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Abstract

Antibody-based in situ proximity ligation assays (isPLA) have the potential to study protein 

phosphorylation and protein interactions with spatial resolution in intact tissues. However, the 

application of isPLA at the tissue level is limited by a lack of appropriate positive and negative 

controls and the difficulty in accounting for changes in tissue shape. Here we demonstrate a set of 

experimental and computational approaches using gastric fundus smooth muscles to improve the 

validity of quantitative isPLA. Appropriate positive and negative biological controls and PLA 

technical controls were selected to ensure experimental rigor. To account for changes in 

morphology between relaxed and contracted smooth muscles, target PLA spots were normalized to 

smooth muscle myosin light chain 20 PLA spots or the cellular cross-sectional areas. We describe 

the computational steps necessary to filter out false-positive improperly sized spots and set the 

thresholds for counting true positive PLA spots to quantify the PLA signals. We tested our 

approach by examining protein phosphorylation and protein interactions in smooth muscle 

myofilament Ca2+ sensitization pathways from resting and contracted gastric fundus smooth 

muscles. In conclusion, our tissue-level isPLA method enables unbiased quantitation of protein 

phosphorylation and protein-protein interactions in intact smooth muscle tissues, suggesting the 

potential for quantitative isPLA applications in other types of intact tissues.
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Subject Category

Enzymatic assays and analysis

1. INTRODUCTION

Many proteins require reversible post-translational modifications and interactions with other 

proteins or molecules to properly function [1, 2]. Protein-protein interactions, protein 

complex composition, and protein phosphorylation are constantly changing depending upon 

the ongoing physiological demands of cells and tissues [3]. In addition to quantifying 

protein abundance, it is also important to determine whether a protein contains post-

translational modifications, is present in a complex with other proteins, in which cells is it 

expressed, and in which subcellular compartments the different states of the protein are 

present. The in situ proximity ligation assay (isPLA) has emerged as a powerful tool to 

characterize proteins and their interactions in any cell or tissue [4, 5]. Traditional 

biochemical assays (western blot, co-immunoprecipitation, ELISA) to study protein 

phosphorylation and protein-protein interactions are based on protein extraction procedures 

which may result in loss of functional compartmentalization and non-physiological 

aggregation and interactions [6, 7]. isPLA of fixed tissue sections or cells, on the other hand, 

preserves internal structures and their spatial organization to enable detection and 

quantitation of protein phosphorylation and protein-protein interactions that are more 

reflective of the native cell and tissue [8].

Smooth muscle contraction requires phosphorylation of the 20kDa myosin light chain 

(LC20) for cross-bridge formation between actin and myosin [9, 10]. Regulation of LC20 

phosphorylation by myosin light chain kinase (MYLK) and myosin light chain phosphatase 

(MLCP) is the primary determinant of the strength of contractions at a given level of [Ca2+]i 

[11]. Smooth muscles generate greater force for a given increase in [Ca2+]i by activating 

protein kinase C (PKC) and Rho-associated kinase 2 (ROCK2) to phosphorylate protein 

kinase C-potentiated inhibitor protein of 17kDa (CPI-17) and myosin phosphatase targeting 

subunit (MYPT1) to inhibit MLCP and increase LC20 phosphorylation [12, 13]. Basal 

CPI-17 and MYPT1 phosphorylation establishes the basal sensitivity of gastric muscles to 

excitatory stimuli [10, 14, 15]. In addition to cytoplasmic kinases and phosphatases, a 

number of reports have demonstrated that dynamic interactions between contractile proteins 

and focal adhesions are important for smooth muscle contraction [16–18]. Tyrosine 

phosphorylation and activation of protein tyrosine kinase 2β (Pyk2) or focal adhesion 

kinase (FAK), along with the recruitment of other integrin‐associated proteins to focal 

adhesions, occurs during contraction and force development [17, 19, 20]. We showed that 

mechanical force or tension is sufficient to activate FAK, and that FAK is involved in the 

activation of the PKC–CPI‐17 Ca2+ sensitization pathway in gastric fundus smooth muscles, 

suggesting that myofilament Ca2+ sensitization mechanisms play a role in myofilament 

function at focal adhesions [21]. These actin filament modifications and remodeling are 

thought to facilitate the polymerization of cortical cytoskeletal actin filaments to increase the 

stability of focal adhesions in the membrane, allowing for the force generated by actin 
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filaments attached to the cytoplasmic domains of β1integrin by talin to be transmitted to the 

connective tissue of the extracellular matrix [22–25].

Numerous studies, including our own, have utilized SDS-PAGE and western blotting 

techniques to measure changes in phosphorylation of these regulatory proteins, to 

demonstrate the importance of these myofilament sensitizing mechanisms for smooth 

muscle contractions [14, 15, 26–29]. Co-immunoprecipitation (Co-IP) approaches have also 

revealed a number of interactions between contractile proteins and focal adhesions in 

smooth muscles [30–34]. However, due to their range of sensitivities, SDS-PAGE/western 

blotting and co-IP approaches typically require a large amount of starting material to yield 

measurable assays of protein levels, phosphorylation, and protein-protein interactions [8, 

35]. For smooth muscle tissues in which small amounts of starting material are unavoidable 

(e.g. murine pylorus, gastric fundus or antrum, ureter, oviduct), isPLA may provide an 

effective alternative method for measuring functional changes in protein-protein interactions 

and protein phosphorylation [5, 36].

Currently, isPLA signals in tissue sections or monolayer cell cultures are quantified as spots 

per cell or nucleus, or signal intensity per unit image area [35, 37–39]. However, these 

quantitation methods are not suitable for measuring changes in protein-protein interactions 

or protein phosphorylation in tissues composed of elongated cells which can undergo 

dramatic morphological changes in response to external stimuli, such as smooth muscles. In 

cross-sections from intact smooth muscles in which individual smooth muscle cells display 

an elongated spindle shape, there is not always a 1:1 ratio of nuclei:cells in the region of 

interest. In addition, the smooth muscle tissue and smooth muscle cell morphologies may 

significantly change during contraction and relaxation [40]. Changes in cell lengths and 

diameters will lead to a change in cell density within the region being imaged, which makes 

it more difficult to compare the PLA spot counts of sample tissues from different treatments 

without proper normalization.

In this report we demonstrate methods to optimize the use of isPLA in smooth muscle tissue 

sections. In addition to specifying isPLA technical controls, we identified PLA antibody 

pairs for positive and negative biological controls that correlate with biochemical data from 

previous studies. We optimized the PLA spot counting method with Fiji to exclude PLA 

noise [41]. Instead of normalizing the PLA signals to the number of nuclei, we evaluated 

two different methods for isPLA signal normalization. We used the cellular cross-sectional 

areas or the spot count from LC20/LC20 single-protein PLA as novel internal controls; after 

determining that these parameters did not change during isometric contractions of the 

smooth muscles. Single protein LC20/LC20 PLA was done by using two LC20 antibodies 

from different host species that recognize different epitopes on LC20, to quantify the 

number of LC20 PLA spots. We then utilized isPLA to determine its feasibility for 

measuring changes in protein phosphorylation and protein-protein interactions in response to 

a contractile stimulus. Our data shows that measuring isometric contractile responses 

minimizes changes in muscle length, allowing cellular cross-sectional areas or the LC20/

LC20 PLA spot counts to be used as internal controls for measuring the protein 

phosphorylation or protein-protein interaction PLA spot counts from relaxed and contracted 

smooth muscles. We show that changes in MYPT1, CPI-17, and LC20 phosphorylation, and 
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changes in the association between Ca2+ sensitization proteins, β1integrin, and FAK, can be 

detected and quantitated by isPLA of smooth muscle cross-sections. Our findings validate 

isPLA methodology for studying changes in protein phosphorylation, and protein-protein 

interactions in smooth muscle tissues during ex vivo contractile responses, and may lead to 

wider applications of isPLA in smooth muscle physiology studies.

2. MATERIALS AND METHODS

2.1 Ethical approval.

All animal care and experimental procedures complied with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals and were approved by the University of 

Nevada, Reno Institutional Animal Care and Use Committee. Mice (C57BL/6; 6 to 8 weeks 

old; male; 20–30 g) were obtained from Charles River Laboratories (Hollister, CA, USA). 

The mice were housed in a specific pathogen-free environment at four adults to a cage with 

corn cob bedding in Techniplast vent racks (Exton, PA, USA), and were kept on a 12 h light/

dark cycle at 21 ± 2°C with free access to reverse osmosis filtered water and food (Prolab 

5P76 Isopro 3000; 5.4% fat by weight).

2.2 Contractile responses.

Gastric fundus smooth muscles were obtained by sharp dissection as described [21]. Each 

sheet of fundus smooth muscles was pinned out flat, cut into a rectangle of 10mm × 15mm, 

and then folded, in parallel with the circular muscles, into a rectangle of 10mm × 5mm. The 

ends were tied with surgical thread, and one end was attached to the tissue holder with a 

clip, and the other end attached to a Fort 10 isometric strain gauge (WPI, Sarasota, FL, 

USA) [14]. Each muscle strip was stretched to 1.6 times its initial length, and incubated for 

30–45 min in 37°C oxygenated Krebs-Ringers Buffer (KRB), followed by an additional 30 

min incubation in 0.3 μM tetrodotoxin prior to carbachol (CCh) addition, or 100μM L-

NAME and 1μM MRS2500 prior to the delivery of square-wave pulses of electrical field 

stimulation (EFS) of 0.3 ms duration, 10Hz, 150 V, 5sec duration (supra-maximal voltage; 

Grass S48 stimulator). Contractile responses were acquired and analyzed using 

Acqknowledge 3.2.7 software (BIOPAC Systems, Santa Barbara, CA, USA). EFS or CCh 

treated tissues were collected at 5 sec and 1 min after stimulation, respectively. The myobath 

chamber was quickly lowered and the tissue was rapidly immersed into room temperature 

PBS containing 4% (w/v) paraformaldehyde (PFA). During EFS, the stimulation was on 

while lowering the bath and submerging the tissue into the 4% PFA. The muscles were fixed 

for 15 min, washed in PBS at room temperature for 3 times, and then stored at 4°C in PBS 

0.1% sodium azide.

2.3 Immunofluorescence and isPLA.

Fixed gastric fundus smooth muscle strips were cryo-protected with PBS/30% sucrose at 

4°C, embedded in OCT, and frozen at −80°C. The blocks were cut using a microtome into 

10 μm transverse cross sections through the circular smooth muscle layer, and placed onto 

Vectabond (SP-1800) coated glass slides (Fisherbrand Superfrost Plus Microscope Slides, 

12–550-15). After 20 min microwave heat-induced antigen retrieval in Tris-EDTA buffer (10 

mM Tris base, 1 mM EDTA solution, 0.05% Tween 20, pH 9.0), the slides were 

Xie and Perrino Page 4

Anal Biochem. Author manuscript; available in PMC 2020 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



permeabilized and blocked with PBS containing 0.2% tween-20 and 1% bovine serum 

albumin for 10 min at room temperature. The slides were then incubated overnight at 4°C 

with the appropriate primary antibody as indicated below. Immunolabeling was performed 

with the appropriate Alexa-488 or Alexa-594 conjugated secondary antibody (Cell Signaling 

Technology, USA) against the primary antibody (1:500 for 30 min at room temperature in 

PBS. Finally, mounting medium containing DAPI was applied to the slides to label the 

nuclei.

For isPLA, gastric fundus smooth muscle tissue sections were treated with heat-induced 

antigen retrieval, then permeabilized and blocked with PBS containing 0.2% Tween-20 and 

1% bovine serum albumin for 10 min at room temperature. PLA was performed according to 

the manufacturer’s instructions using the Duolink In Situ Detection Reagents Red 

DUO92008 (Sigma-Aldrich, Olink Bioscience, Sweden). The muscle sections were 

incubated with each primary antibody (1:400 dilution) sequentially for 1 hour at room 

temperature. The slides were then incubated with the appropriate PLA probes (diluted 1:5 in 

PBS containing 0.05% Tween-20 and 3% bovine serum albumin) in a pre-heated humidified 

chamber at 37°C for 1h, followed by the ligation (30 minutes, 37 °C) and amplification (70 

minutes, 37 °C) reactions. Finally, mounting medium with DAPI was used to label nuclei 

blue. It has been reported that the number of PLA signals generated can decrease as the kits 

get older [42]. We did not experience any differences in the PLA results as the kits aged. 

However, control and treated muscle sections were compared using Duolink Detection kits 

from the same lot number prior to the lot expiration date.

Antibodies: rabbit anti-β1integrin, GTX128839; mouse anti-talin, GTX11188; mouse anti-

enteric γ-actin, GTX101794, GeneTex, Irvine, CA, USA. Mouse anti-LC20, sc-28329; 

rabbit anti-pS19, sc-12896; rabbit anti-talin, sc-15336; rabbit anti-MYPT1, sc-25618; rabbit 

anti-pT853, sc-17432-R; rabbit anti-pT696, sc-17556-R; mouse anti-CPI-17, sc-48406; 

rabbit anti-pT38, sc-17560; goat anti-β1integrin, sc-6622; mouse anti-α8integrin, 

sc-365798; mouse anti-PKC, sc-80; mouse anti-RhoA, sc-418; rabbit anti-ROCK2, sc-5561; 

rabbit anti-LC20, sc-15370, Santa Cruz Biotechnologies, Santa Cruz, CA, USA. Rabbit anti-

pY397-FAK, #8556; rabbit anti-FAK, #3281; rabbit anti-Akt #4691, (Cell Signaling 

Technology, Danvers, MA, USA). Rabbit non-immune IgG, Sigma-Aldrich, St. Louis, MO, 

USA.

2.4 Confocal microscopy and image acquisition.

The slides were examined using an LSM510 Meta (Zeiss, Jena, Germany) or Fluoview 

FV1000 confocal microscope (Olympus, Center Valley, PA, USA). Confocal micrographs 

are digital composites of the Z-series of scans (1 μm optical sections of 10 μm thick 

sections). Settings were fixed at the beginning of both acquisition and analysis steps and 

were unchanged. Brightness and contrast were slightly adjusted after merging. Final images 

were constructed using FV10-ASW 2.1 software (Olympus, USA). As indicated, the number 

of PLA red spots per area was normalized to the number of PLA spots from LC20/LC20 

PLA, using rabbit anti-LC20 (sc-15370; 1:400) and mouse anti-LC20 (sc-28329; 1:400) 

antibodies. Each image is representative of labeling experiments from 3 sections from 3 

fundus muscles, and 2 images collected from each fundus muscle section. Scale bars, 10 μm.
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2.5 Statistical analysis.

Fiji software was used to count PLA spots [41]. The red channel was digitally removed from 

the raw tiff image, and the threshold adjusted with the MaxEntropy thresholding algorithm 

[43]. The PLA spots were counted by particle analysis with the particle size set between 6 

and 40 pixels. The normalized PLA spots counts were analyzed by parametric repeated tests 

of ANOVA using Prism 6.01 software, and are reported as the average ± SD. T-test was used 

to test the significance and P < 0.05 is considered significant. To measure the cross-sectional 

areas of cells, the smooth muscle tissue sections were immunolabeled with anti-β1integrin to 

outline the plasma membranes, and the cross-sectional area of each cell was calculated using 

Image J/Fiji software [41].

2.6 Drugs.

Tetrodotoxin and atropine were obtained from EMD Millipore, Billerica, MA, USA; 

Carbachol, L-NAME, and PF-431396 were obtained from Sigma-Aldrich, St. Louis, MO, 

USA; MRS2500 was purchased from Tocris Bioscience, Minneapolis, MN, USA.

3. RESULTS

3.1 Data validation for smooth muscle tissue PLA

To validate smooth muscle tissue PLA signals, we designed positive and negative biological 

controls based on the current experimental evidence and the molecular interaction database 

IntAct [44]. The direct interaction between γ-actin and smooth muscle LC20 is essential for 

smooth muscle cell contraction [45]. Talin physically links actin filaments to integrins by 

directly binding to γ-actin [46]. In other situations, PLA can detect two proteins within a 

multi-protein complex, that do not directly interact with each other, but are still in close 

proximity (<40nm) [47]. As a positive control for the use of tissue-PLA for proteins in the 

same protein complex but not directly interacting, we chose RhoA and MYPT1. In the 

IntAct database, RhoA and MYPT1 are identified as a co-complex interaction via ROCK2, 

instead of a direct interaction [44]. For a negative biological control, we examined the PLA 

signals generated from talin and Akt. Upon activation, talin translocates from the cytoplasm 

to integrins in focal adhesions, while Akt translocates from the cytoplasm to PIP3 in the 

plasma membrane [48] [46]. Talin and Akt do not interact according to the IntAct database.

As shown in Figure 1 each antibody used for the positive controls was validated by 

immunofluorescence. The separate γ-actin and LC20 immunofluorescence images show 

extensive distribution of γ-actin and LC20 throughout the cytoplasm of smooth muscle cells, 

as expected (Fig. 1A). Overlay of the γ-actin and LC20 images shows extensive co-

localization of γ-actin and LC20 throughout the cytoplasm of smooth muscle cells, as 

expected (Fig. 1A). The γ-actin/LC20 PLA generated numerous signals as well (Fig. 1A). 

Figure 1B again shows extensive distribution of γ-actin throughout the cytoplasm, while the 

talin immunofluorescence shows punctate staining, as expected for a protein associated with 

integrins at the plasma membrane [49]. Overlay of the γ-actin and talin images shows that 

γ-actin and talin are co-localized at the plasma membrane, not throughout the cytoplasm 

(Fig. 1B). The γ-actin/talin PLA also generated numerous spots (Fig. 1B). The Rhoa and 

MYPT1 immuno-fluorescence images show extensive distribution of RhoA and MYPT1 
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throughout the cytoplasm of smooth muscle cells, and as expected, overlaying the RhoA and 

MYPT1 images shows extensive co-localization of RhoA and MYPT1 within the smooth 

muscle (Fig. 1C). RhoA/MYPT1 PLA also generated robust signals (Fig. 1C). Figure 1D 

shows that the antibodies used for the negative biological controls generated extensive 

immunofluorescence signals in the smooth muscles. Figure 1D shows punctate talin 

immunofluorescence staining at the plasma membrane, while the Akt immunofluorescence 

shows a more uniform Akt distribution. Overlay of the talin and Akt images shows very little 

co-localization of talin and Akt, and the talin/Akt PLA shows no detectable signals (Fig. 

1D). Thus, the results of these positive and negative biological controls for isPLA validate 

the use of PLA for examining direct and indirect protein-protein interactions in smooth 

muscle tissues. Finally, we validated the PLA approach with negative technical controls. 

Virtually no PLA signals are detected when a non-immune IgG is paired with a specific 

antibody (Fig. 1E), or when only one specific antibody is present (Fig. 1F), or when both 

specific primary antibodies are omitted (Fig. 1G). These findings are consistent with the low 

false positive rates found with PLA [50].

3.2 PLA Thresholding and Spot Counting

The PLA spots visualized by fluorescence microscopy are typically expected to be around 

1μm in diameter. [4]. Oversized PLA spots usually occur from oversaturated primary 

antibody, improper antibody dilutions, or insufficient washing, as shown in the α8integrin/

β1integrin isPLA of a tissue section of gastric fundus smooth muscle in Fig. 2A [4]. Thus it 

is necessary to filter out the false-positive, improperly sized spots and set the parameters for 

counting true positive PLA spots. To count the PLA spots, we used Fiji to extract and 

convert the red channel to black and white (Fig. 2B), invert the black and white image (Fig. 

2C), and set the pixel threshold using the MaxEntropy thresholding method, which helps the 

deconvolution of the PLA signals [43, 51]. Based on the PLA methodology, the 70 min 

rolling circle amplification reaction should generate PLA spot sizes between 1μm and 3μm 

in diameter [8]. Thus, we set the particle analysis to filter out spot sizes < 0.5μm and > 3μm 

(Fig. 2D). After spot thresholding, the skewed distribution of the PLA spot sizes before 

thresholding (Fig. 2E) are restored to a normal distribution (Fig. 2F), resulting in a less 

biased PLA spot count after these statistical corrections.

3.3 Internal controls for PLA spot quantitation in relaxed and contracted gastric fundus 
smooth muscles.

To compare the PLA signals from protein-protein interactions or protein phosphorylation in 

sections from contracted and resting (control) smooth muscles, we measured the force 

generated by isometric contractions. Isometric contractions generate force without a change 

in the length or morphometry of the muscle tissue [40, 52]. This ensures that the number of 

smooth muscle cells, and their cross sectional diameters, within the image area of 

unstimulated and unstimulated muscles, should be similar [53]. Since the cell density and 

cell size within the image area should be similar, the number of actin and myosin filaments 

within the image area would also be expected to be similar. The typical force generated by 

isometric contraction of fundus smooth muscle strips with 1μM CCh or 10Hz EFS is shown 

in Figure 3A and 3B. To measure the areas of the smooth muscle cells, cross-sections of 

unstimulated and contracted gastric fundus smooth muscles were labeled by β1integrin 
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immunofluorescent staining to obtain an outline of the plasma membrane, and the cross-

sectional area of each cell was calculated using Image J/Fiji software [41]. The cross 

sections of cells in unstimulated gastric fundus smooth muscles (Fig. 3C), or muscles 

stimulated with 1 μM CCh (Fig. 3D), or 10Hz EFS (Fig. 3E) appear to be similar. Analysis 

of the cellular cross sectional areas from unstimulated gastric fundus smooth muscles, or 

muscles stimulated with 1μM CCh, or 10Hz EFS shows that the average cellular cross-

sectional areas ± SD are not significantly different (Fig. 3I). We also performed single 

protein PLA of LC20 using primary antibodies from different host species against LC20 to 

quantify the PLA spots from smooth muscle myosin light chains, as an internal standard, 

and as an indirect measurement of smooth muscle cell density. In this study, we analyzed the 

PLA signals by imaging the same volume (same area and z-depth) of the smooth muscle 

tissue sections, and measuring the cross sectional area of the image. The average ± SD 

numbers of LC20/LC20 PLA spots in unstimulated gastric fundus smooth muscles (Fig. 3F), 

or muscles stimulated with 1μM CCh (Fig. 3G), or 10Hz EFS (Fig. 3H) are not significantly 

different.

3.4 Measuring MYPT1, CPI-17, and LC20 phosphorylation by isPLA in response to 
cholinergic stimulation

To assess the ability of isPLA to detect protein phosphorylation in smooth muscles, we 

examined the phosphorylation of the Ca2+ sensitization proteins CPI-17 and MYPT1, and 

LC20 phosphorylation, in response to bath applied CCh, or EFS of cholinergic motor 

neurons. Primary antibodies from different species were utilized to detect the target protein 

and the phosphorylated Ser or Thr amino acid residue. Stimulating fundus muscles with 

1μM CCh for 1 min increased MYPT1 T853 phosphorylation 1.8 ± 0.1-fold, as indicated by 

the increased number of MYPT1/pT853 PLA spots (Fig. 4A, 4B). In contrast, EFS of 

cholinergic motor neurons for 5 sec did not significantly increase MYPT1 T853 

phosphorylation (Fig. 4A, 4B). Figure 4C, and 4D shows that neither CCh or EFS increased 

MYPT1 T696 phosphorylation, consistent with our previous findings [15]. CPI-17 T38 

phosphorylation was increased 1.6 ± 0.09-fold and 1.3 ± 0.05-fold in response to CCh or 

EFS stimulation, respectively (Fig. 4E, 4F). LC20 S19 phosphorylation was increased 1.8 

± 0.15-fold by CCh treatment, but was unchanged by EFS of cholinergic motor neurons 

(Fig. 4G, 4H). Basal levels of MYPT1, CPI-17, and LC20 phosphorylation were detected by 

isPLA (Control), and the changes in MYPT1, CPI-17, and LC20 phosphorylation are 

consistent with our previous western blot data [15].

3.5 Effects of cholinergic stimulation and the FAK inhibitor PF-431396 on β1integrin/FAK 
association.

We previously found that FAK is phosphorylated at the activation Y397, in response to EFS-

evoked cholinergic contractions of murine gastric fundus muscles [21]. Since FAK Y397 

phosphorylation is associated with the recruitment of FAK to integrins within focal 

adhesions [54], we used isPLA to examine the localization of FAK and β1integrin in 

response to EFS-evoked cholinergic contractions. As shown in Figure 5A and 5B there is a 

basal FAK/β1integrin interaction in resting muscles, which is significantly increased 3.1 

± 0.15-fold by 10Hz, 5sec EFS. In addition, PF-431396 blocked the EFS-evoked increase in 

FAK/β1integrin interaction (Fig. 5C, 5D). Along with the increase in the FAK/β1integrin 
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interaction, the amount of Y397 phosphorylated FAK associated with β1integrin increased 

by approximately 3-fold in response to EFS-evoked cholinergic contractions (Fig. 5C, 5D). 

No detectable FAK-pY397/β1integrin PLA signal was found in EFS stimulated smooth 

muscle pretreated with 0.3 μM PF-431396 (Fig 5C, 5D).

3.6 Effects of cholinergic stimulation and PF-431396 on β1integrin association with PKC 
and CPI-17.

We previously found that PF-431396 inhibits the increase in CPI-17 T38 phosphorylation 

during EFS-evoked cholinergic contractions [21]. Because FAK is recruited to β1integrin in 

focal adhesions, we examined whether CPI-17 is also recruited and phosphorylated at focal 

adhesions. As shown in Figure 6A and 6B, there is a basal CPI-17/β1integrin interaction in 

resting muscles, which is increased 2.4 ± 0.08-fold by 10Hz, 5sec EFS. In addition, 

PF-431396 blocked the EFS-evoked increase in FAK/β1integrin interaction (Fig. 6A, 6B). 

Along with the increase in the FAK/β1integrin interaction, the amount of T38 

phosphorylated CPI-17 associated with β1integrin increased by 3.1 ± 0.04-fold in response 

to EFS-evoked cholinergic contractions (Fig. 5C, 5D). PF-431396 blocked the EFS-evoked 

increases in the CPI-17/β1integrin interaction (Fig. 5A, 5B), and the T38 phosphorylated 

CPI-17 associated with β1integrin (Fig. 5C, 5D). CPI-17 is phosphorylated by PKC 

activation in response to cholinergic stimulation in smooth muscle tissue [55–58]. Active 

PKC has been reported to accumulate near β1integrin in smooth muscle [59–61]. Since 

CPI-17 is phosphorylated by PKC, we examined whether PKC interacts with β1integrin in 

murine gastric fundus smooth muscles, using a pan-PKC antibody. Figure 6E and 6F show 

that there is a basal PKC/β1integrin interaction in resting muscles, that is increased 2.3 

± 0.3-fold by 10Hz, 5 sec EFS. In addition, PF-431396 blocked the EFS-evoked increase in 

the PKC/β1integrin interaction (Fig. 6E, 6F).

3.7 Effects of cholinergic stimulation and PF-431396 on the association of RhoA, ROCK2, 
MYPT1 with β1integrin.

The findings in Figure 4 showing that EFS does not increase MYPT1 T853 phosphorylation 

are consistent with our previous findings by western blot analyses [26]. However, previous 

reports show that ROCK2, RhoA, and MYPT1 are distributed between the cytosol and the 

membrane fractions of smooth muscles [62–64]. Thus, we examined the effects of EFS-

evoked cholinergic motor neuron activation on the interactions between β1integrin and 

RhoA, ROCK2, and MYPT1. As shown in Figure 7A and 7B, there is a substantial basal 

level of RhoA/β1integrin interactions in resting muscles, which is increased 2.1 ± 0.3-fold 

by 10Hz, 5sec EFS. The EFS-evoked increase in RhoA/β1integrin interactions was 

prevented by PF-431396 (Fig. 7A, 7B). ROCK2/β1integrin interactions are low in resting 

muscles, but are increased 3.6 ± 0.15-fold by 10Hz, 5sec EFS (Fig. 7C, 7D). The EFS-

evoked increase in ROCK2/β1integrin interactions was also prevented by PF-431396. In 

contrast, there are very few MYPT1/β1integrin and pT853/β1integrin interactions in resting 

muscles, and 10Hz 5 sec EFS either in the absence or presence of PF-431396 had no effect 

on these interactions (Fig. 7E, 7F).
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3.8 Effects of cholinergic stimulation on the association of MYPT1 and phosphorylated 
MYPT1 with LC20.

The findings in Figures 4 and 7 showing that 10Hz 5sec EFS has no effect on MYPT1 T853 

phosphorylation and the association of MYPT1 with β1integrin led us to examine the effects 

of cholinergic stimulation on the association of MYPT1 with LC20. As shown in Figure 8, 

there is a constitutive level of MYPT1 associated with LC20 in resting muscles, that was not 

affected by 10Hz 5sec EFS. In contrast, 1μM CCh stimulation reduced the association of 

MYPT1 with LC20 slightly over 2-fold.

3.9 Effects of cholinergic stimulation and PF-431396 on β1integrin association with LC20 
and γ-actin.

The findings in Figure 4 showing that 10Hz 5sec EFS increased LC20 S19 phosphorylation 

are different from our previous findings by western blot analyses showing that EFS of 

gastric fundus smooth muscle strips does not increase S19 phosphorylation [26]. Thus, we 

examined whether LC20 is selectively phosphorylated in a distinct subcellular compartment 

of gastric fundus muscles, by examining the effects of EFS-evoked cholinergic motor neuron 

activation on the interactions between β1integrin, LC20, S19 phosphorylated LC20, and γ-

actin. Figure 9A and 9B shows that there is a low basal level of LC20/β1integrin interactions 

in resting muscles, that is unaffected by 10Hz 5sec EFS in the absence or presence of 

PF-431396. In contrast, there is a lower level of S19 phosphorylated LC20 associated with 

β1integrin in resting muscles that is increased 2.4 ± 0.4-fold by 10Hz, 5 sec EFS. The EFS-

evoked increase in S19 phosphorylated LC20 associated with β1integrin was prevented by 

PF-431396 (Fig. 9C, 9D). Consistent with the attachment of actin filaments to β1integrin at 

focal adhesions, the level of γ-actin/β1integrin interactions is high in gastric fundus smooth 

muscles (Fig. 9E, 9F). Interestingly, 10Hz 5 sec EFS decreased the γ-actin/β1integrin 

interactions by about 3-fold, while PF-431396 partially blocked the decrease in the γ-actin/

β1integrin interactions by 10Hz 5sec EFS (Fig. 9E, 9F).

4. Discussion

In this study, we optimized the use of in situ PLA in smooth muscle tissue sections in order 

to quantitatively compare protein phosphorylation data from resting muscles and 

isometrically contracted smooth muscles. We assessed LC20/LC20 single protein PLA and 

cellular cross-sectional areas as internal controls to quantify changes in PLA signals relative 

to either internal standard. We validated a set of positive and negative controls for direct 

protein-protein interactions, co-complex interactions, and PLA technical controls. We 

demonstrated the analysis steps to quantify PLA signal counts and eliminate noise. As 

required for the antibody-based PLA approach, we performed validation 

immunofluorescence immunohistochemistry to show that the primary antibodies each 

individually detect their intended target antigens. To validate smooth muscle tissue isPLA, 

we performed the following controls: γ-actin/LC20, γ-actin/talin, RhoA/MYPT1 and 

talin/Akt PLA for positive and negative biological controls, respectively. Positive and 

negative controls can be identified from published biochemical data and the IntAct protein-

protein interaction database [44]. In smooth muscles, γ-actin and LC20 are in close 

proximity due to the binding of the myosin globular head to actin filaments, talin links actin 
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myofilaments to integrins, and RhoA is present in a multiprotein complex with MYPT1 [65]. 

Proteins that are located in different subcellular compartments or organelles are good 

negative controls. Akt translocates to the plasma membrane, by the binding of its PH 

domains to PIP3, and is not in close proximity to talin which is located at focal adhesions 

[66]. In order to generate quantifiable PLA data, saturation of the PLA signal should be 

avoided by using the proper primary antibody concentrations [4]. We carried out primary 

antibody titrations to adjust the PLA spot size and density. We used the MaxEntropy 

algorithm to adjust the thresholding parameters between 0.5μm and 3μm size to filter out 

outliers/artifacts and to make sure the PLA spot size distribution is close to a normal 

distribution [43] (Fig. 3). Finally, we used PLA spot quantitation with Fiji (Fig. 2E, 2F) to 

remove PLA noise and avoid the time consuming and prone-to-bias quantitation process by 

manual and/or ordinal scoring quantitation [67, 68].

In addition, similar to the notion of using a “housekeeping” protein as the internal control 

for traditional western blot quantitation, we developed internal controls for isPLA spot 

quantitation. Typically, PLA signals are quantified relative to the number of cell nuclei, or 

the total PLA signal intensity [35]. However, quantifying PLA signals relative to the number 

of nuclei is not possible in a tissue section because the slice may not bisect every nucleus of 

every cell in the section. We considered quantifying PLA signals relative to the cell number, 

but in situ PLA of muscle tissue sections posed an additional variable to consider when 

analyzing changes in the amounts of phosphorylated proteins or protein-protein interactions 

by spot counts, where each spot represents a discrete phospo-protein or a protein-protein 

interaction; namely, the apparent changes in spot abundance due to the movement of spots 

into, or out of a given area of the tissue section due to prior changes in the length and width 

of the muscle tissue as it shortens and contracts. In an isometric contraction, the muscle 

contracts and generates force, but does not shorten and change its length [69, 70]. Measuring 

the force generated by muscle strips stimulated to undergo isometric contractions avoids 

morphological changes to the smooth muscle cells. Thus, the lengths and cross-sectional 

diameters, of individual smooth muscle cells should not significantly change, nor should the 

positions of intracellular proteins change, unless protein translocation mechanisms are 

activated in response to the contractile stimulus. In order to quantitate PLA spots relative to 

the cell cross-sectional area, we used immunofluorescence staining of β1integrin to label 

cell membranes, and measured the diameters, and numbers of the smooth muscle cells in in 

cross sections of tissue slices. Using the cell diameters, we used ImageJ to calculate the 

cross-sectional areas of smooth muscle cells from unstimulated muscles, and from muscles 

isometrically contracted by EFS of cholinergic motor neurons, or by CCh treatment. The 

results in Figure 3 indicate that the morphology and density of the smooth muscle cells in 

uncontracted and isometrically contracted fundus smooth muscles are similar. These 

findings suggested that the density of LC20 should be similar, and that LC20 single protein 

PLA would generate similar numbers of spots from uncontracted, and isometrically 

contracted smooth muscles that could be used as an additional internal standard for 

measuring changes in protein phosphorylation or protein-protein interactions. Similar to the 

cross-sectional areas, we found that the numbers of LC20 single protein PLA spots were 

also similar from uncontracted and isometrically contracted fundus smooth muscles. 

Together, these findings indicate that the cross-sectional areas of the smooth muscle cells or 
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LC20/LC20 PLA spot counts can be used as internal standards for comparing different 

experimental groups, when the muscles are set up for isometric contractions in response to 

contractile agonists. This approach may not be applicable to smooth muscles undergoing 

isotonic contractions, in which the muscle length does change. As smooth muscles shorten 

during isotonic contractions, an dynamic process called length adaptation occurs, which 

involves structural rearrangements of the cytoskeleton and contractile myofilaments to 

maximize overlap between the thick and thin myosin and actin filaments [22, 71, 72]. The 

interconversion of myosin between monomeric, oligomeric and filamentous myosin occurs 

during length adaptation, allowing smooth muscles to function and generate force over a 

much broader length range than striated muscle [71]. In addition, the cross sectional areas of 

the smooth muscle cells increase and their packing density decreases [73]. The cross 

sectional areas increase in proportion to the decrease in length, suggesting that the ends of 

the muscle cells are pulled in towards the middle portions of the cells, as each muscle cell 

shortens [73]. These changes in cell morphology and in the numbers and distribution of 

contractile myofilaments make it difficult to use this is PLA approach to compare relative 

and absolute changes in protein-protein interactions and protein phosphorylation between 

relaxed and isotonically contracted smooth muscles.

Using isometrically contracted smooth muscle strips, we found increased MYPT1, CPI-17, 

and LC20 phosphorylation in response to CCh treatment of gastric fundus smooth muscles 

by pT853/MYPT1, pT38/CPI-17 PLA, and pS19/LC20 PLA. In addition, we found that EFS 

did not significantly increase the pT853/MYPT1 PLA spot count. These findings agree with 

the data from our previous studies obtained by SDS-PAGE and western blotting analyses 

[15]. We initially utilized the PLA approach because of the observed lack of increased 

MYPT1 T853 phosphorylation, as measured by SDS-PAGE and western blotting analysis, in 

response to cholinergic motor neuron stimulation [15]. We thought that SDS-PAGE and 

western blot analysis of whole muscle tissue homogenates might not be sensitive enough to 

detect an increase in MYPT1 phosphorylation occurring preferentially in a subcellular 

compartment. Due to the preservation of cellular and subcellular structures, in situ PLA of 

muscle tissue sections provides spatial information regarding MYPT1 phosphorylation, and 

could possibly detect changes in compartmentalized MYPT1 phosphorylation. However, the 

isPLA analyses showed that CCh treatment, but not EFS, significantly increased the pT853/

MYPT1 PLA spot count. These findings are consistent with other studies showing that 

MYPT1 phosphorylation is increased by pharmacological stimulation via exogenously 

added cholinergic agonists, but not by physiological stimulation of cholinergic 

neurotransmission [74, 75].

We used in situ PLA to further analyze our previous findings showing that FAK activation 

plays an important role in the contractile response of gastric fundus muscles to cholinergic 

stimulation [21]. We measured the increase in Y397 phosphorylation by Wes analysis as an 

indicator of FAK activation evoked by CCh or by EFS-evoked cholinergic motor neuron 

stimulation. However, since the effector functions of FAK require its association with 

integrins, we used in situ PLA to extend these findings to demonstrate that upon activation 

by Y397 phosphorylation, FAK also associates with β1integrin. As shown in Figure 5, EFS 

of gastric fundus muscles increased the association of FAK, and Y397 phosphorylated FAK, 

with β1integrin, and this interaction is sensitive to the FAK inhibitor PF431396. These 
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findings are consistent with previous findings that the increase in FAK association with β1 

integrin is due to increased association of Y397 phosphorylated FAK with β1integrin [16, 

76–79].

We also previously found that the EFS-evoked CPI-17 T38 phosphorylation by PKC is 

inhibited by FAK inhibition [21]. These findings suggested that FAK is an upstream 

regulator of PKC activation by cholinergic motor neuron stimulation. Using an antibody 

specific for PKC α, and β, Figure 6 shows that EFS of gastric fundus muscles increased the 

association of α/βPKC with β1integrin. Since the activation of α/βPKC involves 

translocation to the plasma membrane [80], these findings suggest that FAK regulation of α/

βPKC activity may occur at β1integrins. The association of CPI-17 and T38 phosphorylated 

CPI-17 with β1integrin was also increased by EFS of gastric fundus muscles, and these 

interactions are sensitive to the FAK inhibitor PF431396. These findings are consistent with 

the inhibition of EFS-evoked CPI-17 T38 phosphorylation by PKC by FAK inhibition.

We found significant increases in the association of RhoA and ROCK2 with β1integrin in 

response to EFS, and these EFS-evoked increases in RhoA and ROCK2/β1integrin 

interactions were prevented by PF-431396 (Fig. 7A, 7B), suggesting that FAK activation is 

involved in the EVS-evoked increase in the association of RhoA and ROCK2 with 

β1integrin. It is known that activation and translocation of the RhoA GEF Rgnef to focal 

adhesions is dependent upon FAK activation [81]. Thus, FAK inhibition in gastric antrum 

smooth muscles with PF-431396 may disrupt RhoA activation by interfering with RhoA 

GEF activation, and subsequently reduce the binding of GTP-RhoA to ROCK2. The isPLA 

results show very few MYPT1/β1integrin and pT853/β1integrin interactions in resting 

muscles, and 10Hz 5sec EFS either in the absence or presence of PF-431396 had no effect 

on these interactions. These findings suggest that association with focal adhesions is not 

important for the regulation of MLCP activity by MYPT1 T853 phosphorylation, and that 

the EFS-evoked increased association of RhoA and ROCK2 with β1integrin may be 

involved in other effector functions of RhoA and ROCK2 that are important for the 

cytoskeletal remodeling at focal adhesion-actin filament attachments that occurs during 

contractile responses [82–84]. The role of MYPT1 T853 phosphorylation in regulating 

MLCP activity and LC20 S19 phosphorylation is still unresolved. In contrast, it is known 

that the phosphorylated T696 residue directly docks at the active site of PP1, causing 

autoinhibition and decreased MLCP activity towards the phosphorylated S19 of LC20 [85, 

86]. The level of constitutively phosphorylated T696 is high in resting smooth muscle tissues 

and is thought to confer constitutive inhibition of MLCP [75, 85]. However, most reports 

show that MYPT1 T696 phosphorylation is unchanged in response to ROCK2 activation by 

contractile stimuli [9, 15, 56]. Previous studies showed that T853 phosphorylation induces 

the dissociation of MLCP from myosin, supporting ROCK2-MYPT1-mediated MLCP 

inhibition leading to increased LC20 S19 phosphorylation [85, 87]. Our finding in Figure 4 

showing that CCh stimulation, but not EFS, increased MYPT1 T853 phosphorylation, and 

our finding in Figure 8 showing that CCh stimulation, but not EFS, decreased the association 

of MYPT1 with LC20 are consistent with T853 phosphorylation inducing the dissociation of 

MLCP from myosin. More recent studies show that although MYPT1 T853 phosphorylation 

is elevated in response to ROCK activation, it has little to no effect on MLCP activity [74, 

75]. However, ROCK2 inhibition blocks the agonist-induced Ca2+ sensitization of smooth 
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muscle, suggesting that ROCK2 activity is necessary for smooth muscle Ca2+ sensitization 

[15, 74].

The findings in Figure 4 showing that 10Hz 5sec EFS increased LC20 S19 phosphorylation 

are different from our previous findings by western blot analyses showing that EFS of 

gastric fundus smooth muscle strips does not increase S19 phosphorylation [15]. The tension 

generated by actin-myosin cross-bridge formation is transmitted to the ECM at focal 

adhesions (23). Since spatial information is provided by isPLA, we examined whether LC20 

is selectively phosphorylated in a distinct subcellular compartment of gastric fundus 

muscles. Figures 9A and 9B show that there is a basal level of LC20/ β1integrin interactions 

in resting muscles, that is unaffected by 10Hz 5sec EFS in the absence or presence of 

PF-431396. In contrast, there is a lower level of S19 phosphorylated LC20 associated with 

β1integrin in resting muscles that is increased about 2–3-fold by 10Hz, 5sec EFS, suggesting 

that the EFS-evoked contraction increases the phosphorylation of existing LC20 at focal 

adhesions. These results are consistent with the function of myofilaments to transmit force 

through focal adhesions to the extracellular matrix. The EFS-evoked increase in S19 

phosphorylated LC20 associated with β1integrin was prevented by PF-431396 (Fig. 9C, 

9D), suggesting that the interaction of FAK with β1integrin is required. It is increasingly 

evident that in order to transmit force, the sliding actomyosin filaments must be anchored to 

the opposing sides of a smooth muscle cell, as well as to other smooth muscle cells via the 

extra cellular matrix (ECM). This anchoring process occurs as part of a dynamic, stimulus-

driven cortical cytoskeletal reorganization and actin polymerization at membrane focal 

adhesions [23]. The use of isPLA to examine the cytoskeletal reorganization occurring at 

focal adhesions during contractile responses may lead to a better understanding of the 

spatiotemporal aspects of the process of myofilament linkage and attachment to focal 

adhesion complexes. For example, consistent with the attachment of actin filaments to 

β1integrin at focal adhesions for force transmission to the extracellular matrix, we found that 

the level of γ-actin/β1integrin interactions is high in gastric fundus smooth muscles (Fig. 

8E, 8F). Interestingly, 10Hz 5sec EFS decreased the γ-actin/β1integrin interactions by about 

4-fold, while PF-431396 partially blocked the decrease in the γ-actin/β1integrin interactions 

by 10Hz 5sec EFS (Fig. 8E, 8F). The attachment of actin myofilaments to β1integrin is 

mediated by talin [88–90]. Talin interacts directly with the cytoplasmic domain of β1integrin 

and actin filaments [91, 92]. The connection between β1integrins and myofilaments is 

further strengthened by vinculin binding to talin [76]. The length of the talin protein 

increases from less than 50 nm to as much as 350–400 nm as it is activated by binding to 

β1integrin [93]. Since proteins that are greater than 40 nm from each other are not detected 

by PLA, the decrease in actin/ β1integrin interactions we observed with the EFS-evoked 

contraction may be due to increased talin activation. Further studies are necessary to further 

investigate the mechanisms by which actin myofilaments attach to β1integrins and their role 

in force transmission.

In summary, we addressed several technical challenges associated with the analysis of 

smooth muscle tissue contractile responses by isPLA, and validated the isPLA approach for 

the analysis of protein phosphorylation and protein-protein interactions in contracting 

smooth muscles. With quantifiable isPLA data based on the cellular cross-sectional area or 

the LC20/LC20 PLA internal controls, noise filtering, and Fiji software spot quantitation, we 
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are able to use isPLA to detect changes in protein phosphorylation, protein-protein 

interactions, and protein complex composition during smooth muscle contractile responses. 

These smooth muscle tissue isPLA internal control and quantitation procedures are suitable 

not only for use in smooth muscles, but could also be applied to other tissue types 

characterized by dynamic functional responses. We anticipate that smooth muscle tissue 

isPLA will complement current experimental and computational approaches to enable 

quantifiable and in-depth smooth muscle tissue-level signaling studies.
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CCh carbachol

Co-IP co-immunoprecipitation

CPI-17 protein kinase C-potentiated inhibitor protein of 17 kDa (protein 

phosphatase 1 regulatory subunit 14A)

pT38 phosphorylated Thr38 of CPI-17

EFS electrical field stimulation

FAK focal adhesion kinase

isPLA in situ proximity ligation assay

LC20 20 kDa myosin light chain (myosin regulatory light polypeptide 9)

pS19 phosphorylated Ser19 of LC20

MYLK myosin light chain kinase, smooth muscle

MLCP myosin light chain phosphatase

MYPT1 myosin phosphatase-targeting subunit 1, (protein phosphatase 1 

regulatory subunit 12A)

pT853 phosphorylated Thr853 of MYPT1

pT696 phosphorylated Thr696 of MYPT1

PFA paraformaldehyde

PKC protein kinase C

Pyk2 protein tyrosine kinase 2β

ROCK2 Rho-associated protein kinase 2
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Highlights

• in situ PLA quantitatively measured protein phosphorylation in small tissues.

• in situ PLA detected differences in smooth muscle protein phosphorylation 

responses.

• Myofilament calcium sensitization proteins relocate to β1integrin during 

contraction.

• FAK inhibition blocked contractile protein relocation to β1integrin.

• in situ PLA revealed myofilament reorganization at β1integrins.
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Figure 1. Positive and negative biological controls for PLA of smooth muscle tissue sections.
Representative images validating the anti-γ-actin, anti-LC20 (A), anti-talin (B), anti RhoA, 

anti-MYPT1 (C), and anti-Akt antibodies (D) by immunofluorescence. Image overlays of 

anti-γ-actin and anti-LC20 (A), anti-talin and anti-γ-actin (B), anti-RhoA and anti-MYPT1 

(C), and anti-talin and anti-Akt (D). Representative PLA images of γ-actin/LC20 (A), γ-

actin/talin (B), RhoA/MYPT1 (C), and talin/Akt (D). Schematic illustration of PLA positive 

(A,B,C) and negative (D) biological controls. Representative images of negative technical 

controls with its corresponding schematic illustration; (E) non-immune IgG paired with 
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single primary antibody (IgG/Akt PLA), (F) single primary antibody (blank/Akt PLA), and 

(G) only secondary PLA probes (no primary Abs PLA). Cell nuclei are labeled with DAPI 

(4’,6-diamidino-2-phenylidole) (blue).
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Figure 2. Thresholding and particle analysis of PLA spots from gastric fundus smooth muscle 
sections.
(A) Representative image of α8integrin/β1integrin PLA (red), and DAPI stained nuclei 

(blue). (B) The α8integrin/β1integrin PLA image with the red channel isolated and 

converted by Fiji. (C) Inverse of the image in B. (D) The image in C, processed for 

thresholding using Fiji default parameters. Real PLA spots are distinguished from the noise 

and circled with light blue. The PLA spot size distribution before filtering (E) and after 

filtering (F) by particle analysis. 228 and 162 spots were counted before and after filtering.
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Figure 3. Internal standards for quantitation of PLA spots relative to cell density or LC20/LC20 
isPLA.
Representative traces of the force generated by isometric contraction of murine gastric 

fundus smooth muscle strips in response to 1μM CCh (A), or 10Hz EFS (B). Arrowheads 

indicate the time point at which the strips were submerged into room temperature 4% (w/v) 

PFA. Representative images of β1integrin immunofluorescence from gastric fundus smooth 

muscles that were unstimulated (Control, n=3) (C), contracted by 1μM CCh, n=3 (D), or 

10Hz EFS, n=3 (E). Representative images of LC20/LC20 PLA from unstimulated gastric 

fundus smooth muscles (Control, n=3) (F), contracted by 1μM CCh, n=3 (G), or 10Hz EFS, 
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n=3 (H). (I) Average ± SD of the cellular cross-sectional areas. (J) Average ± SD of the 

number of PLA spots per total image area. Cell nuclei were labeled with DAPI (blue).
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Figure 4. MYPT1, CPI-17, and LC20 phosphorylation in response to cholinergic stimulation of 
gastric fundus muscle strips.
Representative isPLA images and average ratios ± SD of MYPT1/pT853 (A, B), MYPT1/

pT696 (C, D), CPI-17/pT38 (E, F), and LC20/pS19 (G, H) from muscles with no treatment 

(Control), 1μM CCh, 1min, in the presence of 0.3μM tetrodotoxin, and 10Hz, 5sec EFS in 

the presence of 100μM L-NNA and 1μM MRS2500. ***P<0.001, ****P<0.0001, ns 

P>0.05, n=3 for each treatment.
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Figure 5. PF-431396 inhibits β1integrin and FAK association in response to EFS-evoked 
cholinergic neurotransmisssion of gastric fundus muscle strips.
Representative isPLA images and average ratios ± SD of β1integrin/FAK (A, B), and 

β1integrin/pY397 (C, D) from muscles with no treatment (Control), and (EFS) (10Hz, 5sec) 

in the presence of 100μM L-NNA and 1μM MRS2500, without, or with 1μM PF-431396. 

**P<0.01, ***P<0.001, ****P<0.0001, ns P>0.05, n=3 for each treatment.
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Figure 6. PF-431396 inhibits the association of CPI-17, phosphorylated CPI-17, and PKC with 
β1integrin in response to EFS-evoked cholinergic neurotransmisssion of gastric fundus muscle 
strips.
Representative isPLA images and average ratios ± SD of β1integrin/CPI-17 (A, B), 

β1integrin/pT38 (C, D), and β1integrin/PKC (E, F) from muscles with no treatment 

(Control), and (EFS) (10Hz, 5sec) in the presence of 100μM L-NNA and 1μM MRS2500, 

without, or with 1μM PF-431396. **P<0.01, ***P<0.001, ****P<0.0001, ns P>0.05, n=3 

for each treatment.

Xie and Perrino Page 30

Anal Biochem. Author manuscript; available in PMC 2020 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Effects of EFS-evoked cholinergic neurotransmisssion and PF-431396 on the 
association of RhoA, ROCK2, and MYPT1 with β1integrin.
Representative isPLA images and average ratios ± SD of β1integrin/RhoA (A, B), 

β1integrin/ROCK2 (C, D), and β1integrin/MYPT1 (E, F) and β1integrin/pT853 (G, H) from 

muscles with no treatment (Control), and (EFS) (10Hz, 5sec) in the presence of 100μM L-

NNA and 1μM MRS2500, without, or with 1μM PF-431396. *P<0.05, ****P<0.0001, ns 

P>0.05, n=3 for each treatment.
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Figure 8. Effects of cholinergic stimulation on the association of MYPT1 with LC20.
Representative isPLA images and average ratios ± SD of MYPT1/LC20 (A, B) from 

muscles with no treatment (Control), 1μM CCh, 1min, in the presence of 0.3μM 

tetrodotoxin, and 10Hz, 5sec EFS in the presence of 100μM L-NNA and 1μM MRS2500. 

*P<0.05, ns P>0.05, n=3 for each treatment.
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Figure 9. Effects of EFS-evoked cholinergic neurotransmisssion and PF-431396 on the 
association of LC20 and γ-actin with β1integrin.
Representative isPLA images and average ratios ± SD of β1integrin/LC20 (A, B), 

β1integrin/pS19 (C, D), and β1integrin/γ-actin (E, F) from muscles with no treatment 

(Control), and 10Hz, 5sec EFS in the presence of 100μM L-NNA and 1μM MRS2500, 

without, or with 1μM PF-431396. *P<0.05, **P<0.01, ****P<0.0001, ns P>0.05. n=3 for 

each treatment.
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