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Abstract  
Alleviation of bronchoconstriction in obstructive respiratory diseases is achieved using 

bronchodilators such as the cAMP-elevating β2-agonists. We showed recently that A-

kinase anchoring proteins (AKAPs) regulate anti-inflammatory properties of the β2-

agonist fenoterol. AKAPs scaffold the cAMP effector protein kinase A (PKA) as well as 

other enzymes and receptors to specific intracellular compartments. We have shown 

that AKAP5 and AKAP12 are lower expressed in lung tissue of COPD patients. AKAP5 

and AKAP12 have been implicated in regulating the β2-adrenoceptor expression in the 

plasma membrane. Therefore, we hypothesized that a loss of AKAP5 and/or AKAP12 

might affect the responsiveness of airway smooth muscle to β2-agonists. Pre-incubation 

with the global AKAP-PKA interaction inhibitor st-Ht31, but not the control peptide st-

Ht31P, caused a significant rightward shift of the fenoterol-induced relaxation of 

methacholine-induced tone in guinea pig tracheal open-ring preparations. Tracheal 

preparations obtained from AKAP12-/- mice, but not AKAP5-/-, showed a significant 

decrease in maximal β2-agonist-induced relaxation compared to wildtype mice, without 

significantly affecting the pD2-value. β2-Adrenoceptor Ser355/Ser356 phosphorylation 

was reduced in the lungs of AKAP12-/- mice compared to wildtype. However, β2-agonist-

induced desensitization of the β2-adrenoceptor was not altered in AKAP5-/- or AKAP12-/- 

mice compared to wildtype mice. In conclusion, AKAPs, particularly AKAP12, contribute 

to a proper β2-adrenoceptor functioning. Therefore, the loss of AKAP12 as seen in 

COPD patients may lead to a reduced therapeutic efficacy of β2-agonists in these 

patients.  

 

Introduction 

The regulation of airway constriction is a result of a balance between contractile and 

relaxing molecular pathways. The main regulators of airway tone are that of intracellular 

Ca2+ - causing smooth muscle contraction by increasing the phosphorylation of myosin 

light chain - and cyclic AMP (cAMP) - leading to smooth muscle relaxation by decreasing 

the phosphorylation of the myosin light chain (1). cAMP-elevating agents, most notably 

β2-agonists, are potent inhibitors of bronchial constriction in obstructive pulmonary 

diseases. Classically, protein kinase a (PKA) is considered the main cAMP effector 

involved in β2-agonist-induced airway smooth muscle relaxation (1, 2).  

 In recent years another dimension to cAMP signaling has been discovered in 

the form of A-kinase anchoring proteins (AKAPs), proteins that scaffold PKA and other 

proteins involved in (the regulation of) cAMP responses, including exchange protein 
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Abstract  
Alleviation of bronchoconstriction in obstructive respiratory diseases is achieved using 

bronchodilators such as the cAMP-elevating β2-agonists. We showed recently that A-

kinase anchoring proteins (AKAPs) regulate anti-inflammatory properties of the β2-

agonist fenoterol. AKAPs scaffold the cAMP effector protein kinase A (PKA) as well as 

other enzymes and receptors to specific intracellular compartments. We have shown 

that AKAP5 and AKAP12 are lower expressed in lung tissue of COPD patients. AKAP5 

and AKAP12 have been implicated in regulating the β2-adrenoceptor expression in the 

plasma membrane. Therefore, we hypothesized that a loss of AKAP5 and/or AKAP12 

might affect the responsiveness of airway smooth muscle to β2-agonists. Pre-incubation 

with the global AKAP-PKA interaction inhibitor st-Ht31, but not the control peptide st-

Ht31P, caused a significant rightward shift of the fenoterol-induced relaxation of 

methacholine-induced tone in guinea pig tracheal open-ring preparations. Tracheal 

preparations obtained from AKAP12-/- mice, but not AKAP5-/-, showed a significant 

decrease in maximal β2-agonist-induced relaxation compared to wildtype mice, without 

significantly affecting the pD2-value. β2-Adrenoceptor Ser355/Ser356 phosphorylation 

was reduced in the lungs of AKAP12-/- mice compared to wildtype. However, β2-agonist-

induced desensitization of the β2-adrenoceptor was not altered in AKAP5-/- or AKAP12-/- 

mice compared to wildtype mice. In conclusion, AKAPs, particularly AKAP12, contribute 

to a proper β2-adrenoceptor functioning. Therefore, the loss of AKAP12 as seen in 

COPD patients may lead to a reduced therapeutic efficacy of β2-agonists in these 

patients.  

 

Introduction 

The regulation of airway constriction is a result of a balance between contractile and 

relaxing molecular pathways. The main regulators of airway tone are that of intracellular 

Ca2+ - causing smooth muscle contraction by increasing the phosphorylation of myosin 

light chain - and cyclic AMP (cAMP) - leading to smooth muscle relaxation by decreasing 

the phosphorylation of the myosin light chain (1). cAMP-elevating agents, most notably 

β2-agonists, are potent inhibitors of bronchial constriction in obstructive pulmonary 

diseases. Classically, protein kinase a (PKA) is considered the main cAMP effector 

involved in β2-agonist-induced airway smooth muscle relaxation (1, 2).  

 In recent years another dimension to cAMP signaling has been discovered in 

the form of A-kinase anchoring proteins (AKAPs), proteins that scaffold PKA and other 

proteins involved in (the regulation of) cAMP responses, including exchange protein 
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directly activated by cAMP (Epac) and β2-adrenoceptors (3-5).To date, more than 50 

AKAP family members have been identified, all bringing PKA to different compartments 

within the cell, thus playing a role in various cellular functions such as cell cycle 

regulation (6) and inflammation (Chapter 3) (7). Of these different AKAP family 

members, AKAP5 and AKAP12 have in particular been shown to be crucial regulators of 

β-adrenergic signaling, facilitating the signal transduction to cAMP effectors and to 

further downstream targets (Chapters 2 and 3). In addition, we have shown reduced 

expression of AKAP5 and AKAP12 in lung tissue of COPD patients (Chapter 3). 

AKAP5 may switch β2-adrenergic signaling from Gs to Gi via PKA-mediated 

phosphorylation of the receptor (8-11). In addition, AKAP5 increases the affinity of 

GPCR kinase 2 (GRK2) for βγ subunits of the heterotrimeric G-proteins (12). GRK2 

phosphorylates the β2-adrenoceptor at Ser355/356 leading to desensitization and 

internalization of the receptor (12). After internalization, AKAP12 seems to be important 

to dephosphorylate the receptor leading to its recycling back to the membrane (13-15). 

Thus, AKAP5 and AKAP12 play distinct roles in the process of de/resensitization. 

However, the role of these AKAPs in the regulation of β2-adrenoceptor function in airway 

smooth muscle is currently unknown.  

Here we studied the involvement of AKAP5 and AKAP12 in β2-adrenoceptor-

mediated airway smooth muscle relaxation.  

 
Materials and methods 

Animals – All experiments were performed in accordance with the national 

guidelines and approved by the University of Groningen Institutional Animal Care and 

Use Committee. Outbred specific pathogen-free male Dunkin Hartley guinea pigs 

(Harlan-Hillcrest, UK) were used. The animals were killed by experimental concussion 

followed by rapid exsanguination. The trachea was removed from the larynx to the 

bronchi and rapidly placed in a Krebs--Henseleit (KH) solution (composition in mM: 

NaCl 117.50; KCl 5.60; MgSO4 1.18; CaCl2 2.52; NaH2PO4 1.28; NaHCO3 25.0 and D-

glucose 5.50; pH 7.4) at 37°C, gassed with 95% O2 and 5% CO2.  

C57BL/6 WT animals, AKAP5-/- (16, 17) and AKAP12-/- (18) mice were 

euthanized using a mixture of O2/CO2 for 5 minutes, and tracheae were obtained and 

transferred to KH solution at room temperature, gassed with 95% O2 and 5% CO2. Per 

mouse, 2 tracheal preparations of two cartilage rings were prepared, maintained at 

37°C, and used for experiments.  

	

	

Relaxation studies – After removal of serosal connective tissue, single guinea 

pig tracheal open-ring preparations were mounted in a 20-mL organ bath connected to 

an isometric force-displacement transducer (Grass FT03) using surgical wire. The 

resting tension was adjusted to 0.5 g as described before (19). After a 60 min 

equilibration period with three washes, the preparations were contracted with cumulative 

administration of methacholine (10-7 – 10-4 M), followed by thorough washout. 

Thereafter, basal tone was assessed using isoprenaline (10-7 M) and tension was re-

adjusted to 0.5 g followed by washout. Subsequently, the preparations were contracted 

with methacholine (10-7 – 10-4 M). After three additional washouts, tracheal preparations 

were pre-incubated without (control) or with the PKA-AKAP interaction inhibitor st-Ht31 

(50 µM) or the control peptide st-Ht31P (50 µM) for 30 min. The tissue was pre-

contracted with methacholine (10-6 M), followed by a cumulative concentration response 

curve with the β2-agonist fenoterol in 0.5 log increments (10-10 – 10-5.5 M). After 

washout, basal tone was re-assessed using isoprenaline (10-5 M). Per animal, each 

experimental condition was performed in duplicate.  

Murine tracheal preparations were mounted in a 5-mL DMT Myograph with a 

preload of 0.5 g. After a 60 min equilibration period with three washes, the preparations 

were contracted with cumulative administration of methacholine (10-7 – 10-4 M), followed 

by thorough washout. Rings were incubated with or without 10-6 M β2-agonist fenoterol 

for 60 min and tension was set using 10-6 M methacholine followed by a cumulative 

concentration response curves made with the β2-agonist isoprenaline in 0.5 log 

increments (10-10 – 10-5 M). Isoprenaline was used in mice, because there is a β1-

adrenoceptor-mediated component in airway smooth muscle relaxation in mice (20). 

Desensitization protocols – One hour (early response) should be sufficient to 

get full desensitization of the β2-adrenoceptor (21). However, there is a known 

difference in β2-agonist-induced desensitization depending on the intrinsic efficacy of 

the ligand, which disappears over time (22). Therefore we also included a 24 h protocol 

(late response). In the early response and in the late response desensitization protocol 

testing, tracheal preparations were incubated for 1 h or 24 h, respectively, with or 

without 10-6 M of the β2-agonist fenoterol in Dulbecco’s Modified Eagle’s Medium 

(Invitrogen Cat # 42430-082) in a 37°C incubator. Rings were mounted in a 5-mL DMT 

Myograph with a preload of 0.5 g. After equilibration, tension was set using 10-6 M 

methacholine followed by a cumulative concentration response curves made with the β-

agonist isoprenaline in 0.5 log increments (10-10 – 10-5 M).  



Processed on: 2-11-2016Processed on: 2-11-2016Processed on: 2-11-2016Processed on: 2-11-2016

506329-L-bw-Poppinga506329-L-bw-Poppinga506329-L-bw-Poppinga506329-L-bw-Poppinga

109

Chapter 5	

	

directly activated by cAMP (Epac) and β2-adrenoceptors (3-5).To date, more than 50 

AKAP family members have been identified, all bringing PKA to different compartments 

within the cell, thus playing a role in various cellular functions such as cell cycle 

regulation (6) and inflammation (Chapter 3) (7). Of these different AKAP family 

members, AKAP5 and AKAP12 have in particular been shown to be crucial regulators of 

β-adrenergic signaling, facilitating the signal transduction to cAMP effectors and to 

further downstream targets (Chapters 2 and 3). In addition, we have shown reduced 

expression of AKAP5 and AKAP12 in lung tissue of COPD patients (Chapter 3). 

AKAP5 may switch β2-adrenergic signaling from Gs to Gi via PKA-mediated 

phosphorylation of the receptor (8-11). In addition, AKAP5 increases the affinity of 

GPCR kinase 2 (GRK2) for βγ subunits of the heterotrimeric G-proteins (12). GRK2 

phosphorylates the β2-adrenoceptor at Ser355/356 leading to desensitization and 

internalization of the receptor (12). After internalization, AKAP12 seems to be important 

to dephosphorylate the receptor leading to its recycling back to the membrane (13-15). 

Thus, AKAP5 and AKAP12 play distinct roles in the process of de/resensitization. 

However, the role of these AKAPs in the regulation of β2-adrenoceptor function in airway 

smooth muscle is currently unknown.  

Here we studied the involvement of AKAP5 and AKAP12 in β2-adrenoceptor-

mediated airway smooth muscle relaxation.  

 
Materials and methods 

Animals – All experiments were performed in accordance with the national 

guidelines and approved by the University of Groningen Institutional Animal Care and 

Use Committee. Outbred specific pathogen-free male Dunkin Hartley guinea pigs 

(Harlan-Hillcrest, UK) were used. The animals were killed by experimental concussion 

followed by rapid exsanguination. The trachea was removed from the larynx to the 

bronchi and rapidly placed in a Krebs--Henseleit (KH) solution (composition in mM: 

NaCl 117.50; KCl 5.60; MgSO4 1.18; CaCl2 2.52; NaH2PO4 1.28; NaHCO3 25.0 and D-

glucose 5.50; pH 7.4) at 37°C, gassed with 95% O2 and 5% CO2.  

C57BL/6 WT animals, AKAP5-/- (16, 17) and AKAP12-/- (18) mice were 

euthanized using a mixture of O2/CO2 for 5 minutes, and tracheae were obtained and 

transferred to KH solution at room temperature, gassed with 95% O2 and 5% CO2. Per 

mouse, 2 tracheal preparations of two cartilage rings were prepared, maintained at 

37°C, and used for experiments.  

	

	

Relaxation studies – After removal of serosal connective tissue, single guinea 

pig tracheal open-ring preparations were mounted in a 20-mL organ bath connected to 

an isometric force-displacement transducer (Grass FT03) using surgical wire. The 

resting tension was adjusted to 0.5 g as described before (19). After a 60 min 

equilibration period with three washes, the preparations were contracted with cumulative 

administration of methacholine (10-7 – 10-4 M), followed by thorough washout. 

Thereafter, basal tone was assessed using isoprenaline (10-7 M) and tension was re-

adjusted to 0.5 g followed by washout. Subsequently, the preparations were contracted 

with methacholine (10-7 – 10-4 M). After three additional washouts, tracheal preparations 

were pre-incubated without (control) or with the PKA-AKAP interaction inhibitor st-Ht31 

(50 µM) or the control peptide st-Ht31P (50 µM) for 30 min. The tissue was pre-

contracted with methacholine (10-6 M), followed by a cumulative concentration response 

curve with the β2-agonist fenoterol in 0.5 log increments (10-10 – 10-5.5 M). After 

washout, basal tone was re-assessed using isoprenaline (10-5 M). Per animal, each 

experimental condition was performed in duplicate.  

Murine tracheal preparations were mounted in a 5-mL DMT Myograph with a 

preload of 0.5 g. After a 60 min equilibration period with three washes, the preparations 

were contracted with cumulative administration of methacholine (10-7 – 10-4 M), followed 

by thorough washout. Rings were incubated with or without 10-6 M β2-agonist fenoterol 

for 60 min and tension was set using 10-6 M methacholine followed by a cumulative 

concentration response curves made with the β2-agonist isoprenaline in 0.5 log 

increments (10-10 – 10-5 M). Isoprenaline was used in mice, because there is a β1-

adrenoceptor-mediated component in airway smooth muscle relaxation in mice (20). 

Desensitization protocols – One hour (early response) should be sufficient to 

get full desensitization of the β2-adrenoceptor (21). However, there is a known 

difference in β2-agonist-induced desensitization depending on the intrinsic efficacy of 

the ligand, which disappears over time (22). Therefore we also included a 24 h protocol 

(late response). In the early response and in the late response desensitization protocol 

testing, tracheal preparations were incubated for 1 h or 24 h, respectively, with or 

without 10-6 M of the β2-agonist fenoterol in Dulbecco’s Modified Eagle’s Medium 

(Invitrogen Cat # 42430-082) in a 37°C incubator. Rings were mounted in a 5-mL DMT 

Myograph with a preload of 0.5 g. After equilibration, tension was set using 10-6 M 

methacholine followed by a cumulative concentration response curves made with the β-

agonist isoprenaline in 0.5 log increments (10-10 – 10-5 M).  
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 Western blot – Mouse lungs were pulverized under liquid nitrogen, followed by 

sonication in SDS lysis buffer (composition: 62.5 mM Tris, 69.4 mM SDS, pH 6.8) 

supplemented with 10 μg/mL aprotinin, 10 μg/mL leupeptin, 10 μg/mL pepstatin, 1 mM 

Na3VO4, 1 mM NaF and 3.5 μM β-glycerolphosphate. Samples for detection of 

phosphorylated β2-adrenoceptor (Ser 355/ Ser 356) (sc-22191-R; Santa Cruz 

Biotechnology) expression were subjected to SDS-PAGE. Immunoblotting with primary 

antibodies (dilution 1:5000) was done overnight at 4°C. β-actin (1:10.000; A5441; 

Sigma-Aldrich) served as a control for equal loading. Blots were incubated with 

secondary antibody (1:5000 A9044 or A0545; Sigma-Aldrich), for 1 h at room 

temperature. Signals were detected with chemiluminescence reagents according to the 

manufacturer's protocol (PerkinElmer). Blots were quantified using ImageJ. 

Data processing and statistical analysis - Isometrically recorded contractile 

responses to methacholine were expressed in grams developed tension. Isoprenaline-

induced relaxation responses, in the absence or presence of the st-Ht31, were 

expressed as a percentage of the maximal methacholine-induced contraction. Results 

are presented as means±standard error of the mean (SEM) of the indicated number of 

experiments. Curves were fitted using Prism 5.0. The values provided by the Prism 

software were used for β2-agonist sensitivity (pD2) and maximal response (Emax). 

Statistical analysis was performed by means of one-way ANOVA followed by a Tukey 

post-hoc test. p-values < 0.05 were considered statistically significant. 

 

Results  
AKAPs, particularly AKAP12, coordinate responsiveness to β2-agonists – To assess the 

role of AKAPs in responsiveness for β2-agonist-induced airway smooth muscle 

relaxation, we studied the effect of the non-selective AKAP-PKA interaction inhibitor st-

Ht31 on guinea pig tracheal open ring preparations. Fenoterol-induced relaxation of pre-

contracted guinea pig tracheal open-ring preparations (pD2: 8.0±0.2) was shifted 

rightward by pre-incubation with the non-selective AKAP-PKA interaction inhibitor st-

Ht31 (pD2: 7.5±0.1, p<0.05 compared to control and st-Ht31P), without affecting the 

maximal relaxation (Emax; Figure 1). By contrast, fenoterol-induced relaxation was not 

affected by pre-incubation with the control peptide st-Ht31P (pD2: 7.9±0.1; Figure 1 and 
Table 1).  

 

	

	

 
Figure 1: Disrupting AKAP-PKA interactions decreases the sensitivity towards β2-agonists. Isometric 

cumulative concentration relaxation curves of guinea pig tracheal open-ring preparations pre-contracted with 

methacholine (MCh) flowing incubation without (control) or with the AKAP-PKA interaction inhibitor st-Ht31 (50 

µM) or the control peptide st-Ht31P (50 µM) for 30 minutes. Data represent mean ± SEM of 4 independent 

experiments in duplicate. Data was analyzed using a one-way ANOVA followed by a Tukey post-hoc (see also 
Table 1). 

The involvement of AKAP5 and AKAP12 in β-agonist-induced relaxation was 

studied in knock out mice using isoprenaline. There was no significant difference in 

methacholine-induced contraction between the genotypes (WT: 0.6±0.1g; AKAP5-/-: 

0.5±0.2g and AKAP12-/-: 0.6±0.1 g). In contrast to guinea pigs, and in line with other 

studies (23), mouse tracheal preparations did not reach full relaxation upon β-agonist 

incubation. Interestingly, tracheal preparations obtained from AKAP12-/- mice had a 

decreased maximal isoprenaline-induced relaxation (Emax: 56.9±1.1%) compared to 

wildtype (Emax: 70.5±1.9%, p<0.01) and AKAP5-/- mice (Emax: 66.6±3.5%, p<0.05; Figure 
2). Isoprenaline-induced relaxation of tracheal rings of AKAP12-/- mice pre-contracted 

with methacholine showed a small, but non-significant rightward shift of the curve (pD2: 

7.6±0.1) compared to wildtype (pD2: 7.8±0.1; Figure 2) and AKAP5-/- mice (pD2: 7.8±0.1; 

Figure 2).  
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 Western blot – Mouse lungs were pulverized under liquid nitrogen, followed by 

sonication in SDS lysis buffer (composition: 62.5 mM Tris, 69.4 mM SDS, pH 6.8) 

supplemented with 10 μg/mL aprotinin, 10 μg/mL leupeptin, 10 μg/mL pepstatin, 1 mM 

Na3VO4, 1 mM NaF and 3.5 μM β-glycerolphosphate. Samples for detection of 

phosphorylated β2-adrenoceptor (Ser 355/ Ser 356) (sc-22191-R; Santa Cruz 

Biotechnology) expression were subjected to SDS-PAGE. Immunoblotting with primary 

antibodies (dilution 1:5000) was done overnight at 4°C. β-actin (1:10.000; A5441; 

Sigma-Aldrich) served as a control for equal loading. Blots were incubated with 

secondary antibody (1:5000 A9044 or A0545; Sigma-Aldrich), for 1 h at room 

temperature. Signals were detected with chemiluminescence reagents according to the 

manufacturer's protocol (PerkinElmer). Blots were quantified using ImageJ. 

Data processing and statistical analysis - Isometrically recorded contractile 

responses to methacholine were expressed in grams developed tension. Isoprenaline-

induced relaxation responses, in the absence or presence of the st-Ht31, were 

expressed as a percentage of the maximal methacholine-induced contraction. Results 

are presented as means±standard error of the mean (SEM) of the indicated number of 

experiments. Curves were fitted using Prism 5.0. The values provided by the Prism 

software were used for β2-agonist sensitivity (pD2) and maximal response (Emax). 

Statistical analysis was performed by means of one-way ANOVA followed by a Tukey 

post-hoc test. p-values < 0.05 were considered statistically significant. 

 

Results  
AKAPs, particularly AKAP12, coordinate responsiveness to β2-agonists – To assess the 

role of AKAPs in responsiveness for β2-agonist-induced airway smooth muscle 

relaxation, we studied the effect of the non-selective AKAP-PKA interaction inhibitor st-

Ht31 on guinea pig tracheal open ring preparations. Fenoterol-induced relaxation of pre-

contracted guinea pig tracheal open-ring preparations (pD2: 8.0±0.2) was shifted 

rightward by pre-incubation with the non-selective AKAP-PKA interaction inhibitor st-

Ht31 (pD2: 7.5±0.1, p<0.05 compared to control and st-Ht31P), without affecting the 

maximal relaxation (Emax; Figure 1). By contrast, fenoterol-induced relaxation was not 

affected by pre-incubation with the control peptide st-Ht31P (pD2: 7.9±0.1; Figure 1 and 
Table 1).  

 

	

	

 
Figure 1: Disrupting AKAP-PKA interactions decreases the sensitivity towards β2-agonists. Isometric 

cumulative concentration relaxation curves of guinea pig tracheal open-ring preparations pre-contracted with 

methacholine (MCh) flowing incubation without (control) or with the AKAP-PKA interaction inhibitor st-Ht31 (50 

µM) or the control peptide st-Ht31P (50 µM) for 30 minutes. Data represent mean ± SEM of 4 independent 

experiments in duplicate. Data was analyzed using a one-way ANOVA followed by a Tukey post-hoc (see also 
Table 1). 

The involvement of AKAP5 and AKAP12 in β-agonist-induced relaxation was 

studied in knock out mice using isoprenaline. There was no significant difference in 

methacholine-induced contraction between the genotypes (WT: 0.6±0.1g; AKAP5-/-: 

0.5±0.2g and AKAP12-/-: 0.6±0.1 g). In contrast to guinea pigs, and in line with other 

studies (23), mouse tracheal preparations did not reach full relaxation upon β-agonist 

incubation. Interestingly, tracheal preparations obtained from AKAP12-/- mice had a 

decreased maximal isoprenaline-induced relaxation (Emax: 56.9±1.1%) compared to 

wildtype (Emax: 70.5±1.9%, p<0.01) and AKAP5-/- mice (Emax: 66.6±3.5%, p<0.05; Figure 
2). Isoprenaline-induced relaxation of tracheal rings of AKAP12-/- mice pre-contracted 

with methacholine showed a small, but non-significant rightward shift of the curve (pD2: 

7.6±0.1) compared to wildtype (pD2: 7.8±0.1; Figure 2) and AKAP5-/- mice (pD2: 7.8±0.1; 

Figure 2).  
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Figure 2: Genetic deletion of AKAP12, but not of AKAP5, decreases β2-agonist-induced relaxation. 
Isometric cumulative concentration relaxation curves of tracheal preparations obtained from wildtype, AKAP5-/- 

and AKAP12-/- mice pre-contracted with methacholine (MCh). Data represent mean ± SEM of 5 mice. Data was 
analyzed using a one-way ANOVA followed by a Tukey post-hoc (see also Table 2). 

 

AKAP5 and AKAP12 do not coordinate β2-agonist-induced desensitization – 

AKAP5 and AKAP12 have been suggested to regulate β2-agonist sensitivity by 

coordinating desensitization and resensitization of the β2-adrenoceptor, respectively 

(Chapter 2). To study whether β2-agonist-induced desensitization of the β2-adrenoceptor 

is indeed mediated by AKAP5 and AKAP12 in airway smooth muscle, tracheal rings 

were pre-treated with 10-6 M fenoterol for 1 h (to study early reduction in β2-agonist 

sensitivity) and for 24 h (to study the late response upon prolonged β2-agonist 

treatment), (21). After 1 h incubation, fenoterol induced a small rightward shift of the 

relaxation curve in tracheal rings of wildtype mice (pD2: 7.5±0.1 vs 7.7±0.0; Figure 3A), 

without reaching significance. This was maintained to similar magnitudes in AKAP12-/- 

(pD2: 7.5±0.1 vs 7.6±0.1) and in AKAP5-/- mice (pD2: 7.4±0.1 vs 7.6±0.2), all without 

reaching significance (Figure 3B,C), indicating that short term treatment with fenoterol is 

insufficient to observe possible effects of AKAP5 and AKAP12 on β2-adrenoceptor 

desensitization. 
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Figure 3: Genetic deletion of AKAP5 or AKAP12 does not affect β2-agonist-induced desensitization. 
Isometric cumulative relaxation curve of wildtype (A, D) , AKAP5-/- (B, E) and AKAP12-/- (C, F) mouse tracheal 

rings pre-contracted with methacholine (MCh) after treatment with 10-6 M of the β2-agonist fenoterol for 1 h (A–C) 

or 24 h (D–F). Data represent mean ± SEM of 5 mice. Data was analyzed using a one-way ANOVA followed by a 
Tukey post-hoc (D-F) (see also Table 2). 

 

The maximal relaxation induced by isoprenaline in the tracheal preparations 

that had been incubated for 24 h in media alone (control group) was reduced for all three 

groups (wildtype, AKAP5-/- and AKAP12-/-) compared to their respective controls in the 

basal relaxation experiment and the short term desensitization protocol (Table 2). After 

24 h of pre-incubation with fenoterol, the maximum relaxation induced by isoprenaline 

was further reduced compared to control in the wildtype animals (Emax: 52.4±4.5% 

(control) vs 31.5±4.0% (fenoterol); p<0.001, Figure 3D). Similar effects were found in 

tracheal preparations obtained from AKAP5-/- (Emax: 49.6±1.0% (control) vs 34.2±1.4% 

(fenoterol); p<0.01, Figure 3E). The maximal response of the control group of the 

AKAP12-/- mice (Emax: 34.1±2.1%) was lower than that of the wildtype and the AKAP5-/- 

mice (Figure 3D-F, Table 2). Similar to the effects observed in the WT and AKAP5-/- 

mice, 24 h pre-treatment with fenoterol decreased the maximal response to isoprenaline 

in the AKAP12-/- mice (Emax: 22.2±1.2%; p<0.05, Figure 3F, Table 2). These results 

indicate that AKAP5 and AKAP12 do not affect β2-agonist-induced desensitization in 

murine airway smooth muscle, but that AKAP12 might play a role in basal maintenance 

of receptor functioning. 

AKAP12 is involved in phosphorylation of the β2-adrenoceptor – The process of 

GRK2-induced β2-adrenoceptor desensitization starts with the phosphorylation of 

67891 0
0

2 0

4 0

6 0

8 0

1 0 0

W T
W T +  F e n o

Is o p r e n a lin e   [ - lo g  M ]

A
c

ti
v

e
 t

e
n

s
io

n
(%

 o
f 

1µ
M

 M
C

h
)

67891 0
0

2 0

4 0

6 0

8 0

1 0 0

A K A P 5 -/ -

A K A P 5 -/ - +  F e n o

Is o p r e n a lin e   [ - lo g  M ]
67891 0

0

2 0

4 0

6 0

8 0

1 0 0

A K A P 1 2 -/ -

A K A P 1 2 -/ - +  F e n o

Is o p r e n a lin e   [ - lo g  M ]

67891 0
0

2 0

4 0

6 0

8 0

1 0 0

W T
W T +  F e n o

Is o p r e n a lin e   [ - lo g  M ]

A
c

ti
v

e
 t

e
n

s
io

n
(%

 o
f 

1µ
M

 M
c

h
)

67891 0
0

2 0

4 0

6 0

8 0

1 0 0

A K A P 5 -/ -

A K A P 5 -/ - +  F e n o

Is o p r e n a lin e   [ - lo g  M ]
67891 0

0

2 0

4 0

6 0

8 0

1 0 0

A K A P 1 2 -/ -

A K A P 1 2 -/ - +  F e n o

Is o p r e n a lin e   [ - lo g  M ]

A B C

D E F

Mouse



Processed on: 2-11-2016Processed on: 2-11-2016Processed on: 2-11-2016Processed on: 2-11-2016

506329-L-bw-Poppinga506329-L-bw-Poppinga506329-L-bw-Poppinga506329-L-bw-Poppinga

113

Chapter 5	

	

 

Figure 2: Genetic deletion of AKAP12, but not of AKAP5, decreases β2-agonist-induced relaxation. 
Isometric cumulative concentration relaxation curves of tracheal preparations obtained from wildtype, AKAP5-/- 

and AKAP12-/- mice pre-contracted with methacholine (MCh). Data represent mean ± SEM of 5 mice. Data was 
analyzed using a one-way ANOVA followed by a Tukey post-hoc (see also Table 2). 

 

AKAP5 and AKAP12 do not coordinate β2-agonist-induced desensitization – 

AKAP5 and AKAP12 have been suggested to regulate β2-agonist sensitivity by 

coordinating desensitization and resensitization of the β2-adrenoceptor, respectively 

(Chapter 2). To study whether β2-agonist-induced desensitization of the β2-adrenoceptor 

is indeed mediated by AKAP5 and AKAP12 in airway smooth muscle, tracheal rings 

were pre-treated with 10-6 M fenoterol for 1 h (to study early reduction in β2-agonist 

sensitivity) and for 24 h (to study the late response upon prolonged β2-agonist 

treatment), (21). After 1 h incubation, fenoterol induced a small rightward shift of the 

relaxation curve in tracheal rings of wildtype mice (pD2: 7.5±0.1 vs 7.7±0.0; Figure 3A), 

without reaching significance. This was maintained to similar magnitudes in AKAP12-/- 

(pD2: 7.5±0.1 vs 7.6±0.1) and in AKAP5-/- mice (pD2: 7.4±0.1 vs 7.6±0.2), all without 

reaching significance (Figure 3B,C), indicating that short term treatment with fenoterol is 

insufficient to observe possible effects of AKAP5 and AKAP12 on β2-adrenoceptor 

desensitization. 
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Figure 3: Genetic deletion of AKAP5 or AKAP12 does not affect β2-agonist-induced desensitization. 
Isometric cumulative relaxation curve of wildtype (A, D) , AKAP5-/- (B, E) and AKAP12-/- (C, F) mouse tracheal 

rings pre-contracted with methacholine (MCh) after treatment with 10-6 M of the β2-agonist fenoterol for 1 h (A–C) 

or 24 h (D–F). Data represent mean ± SEM of 5 mice. Data was analyzed using a one-way ANOVA followed by a 
Tukey post-hoc (D-F) (see also Table 2). 

 

The maximal relaxation induced by isoprenaline in the tracheal preparations 

that had been incubated for 24 h in media alone (control group) was reduced for all three 

groups (wildtype, AKAP5-/- and AKAP12-/-) compared to their respective controls in the 

basal relaxation experiment and the short term desensitization protocol (Table 2). After 

24 h of pre-incubation with fenoterol, the maximum relaxation induced by isoprenaline 

was further reduced compared to control in the wildtype animals (Emax: 52.4±4.5% 

(control) vs 31.5±4.0% (fenoterol); p<0.001, Figure 3D). Similar effects were found in 

tracheal preparations obtained from AKAP5-/- (Emax: 49.6±1.0% (control) vs 34.2±1.4% 

(fenoterol); p<0.01, Figure 3E). The maximal response of the control group of the 

AKAP12-/- mice (Emax: 34.1±2.1%) was lower than that of the wildtype and the AKAP5-/- 

mice (Figure 3D-F, Table 2). Similar to the effects observed in the WT and AKAP5-/- 

mice, 24 h pre-treatment with fenoterol decreased the maximal response to isoprenaline 

in the AKAP12-/- mice (Emax: 22.2±1.2%; p<0.05, Figure 3F, Table 2). These results 

indicate that AKAP5 and AKAP12 do not affect β2-agonist-induced desensitization in 

murine airway smooth muscle, but that AKAP12 might play a role in basal maintenance 

of receptor functioning. 

AKAP12 is involved in phosphorylation of the β2-adrenoceptor – The process of 

GRK2-induced β2-adrenoceptor desensitization starts with the phosphorylation of 
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Ser355/Ser356 (24). The basal phosphorylation of these β2-adrenoceptor residues was 

significantly decreased in lung tissue from AKAP12-/- (12.0±6.7%) compared to wildtype 

(100.0±50.6%, p<0.001) and AKAP5-/- (76.3±31.0%, p<0.01, Figure 4). Together, these 

data indicate that AKAP12 is involved in GRK-mediated phosphorylation of the β2-

adrenoceptor.  
 
 
Discussion 
This study shows that AKAPs, particularly AKAP12, play a role in the responsiveness of 

airway smooth muscle to β2-agonists. Our data demonstrate that AKAP12 is crucial for 

maintaining a normal β2-adrenoceptor-mediated bronchodilatory response and is 

involved in regulating GRK-mediated phosphorylation of the β2-adrenoceptor.  

Following agonist stimulation of the β2-adrenoceptor, adenylyl cyclase is 

activated leading subsequently to an increase in intracellular levels of the second 

messenger cAMP, which induces airway smooth muscle relaxation by activation of PKA 

(2). We now demonstrate that AKAPs play an important regulatory role in this β2-

adrenoceptor-mediated airway smooth muscle relaxation, which can, at least in part, be 

attributed to AKAP12. Incubation with the global PKA-AKAP interaction inhibitor st-Ht31 

decreased β-agonist potency in guinea pig tracheal open ring preparations, presumably 

by disrupting binding of downstream effectors including PKA to AKAPs, demonstrating 

that one or more AKAP(s) mediate(s) β-adrenoceptor-mediated relaxation. To identify 

the AKAP protein(s) responsible for this effect, β2-agonist-induced relaxation studies 

were performed using tracheal preparations from wildtype, AKAP5-/- – and AKAP12-/ 

mice. Murine AKAP12-/-, not AKAP5-/-, tracheal rings showed a decrease in the β-agonist 

efficacy (Emax) but not the potency (pD2), suggesting a decrease in the post-receptor 

response. Since there is no significant change in potency in AKAP12-/-, this suggests 

that there might be more AKAPs important in β2-agonist-induced relaxation. 

Others have shown that AKAP12 is one of the highest expressed AKAPs in the 

airway smooth muscle and that disrupting AKAP function with st-Ht31 prolongs β2-

agonist-induced cAMP signaling (25). This prolongation was suggested by others to 

work via the inhibition of AKAP12, presumably by affecting PDE4D activity (26). 

However, assuming that it is AKAP12 that mediates the abrogation of cAMP signaling at 

the membrane, this would predict an increased β2-agonist-induced cAMP signaling when 

AKAP12 is removed. Based on our data we hypothesize that although the β2-

adrenoceptor is able to elevate cAMP in the absence of AKAP12, elevated cAMP levels  

	

	

 

Figure 4: Genetic deletion of AKAP12 decreases β2-adrenoceptor phosphorylation. (A) Representative 

western blot of β2-adrenoceptor phosphorylation at GRK sites Ser355/Ser356 (p-β2-AR). (B) Quantification of 

western blot analysis, p-β2-AR is corrected for equal loading using β-actin. Data is represented as % of average 

wildtype, lines represent median. *p<0.05, **p<0.01 compared to wildtype, one-way ANOVA followed by a Tukey 
post-hoc. 

 

are not sensed by PKA due to the lack of AKAP12. In support, although both AKAP5 and 

AKAP12 regulate β2-adrenoceptor-mediated cAMP levels (27), only AKAP12 regulated 

β2-agonist-induced airway smooth muscle relaxation in our study.  

Next to the cellular cAMP production and degradation, uncoupling and 

desensitization of the β2-adrenoceptor after β-agonist stimulation should be considered. 

The receptor can be phosphorylated by various kinases, including PKA, PKC or GRK. 

GRK-mediated phosphorylation leads to sequestration and proteasomal degradation, or 
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Ser355/Ser356 (24). The basal phosphorylation of these β2-adrenoceptor residues was 

significantly decreased in lung tissue from AKAP12-/- (12.0±6.7%) compared to wildtype 

(100.0±50.6%, p<0.001) and AKAP5-/- (76.3±31.0%, p<0.01, Figure 4). Together, these 

data indicate that AKAP12 is involved in GRK-mediated phosphorylation of the β2-

adrenoceptor.  
 
 
Discussion 
This study shows that AKAPs, particularly AKAP12, play a role in the responsiveness of 

airway smooth muscle to β2-agonists. Our data demonstrate that AKAP12 is crucial for 

maintaining a normal β2-adrenoceptor-mediated bronchodilatory response and is 

involved in regulating GRK-mediated phosphorylation of the β2-adrenoceptor.  

Following agonist stimulation of the β2-adrenoceptor, adenylyl cyclase is 

activated leading subsequently to an increase in intracellular levels of the second 

messenger cAMP, which induces airway smooth muscle relaxation by activation of PKA 

(2). We now demonstrate that AKAPs play an important regulatory role in this β2-

adrenoceptor-mediated airway smooth muscle relaxation, which can, at least in part, be 

attributed to AKAP12. Incubation with the global PKA-AKAP interaction inhibitor st-Ht31 

decreased β-agonist potency in guinea pig tracheal open ring preparations, presumably 

by disrupting binding of downstream effectors including PKA to AKAPs, demonstrating 

that one or more AKAP(s) mediate(s) β-adrenoceptor-mediated relaxation. To identify 

the AKAP protein(s) responsible for this effect, β2-agonist-induced relaxation studies 

were performed using tracheal preparations from wildtype, AKAP5-/- – and AKAP12-/ 

mice. Murine AKAP12-/-, not AKAP5-/-, tracheal rings showed a decrease in the β-agonist 

efficacy (Emax) but not the potency (pD2), suggesting a decrease in the post-receptor 

response. Since there is no significant change in potency in AKAP12-/-, this suggests 

that there might be more AKAPs important in β2-agonist-induced relaxation. 

Others have shown that AKAP12 is one of the highest expressed AKAPs in the 

airway smooth muscle and that disrupting AKAP function with st-Ht31 prolongs β2-

agonist-induced cAMP signaling (25). This prolongation was suggested by others to 

work via the inhibition of AKAP12, presumably by affecting PDE4D activity (26). 

However, assuming that it is AKAP12 that mediates the abrogation of cAMP signaling at 

the membrane, this would predict an increased β2-agonist-induced cAMP signaling when 

AKAP12 is removed. Based on our data we hypothesize that although the β2-

adrenoceptor is able to elevate cAMP in the absence of AKAP12, elevated cAMP levels  
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western blot of β2-adrenoceptor phosphorylation at GRK sites Ser355/Ser356 (p-β2-AR). (B) Quantification of 

western blot analysis, p-β2-AR is corrected for equal loading using β-actin. Data is represented as % of average 

wildtype, lines represent median. *p<0.05, **p<0.01 compared to wildtype, one-way ANOVA followed by a Tukey 
post-hoc. 
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desensitization of the β2-adrenoceptor after β-agonist stimulation should be considered. 

The receptor can be phosphorylated by various kinases, including PKA, PKC or GRK. 

GRK-mediated phosphorylation leads to sequestration and proteasomal degradation, or 

WT AKAP5-/- AKAP12-/-
0

50

100

150

200

250

**

*

p-
ß 2

-A
R 

(S
er

 3
55

/ S
er

 3
56

)

p-β2AR

β-actin

Wild	type AKAP12-/- Wild	typeAKAP5-/-

70

kDa

55

A

B

Fig. 4

05



Processed on: 2-11-2016Processed on: 2-11-2016Processed on: 2-11-2016Processed on: 2-11-2016

506329-L-bw-Poppinga506329-L-bw-Poppinga506329-L-bw-Poppinga506329-L-bw-Poppinga

116

Chapter 5	

	

alternatively, the receptor is dephosphorylated by PP2A and recycled back to the 

membrane (28, 29). It has been postulated that AKAP5 and AKAP12 play an important 

role in this cycle of β2-adrenoceptor (de)sensitization (Chapter 2). GRK-mediated 

phosphorylation of the β2-adrenoceptor was previously shown to be augmented by an 

AKAP5-PKA complex in HEK293 cells (12). However, in our study using intact tracheal 

preparations only a small decrease in GRK-mediated phosphorylation of Ser355/356-β2-

adrenoceptor in AKAP5-/- lungs was observed, which failed to reach statistical 

significance. 

In contrast, our study did find a strong reduction in Ser355/356 phosphorylation of 

the β2-adrenoceptor in AKAP12-/- lungs, which would decrease association of β-arrestin 

with the β2-adrenoceptor as seen before (30). Decreased phosphorylation of the β2-

adrenoceptor was found before in cardiomyocytes of mice expressing a truncated form 

of AKAP12, although this study did not specify which phospho-site was affected (31). In 

these cardiomyocytes, decreased phosphorylation of the β2-adrenoceptor was 

associated with increased cardiac contraction at baseline as well as after β-adrenoceptor 

stimulation (31), suggesting enhanced receptor signaling when AKAP12 function is 

disrupted. Interestingly, in these cardiomyocytes no change in cAMP concentration or 

PKA activity was observed compared to wildtype cardiomyocytes (31). However, when 

challenging the airway smooth muscle with st-Ht31 others also only found a change in 

cAMP directly beneath the membrane, not in the whole cell (25).  

In the current study, decreased phosphorylation of the β2-adrenoceptor was 

associated with decreased β-agonist responsiveness in AKAP12-/-
 mice, indicating that 

the reduced responsiveness towards β-agonists is not the result of increased receptor 

phosphorylation but rather another mechanism. This would further support the 

hypothesis that the changes in airway responsiveness to β-agonists in the AKAP12-/- 

mice are caused by changes downstream of the β2-adrenoceptor-mediated cAMP 

production. Others have previously shown that AKAP12 knock down in A431 cells 

prevents the β2-adrenoceptor from going into clathrin coated pits induced by GRK2 and 

β-arrestin (30). AKAP12 knock down not only delayed desensitization of the β2-

adrenoceptor, but also its resensitization, which is presumably related to PKC bound to 

AKAP12 (30). In the current study, neither AKAP12 nor AKAP5 was involved in β-

agonist-induced desensitization, as the knock out mice were similarly subject to agonist-

induced desensitization following long term pre-treatment with fenoterol as the wildtype 

mice. At least for the AKAP12-/-, these findings can potentially be explained, by changes 

in dynamics of both de- and resensitization as observed in A431 cells (30). By changing 

	

	

both de- and resensitization a loss of AKAP12 could perhaps give a net effect of zero 

change.  

We have previously shown that cigarette smoke exposure decreases the 

expression of AKAP5 and AKAP12 in airway smooth muscle cells (Chapter 3). Since 

others have shown that precision cut lung slices exposed to cigarette smoke have 

impaired β-agonist responsiveness (32), it is tempting to speculate that this impaired β-

agonist responsiveness is – at least in part – due to impairment of AKAP12 function. Our 

data also suggest that the lower expression of AKAP12 as seen in lung tissue of COPD 

patients compared to non-COPD patients (Chapter 3) may possibly lead to a reduced 

therapeutic efficacy of β2-adrenoceptor agonists in these patients. Therefore, we 

hypothesize that elevations in AKAP12 expression and/or function may serve as a 

potential drug target to improve therapeutic efficacy of β2-adrenoceptor agonists.  

In conclusion, AKAPs, in particular AKAP12, mediate β2-agonist induced tracheal 

smooth muscle relaxation, suggesting that pharmacological treatment of COPD patients 

with β2-agonists can potentially benefit from AKAP12-targeted treatments.  
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alternatively, the receptor is dephosphorylated by PP2A and recycled back to the 

membrane (28, 29). It has been postulated that AKAP5 and AKAP12 play an important 

role in this cycle of β2-adrenoceptor (de)sensitization (Chapter 2). GRK-mediated 

phosphorylation of the β2-adrenoceptor was previously shown to be augmented by an 

AKAP5-PKA complex in HEK293 cells (12). However, in our study using intact tracheal 

preparations only a small decrease in GRK-mediated phosphorylation of Ser355/356-β2-

adrenoceptor in AKAP5-/- lungs was observed, which failed to reach statistical 

significance. 

In contrast, our study did find a strong reduction in Ser355/356 phosphorylation of 

the β2-adrenoceptor in AKAP12-/- lungs, which would decrease association of β-arrestin 

with the β2-adrenoceptor as seen before (30). Decreased phosphorylation of the β2-

adrenoceptor was found before in cardiomyocytes of mice expressing a truncated form 

of AKAP12, although this study did not specify which phospho-site was affected (31). In 

these cardiomyocytes, decreased phosphorylation of the β2-adrenoceptor was 

associated with increased cardiac contraction at baseline as well as after β-adrenoceptor 

stimulation (31), suggesting enhanced receptor signaling when AKAP12 function is 

disrupted. Interestingly, in these cardiomyocytes no change in cAMP concentration or 

PKA activity was observed compared to wildtype cardiomyocytes (31). However, when 

challenging the airway smooth muscle with st-Ht31 others also only found a change in 

cAMP directly beneath the membrane, not in the whole cell (25).  

In the current study, decreased phosphorylation of the β2-adrenoceptor was 

associated with decreased β-agonist responsiveness in AKAP12-/-
 mice, indicating that 

the reduced responsiveness towards β-agonists is not the result of increased receptor 

phosphorylation but rather another mechanism. This would further support the 

hypothesis that the changes in airway responsiveness to β-agonists in the AKAP12-/- 

mice are caused by changes downstream of the β2-adrenoceptor-mediated cAMP 

production. Others have previously shown that AKAP12 knock down in A431 cells 

prevents the β2-adrenoceptor from going into clathrin coated pits induced by GRK2 and 

β-arrestin (30). AKAP12 knock down not only delayed desensitization of the β2-

adrenoceptor, but also its resensitization, which is presumably related to PKC bound to 

AKAP12 (30). In the current study, neither AKAP12 nor AKAP5 was involved in β-

agonist-induced desensitization, as the knock out mice were similarly subject to agonist-

induced desensitization following long term pre-treatment with fenoterol as the wildtype 

mice. At least for the AKAP12-/-, these findings can potentially be explained, by changes 

in dynamics of both de- and resensitization as observed in A431 cells (30). By changing 

	

	

both de- and resensitization a loss of AKAP12 could perhaps give a net effect of zero 

change.  

We have previously shown that cigarette smoke exposure decreases the 

expression of AKAP5 and AKAP12 in airway smooth muscle cells (Chapter 3). Since 

others have shown that precision cut lung slices exposed to cigarette smoke have 

impaired β-agonist responsiveness (32), it is tempting to speculate that this impaired β-

agonist responsiveness is – at least in part – due to impairment of AKAP12 function. Our 

data also suggest that the lower expression of AKAP12 as seen in lung tissue of COPD 

patients compared to non-COPD patients (Chapter 3) may possibly lead to a reduced 

therapeutic efficacy of β2-adrenoceptor agonists in these patients. Therefore, we 

hypothesize that elevations in AKAP12 expression and/or function may serve as a 

potential drug target to improve therapeutic efficacy of β2-adrenoceptor agonists.  

In conclusion, AKAPs, in particular AKAP12, mediate β2-agonist induced tracheal 

smooth muscle relaxation, suggesting that pharmacological treatment of COPD patients 

with β2-agonists can potentially benefit from AKAP12-targeted treatments.  
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Table 1: Effects of st-Ht31 on β2-agonist-induced relaxation in guinea pig tracheal open ring preparations. 

Data represented as means(±SEM) of N experiments. *p<0.05 compared to the control and the st-Ht31P group 

using a one-way ANOVA followed by a Tukey post-hoc. 
 Control st-Ht31 st-Ht31P 

Emax (%) 98.6 (±0.3) 95.8 (±2.1) 99.5 (±0.8) 

pD2 (–log M) 8.0 (±0.2) 7.5 (±0.1)* 7.9 (±0.1) 

N 4 4 4 

 

Table 2: Effects of AKAP5-/- and AKAP12-/- on β2-agonist-induced relaxation of mouse tracheal 
preparations under basal conditions and after short term (1 h) and long term (24 h) pre-treatment with 
fenoterol. Data represented as means(±SEM) of N experiments. **p<0.01; ***p<0.001 compared to wildtype 

control group, $p<0.01 compared to AKAP5-/- control group, #p<0.05; ##p<0.01; ###p<0.001 compared to 24h 

control group of respective genotype using a one-way ANOVA followed by a Tukey post-hoc. 

No  
pre-treatment 

Wild type AKAP5-/- AKAP12-/- 

Emax (%) 
70.5 

(±1.9) 

66.6 

(±3.5) 

56.9**$ 

(±1.1) 

pD2 (–log M) 
7.8 

(±0.1) 

7.8 

(±0.1) 

7.6 

(±0.1) 

N 5 5 5 

1h  
pre-treatment 

Wild type AKAP5-/- AKAP12-/- 

Control Fenoterol Control Fenoterol Control Fenoterol 

Emax (%) 
67.6 

(±4.8) 
65.4 

(±2.9) 
76.3 

(±1.6) 
71.7 (±3.5) 

63.4 
(±8.8) 

59.6 
(±7.5) 

pD2 (–log M) 
7.7 

(±0.0) 

7.5 

(±0.1) 

7.6 

(±0.2) 

7.4 

(±0.1) 

7.6 

(±0.1) 

7.5 

(±0.1) 

N 5 5 5 5 5 5 

24h  
pre-treatment 

Wild type AKAP5-/- AKAP12-/- 

Control Fenoterol Control Fenoterol Control Fenoterol 

Emax (%) 
52.4 

(±4.5) 

31.5### 

(±4.0) 

49.6 

(±1.0) 

34.2## 

(±1.4) 

34.1***$$ 

(±2.1) 

22.2# 

(±1.2) 

pD2 (–log M) 
7.7 

(±0.07) 

7.8 

(±0.2) 

7.6 

(±0.1) 

7.6 

(±0.1) 

7.5 

(±0.1) 

7.6 

(±0.1) 

N 4 4 5 5 5 5 
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Table 1: Effects of st-Ht31 on β2-agonist-induced relaxation in guinea pig tracheal open ring preparations. 

Data represented as means(±SEM) of N experiments. *p<0.05 compared to the control and the st-Ht31P group 

using a one-way ANOVA followed by a Tukey post-hoc. 
 Control st-Ht31 st-Ht31P 

Emax (%) 98.6 (±0.3) 95.8 (±2.1) 99.5 (±0.8) 

pD2 (–log M) 8.0 (±0.2) 7.5 (±0.1)* 7.9 (±0.1) 

N 4 4 4 

 

Table 2: Effects of AKAP5-/- and AKAP12-/- on β2-agonist-induced relaxation of mouse tracheal 
preparations under basal conditions and after short term (1 h) and long term (24 h) pre-treatment with 
fenoterol. Data represented as means(±SEM) of N experiments. **p<0.01; ***p<0.001 compared to wildtype 

control group, $p<0.01 compared to AKAP5-/- control group, #p<0.05; ##p<0.01; ###p<0.001 compared to 24h 

control group of respective genotype using a one-way ANOVA followed by a Tukey post-hoc. 

No  
pre-treatment 

Wild type AKAP5-/- AKAP12-/- 

Emax (%) 
70.5 

(±1.9) 

66.6 

(±3.5) 

56.9**$ 

(±1.1) 

pD2 (–log M) 
7.8 

(±0.1) 

7.8 

(±0.1) 

7.6 

(±0.1) 

N 5 5 5 

1h  
pre-treatment 

Wild type AKAP5-/- AKAP12-/- 

Control Fenoterol Control Fenoterol Control Fenoterol 

Emax (%) 
67.6 

(±4.8) 
65.4 

(±2.9) 
76.3 

(±1.6) 
71.7 (±3.5) 

63.4 
(±8.8) 

59.6 
(±7.5) 

pD2 (–log M) 
7.7 

(±0.0) 

7.5 

(±0.1) 

7.6 

(±0.2) 

7.4 

(±0.1) 

7.6 

(±0.1) 

7.5 

(±0.1) 

N 5 5 5 5 5 5 

24h  
pre-treatment 

Wild type AKAP5-/- AKAP12-/- 

Control Fenoterol Control Fenoterol Control Fenoterol 

Emax (%) 
52.4 

(±4.5) 

31.5### 

(±4.0) 

49.6 

(±1.0) 

34.2## 

(±1.4) 

34.1***$$ 

(±2.1) 

22.2# 

(±1.2) 

pD2 (–log M) 
7.7 

(±0.07) 

7.8 

(±0.2) 

7.6 

(±0.1) 

7.6 

(±0.1) 

7.5 

(±0.1) 

7.6 

(±0.1) 

N 4 4 5 5 5 5 
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