. In addition to CBF, we measured bronchoalveolar lavage (BAL) S-nitrosothiol 

content. Similar to 6-week alcohol drinking (Figure 4.2A), I.P. injection of alcohol 

increased BAL S-nitrosothiol content compared to controls (Figure A.2B). In 

combination, these data suggest that alcohol-induced ciliary dysfunction correlates with 

BAL S-nitrosothiol production. 
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Figure A.2 Baseline and procaterol stimulated tracheal ring CBF and BAL S-
nitrosothiol content in mice 24 following 3 g / kg intraperitoneal alcohol. 
A) Intraperitoneal (I.P.) injection of 3 g / kg alcohol causes CBF desensitization in 
tracheal rings. Baseline CBF was assessed immediately following tracheal ring 
dissection and procaterol was added at the time indicated by the dotted line. Lines 
represent the average CBF of continuous readings of single tracheal rings of 6 animals 
per group. Error bars represent S.E.M. B) I.P. alcohol increases bronchoalveolar (BAL) 
S-nitrosothiol (SNO) content. n = 10-11 per group. 
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DISCUSSION 

We were unable to produce AICD in a chronic ad libitum model of alcohol 

drinking, perhaps due to variation of alcohol ingestion. However, when alcohol was given 

by a single I.P. injection, ciliary responsiveness to procaterol was blunted compared to 

controls without any change in baseline CBF. Additionally, a single I.P. injection of 

alcohol increased BAL S-nitrosothiol content compared to control. These data, in 

combination, suggest that a threshold BAC is necessary for the ciliary dysfunction to 

occur with prolonged alcohol exposure. 

We previously identified that a dose of 100 mM alcohol in vitro results in PKA- 

and CBF-responsiveness to β-agonists (procaterol) or cyclic nucleotides (cAMP) (200, 

202, 203, 205). In vitro, this CBF and PKA desensitization is linked to the activation of 

protein phosphatase 1 (PP1) by oxidation at cysteine 155 (Chapters 2-4). In Chapter 4 

we identified that alcohol drinking is linked to NOS3-dependent increased PP1 activity 

and increased BAL S-nitrosothiol content in an ad libitum alcohol-drinking model in mice. 

Here we found that tracheal rings from these mice demonstrated baseline and 

stimulated CBFs comparable to control, suggesting the lack of ciliary dysfunction and 

that these characteristics were preserved in male and female WT mice and in NOS3-/- 

mice. These alcohol-drinking mice had low BACs after 6-weeks of alcohol drinking 

compared to previous studies (161).  

These data are limited by the route of alcohol administration, which caused 

AICD. We speculate that mice which drank alcohol for 6-weeks did not drink heavily, but 

an increased alcohol metabolism could also explain the low BACs. I.P. administration of 

alcohol bypasses first-pass metabolism of the liver and could alter the effects of alcohol 

on the airways. The clinically important route of exposure is by drinking. However, mice 

are notoriously “poor” alcohol-drinkers and did not drink enough alcohol to develop 

BACs consistent with AICD. 
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Our data indicating that a single high dose of I.P. alcohol can cause AICD and 

drive S-nitrosothiol production warrants further investigation. Future studies should be 

aimed at determining the threshold dose of alcohol necessary to cause AICD and if 

multiple intermittent doses cause AICD. Additional studies with administering alcohol via 

gavage will provide insight as to the contribution of first-pass metabolism by the liver 

toward AICD. 

In combination, these data provide evidence that a high dose of alcohol is 

necessary to develop AICD. Since PP1 activity and increased BAL S-nitrosothiols were 

present in chronic alcohol-drinking animals with low BACs that did not develop AICD, 

increased S-nitrosothiol content may serve as a risk factor for AICD and subsequent 

pneumonia. Additionally, these data suggest that a single binge episode of alcohol may 

impair mucociliary clearance and implicate binge drinking as a potential risk factor for 

pneumonia.  
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