
ISCHEMIA-INDUCED CHANGES IN
CONNEXIN 43 PHOSPHORYLATION STATE

Item Type text; Electronic Thesis

Authors Silva-Mendoza, Diego

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:57:27

Item License http://rightsstatements.org/vocab/InC/1.0/

Link to Item http://hdl.handle.net/10150/665423

http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/665423


ISCHEMIA-INDUCED CHANGES IN CONNEXIN 43 PHOSPHORYLATION STATE 

By 

Diego Silva-Mendoza 

 

____________________ 

 

A Thesis Submitted to The Honors College 

In Partial Fulfillment of the Bachelor’s Degree 
With Honors in 

Physiology 

THE UNIVERSITY OF ARIZONA 

M A Y  2 0 2 1 

 

 

 

 
 

Approved by:  

________________________ 

Dr. Janis M. Burt 
Department of Physiology



Ischemia-induced changes in connexin 43 phosphorylation state  

Diego Silva-Mendoza, José F. Ek-Vitorín, Tasha K. Pontifex, John D. Kanady, and Janis M. Burt 

Abstract 

Heart tissue beats synchronously due to the electrical coupling provided by intercellular channels 
termed gap junction channels. In the ventricles of the heart, these channels are composed of 
connexin 43 (Cx43); large numbers of these channels localize at the intercalated discs, the site of 
mechanical as well as electrical coupling in the heart. The colligative properties of these channels 
support passage of electrical signals from cell to cell, signals that lead all cells of the ventricles 
(myocytes) to contribute simultaneously to each contraction. Heart attacks, blood clots, or other 
events that restrict blood flow to (and diffusion of oxygen into) the myocytes for 30 minutes or 
more, disrupt electrical coupling in the affected (ischemic) region and negatively impact 
coordinated contraction in the heart, often with deadly effect. Interestingly, loss of blood flow for 
a brief period of time can protect the heart and electrical coupling from subsequent longer periods 
of lost blood flow. This protection may, at least in part, reflect phosphorylation, the addition of a 
phosphate group, to a specific amino acid residue, serine 368 (S368) in the Cx43 protein. 
Phosphorylation at this residue changes the function of Cx43 channels in a manner that minimizes 
ischemia-induced damage. In the current project we aim to delineate an accurate time course for 
phosphorylation of S368, and dephosphorylation of CK1 sites (S325, S328, S330). 
Dephosphorylation of CK1 sites is associated with ischemic damage. To do so, we are using 
separate antibodies that specifically detect only the phosphorylated S368 (pS368), and only the 
phosphorylated CK1 sites (pCK1) in hearts ischemic for 0, 5, 10, 20, and 30’. Results are compared 
to total Cx43 in the same hearts. Our data suggest that pS368 appears in the first 5-10’ of ischemic 
time, and that pCK1 levels are reduced simultaneously. Further research into the localization of 
pS368 and pCK1 Cx43 is necessary to assess the movement of total Cx43 or mechanism of 
reduction of CK1 Cx43.    

Introduction 

Connexin (Cxs) are a class of channel forming proteins named for their ability to “connect” cells 
together via pore-like channels (Unwin and Zampighi, 1980). Isoforms of Cx proteins are 
distinguished by their predicted mass in kilodaltons (kDa), i.e., Cx43 has a mass of 43.0 kDa 
whereas Cx37 has a mass of 37.0 kDa. The distinction is necessary as each isotype is attuned to 
specific functions. Cx43 is critical for coordinated contraction of the heart (Weidmann, 1952) and 
Cx37 critical to vascular development and tissue response to injury (Fang et al., 2011).  

Structurally, connexins are embedded within cell membranes – six connexins oligomerize into a 
hexameric ring, forming a connexon, which, if functional and mediating transmembrane signaling, 
is referred to as a hemichannel (HCh) (Morley et al., 2007). When a connexon in one cell docks 
with a connexon from a neighboring cell, a complete gap junction channel (GJCh) is assembled. 



The pore of the GJCh connects the interiors of these neighboring cells, allowing diffusion of 
permeants between them (Laird, 2006).  

Functionally, intercellular communication by way of GJChs allows for the passage and exchange 
of biological material, e.g., ions, amino acids, small metabolites, and signaling molecules such as 
calcium, glucose, cAMP, cGMP (Kanno and Loewenstein, 1964). In the heart, Cx43 electrically 
couples ventricular cells, and the passage of ions triggers near simultaneous action potentials, 
causing myocytes to contract synchronously and serve the overall function of pumping blood at a 
steady rhythm. Removal of, or damage to, the connexins, hinders communication, leading to 
dysrhythmias (Xue et al., 2019).  

In a functioning Cx43-comprised-GJCh, Cx43 is phosphorylated at specific amino acids in its 
carboxyl terminus (CT). Under control conditions in the heart, phosphate groups are typically 
found on serines 325, 328, and 330 for Cx43 at the intercalated disc (Lampe et al., 2006). The 
kinase responsible for the phosphorylation of Cx43 at these sites is casein kinase 1 (CK1), which 
is important for normal function; mice with S325/328/330 mutated to alanine have an increased 
risk of arrhythmias due to disturbed gap junction formation (Remo et al., 2011). In heart tissue 
damaged by inadequate blood flow (ischemia), Cx43 is dephosphorylated at these sites. The impact 
of this dephosphorylation is a loss of functional GJChs (Lampe et al., 2006). Functionality is 
impaired due to altered coupling at the intercalated disc between cardiomyocytes, in part due to 
increased levels of intracellular Ca2+ and H+, but also by accumulation of dephosphorylated Cx43 
within GJChs, and by translocation of Cx43 away from the intercalated disc and into the cell 
(Beardslee et al., 2000). Beardsley et al. were able to show that the time course of 
dephosphorylation of Cx43 during ischemic preconditioning was in line with the time course of 
electrical uncoupling, measured by whole-tissue resistance. The time course for this study was 0-
40 minutes of cessation of perfusion in rat hearts, and in some cases 20 minutes of global ischemia 
prior to reperfusion. This, along with other studies, reveals that ischemia-induced 
dephosphorylation of Cx43 at CK1 sites occurs within 30 minutes of ischemia onset.    

Non-functioning Cx43 GJChs are localized to the lateral borders of the myocytes as unpaired 
hemichannels, or half-channels, which can no longer facilitate cell-to-cell exchange of metabolites 
(Lampe et al., 2006). Connexins located on the lateral borders have altered phosphorylation states, 
which reduces the permselectivity of the channel (Ek-Vitorín et al., 2006). In this setting, 
connexons may leak metabolites from the cell, directly causing cell death and dysrhythmias, since 
blocked electrical communication leads to errant electrical conduction via reentry of the action 
potential (Peters et al., 1997). One of the main kinases responsible for mediating phosphorylation 
change in ischemic preconditioning is protein kinase C (PKC), which directly phosphorylates 
Cx43 at S368 (Lampe et al., 2000). Ischemic preconditioning is a cardioprotective event where 
transient, non-lethal bouts of ischemia and reperfusion prior to a longer ischemic exposure reduce 
myocardial infarct size when compared to acute myocardial ischemia/reperfusion (I/R) injury 
(Hirschhäuser, 2021). These short-lived ischemic conditions prompt phosphorylation of Cx43 at 
S368 by PKC, and pS368 remains phosphorylated during the time course, despite the 



dephosphorylation of CK1 sites. Preserved Cx43 phosphorylation after I/R has been linked to 
attenuation of damage from myocardial infarction, thus conferring cardioprotection (Shulz et al., 
2015).  

The goals of this study are to discover the time course of this change in Cx43 phosphorylation in 
response to ischemia of the whole heart. This will allow us to track the movement and expression 
of Cx43 as injury progresses and assess the effect of ischemic preconditioning at the 5, 10, 15, and 
30-minute time points. In order to do this, we isolated hearts from male and female animals of 
three genotypes: Wild type (WT), Connexin 37 knockout (Cx37 KO) and Cx37-deficient 
heterozygous (Het) mice. We subjected each heart to either 5, 10, 15, or 30 minutes of global 
ischemia by submerging them in Krebs-Henseleit solution for the allotted time points. We 
processed these hearts onto slides as thin tissue sections and stained them with antibodies specific 
to pCK1 serine residues, pS368 residues, and total Cx43. We then analyzed the punctate staining 
of Cx43 for hearts at each time point to determine the signal intensity change over 30 minutes for 
all antibodies, and the change in physical location of Cx43 for the total Cx43 antibody group.  

The applications of this research include gaining knowledge about the time course of ischemic 
damage at the level of connexins within the intercalated discs of ventricular myocytes. Narrowing 
this time course provides insight into the physiological changes of the gap-junction-forming 
protein that may one day allow for targeted therapies against ischemic damage. Preconditioning as 
a phenomenon that confers cardioprotection to the myocytes may one day function therapeutically 
in people with high heart-attack risk levels based on family history and comorbidities. With that 
in mind, understanding the mechanism behind ischemic preconditioning is an important step in the 
care of these individuals. As an emerging therapeutic target, Cx43 may at some point in the future 
serve as the basis of acute treatment strategies for preventing arrhythmias in the short term or long 
term by alteration of its phosphorylation state.      

Materials and Methods  

Mice  

Wild type (WT), Connexin 37 knockout (Cx37 KO) and Cx37-deficient heterozygous (Het) mice 
were maintained in the animal care facility. Usage of mice for this project was approved by the 
Institutional Animal Care Use Committee (IACUC). Newborn mice were ear-tagged with a unique 
number associated with their sex and genotype, which was obtained from the University of Arizona 
Genetics Core (UAGC). Mice pups were weaned until they were ready for surgery at 3 months of 
age. Tail samples were taken at weaning, when ears were tagged, and the UAGC genotyped them 
as follows: 

Genotyping: Tail Digest  

First, a mouse tail digest was performed to extract and purify the mice DNA. Tail samples were 
mixed with Digest Solution and Proteinase K (ProK). Mixed samples were then incubated in the 
Vortemp 56 bath at 56˚C and 500 rpm for at least six (6) hours. DNA elution was then performed 



on each sample. Samples were centrifuged for a few seconds at high speed to mix. 20 μl of RNase 
A solution was added to each sample, which was then vortexed and left to sit at room temperature 
for 10 minutes. 200 μl of Lysis Solution was added, and samples were vortexed for 15 seconds. 
Then, 400 μl of 50% Ethanol was mixed in. Each sample was subsequently poured into a 
purification column with collection tubes. They were centrifuged for one (1) minute at 6000 x g. 
The purification columns were then transferred to new collection tubes, and 500 μl Wash Buffer I 
(40 ml concentrate with 120 ml 96-100% ETOH) was added prior to being centrifuged for one (1) 
minute at 8000 x g. The same transfer step was repeated above to new collection tubes, again 
adding Wash Buffer I. The samples were then centrifuged at maximum speed (≥1200 x g) for three 
(3) minutes to dry the membrane. Purification columns were then transferred to 1.5 ml tubes and 
200 μl of Elution buffer was added to each sample. They were left to set at room temperature for 
two (2) minutes, then centrifuged at 800 x g for one (1) minute to elute DNA.  

Genotyping: Detection of Genotypes  

After obtaining the DNA, three primers were used to detect WT and KO alleles in the mice. The 
primers were as follows: 

Primer 57: 5’-GAT CTC TCG TGG GAT CAT TG-3’ (from plasmid sequence) 

Primer 58: 5’-TGC TAG ACC AGG TCC AGG AAC-3’ (from region not deleted) 

Primer 59: 5’-GTC CCT TCG TGC CTT TAT CTC-3’ (from deleted region) 

Primers 58 and 59 detected the wild type allele, and primers 57 and 58 detected the mutant allele.  

A 20 μl reaction was performed for each tail sample from the previous step. 3 μl of tail DNA was 
mixed with 20 μl of: Water (5.55 μl), 1.25 mM dNTPs (3.2 μl), 10x Titanium taq buffer (2.0 μl), 
2.5 μM primer 57 (2.0 μl), 2.5 μM primer 58 (2.0 μl), 2.5 μM primer 59 (2.0 μl), and Titanium 
Taq (Clontech 8434-1, 0.25 μl). DNA amplification was performed in the Perkin Elmer 9700 or 
Applied Biosystems Veriti cycler using the following PCR program: 3 minutes at 94˚C, 30 seconds 
at 94˚C, 30 seconds at 63˚C (30 cycles), 1 minute at 72˚C, 5 minutes at 72˚C, and held at 15˚C. 
Samples were then spun and loaded onto Agarose gel (1.0% Agarose/TAE) for electrophoresis. 
Wells were marked with 250 ng of PhiX174RF DNA Hae III Digest and loaded with 15 μl of each 
sample and 3 μl of loading buffer. Gels were run at 100 mV for 50 minutes. Wild type alleles 
reveal one band at about 750 bp, and Cx37 KO reveal one band at about 233 bp. Heterozygous 
Cx37-deficient alleles present with both bands. An example gel is shown below (Fig. 1).  



    

Fig. 1. Example gel from DNA genotyping. 2x15 samples were loaded (top and middle of gel). 
Molecular weight (MW) marker is shown in lane 1 on the left. A single low band at 233 bp (lane 
2, bottom row) depicts a Cx37 KO genotype. A single high band at 750 bp (lane 5, top row) depicts 
a WT genotype. Both bands present depicts a Cx37-deficient Het genotype. In total, this gel reveals 
15 Het mice, 5 KO, and 8 WT, with 2 inconclusive samples most likely due to low DNA 
concentration from the tail snip.  

Mice Surgery 

Three-month-old mice underwent surgery as follows. Mice were anesthetized until unresponsive 
to pain (loss of the righting and pedal withdrawal reflexes) with a mix of isoflurane vapor (99.9%, 
Isothesia, Henry Schein, Dublin, Ohio) and medical oxygen in a ventilated container connected to 
an anesthetic vaporizing machine (Matrx VIP 3000 Isoflurane Calibrated Vaporizer, Midmark, 
Orchard Park, New York) and air filter (Omnicon F/AIR, A.M. Bickford, Wales Center, New 
York) for removal of circulating isoflurane. Medical oxygen levels were set to 1.5 L/min at 14.7 
PSIA (1.0 Bar) and 70˚F (21˚C) on the oxygen meter (Oxygen Anesthesia Flow Meter GL-616, 
Porter Instrument Company). Animals were immediately euthanized by cervical dislocation, 
weighed, and transferred to the surgical station. Mice were pinned supine to an aluminum-wrapped 
corkboard. Surgery was performed with help of a stereo zoom microscope (S6 E Stereo 
Microscope, Leica Microsystems) and a gooseneck surgery lamp (Fiber-Lite M1-150 High 
Intensity Illuminator, Dolan-Jenner Industries). Surgical ring scissors (Kilner Scissors, World 
Precision Instruments, Order Code 503307) were used to make a small incision through the skin 
at the mid abdomen. Lateral incisions around the ribcage were made on both sides, and the 
diaphragm was excised. Bone cutters (Beebee Bone Scissors, FST, Item No. 16044-10) were then 
used to cut through the ribs, and a hemostat (Kelly Hemostat, FST, Item No. 13019-14) placed at 
the sternum held back the central rib cage while the heart was cut out using bent forceps (Dumont 



#5/45 Forceps, FST, Item No. 11251-35) to clasp the vena cava and aorta, and spring scissors 
(Spring Scissors - 8mm Cutting Edge, FST, Item No. 15024-10) to make the final cut.   

Heart Global Ischemia 

After extraction, hearts were immediately submerged in cold, freshly prepared 1x Krebs-Henseleit 
buffer solution (118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 
1.25 mM CaCl2, 11 mM glucose) to mimic global ischemia for selected time points of 5, 10, 15, 
or 30 minutes. The estimated time between euthanasia and immersion in cold solution is two (2) 
minutes, taking into account weighing the mice, walking them over to the surgical station, and 
performing the surgical procedure. Control hearts (0 time) were not subjected to ischemia, and 
instead immediately rinsed in Krebs-Henseleit solution to wash off blood before proceeding to the 
next step. All hearts were then embedded in optimal cutting temperature medium (O.C.T. 
Compound, Sakura Finetek, Tissue-Tek, Item No. 4583) within cylindrical aluminum foil molds, 
and set to freeze in a small stainless-steel condiment cup, filled with 2-Methylbutane over metal 
pellets. The condiment cup was placed in a vacuum flask (800ml Full Base Cylindrical Low Form 
Shallow Dewar, Pope Scientific Inc., Part No. 8335), surrounded by liquid nitrogen. The liquid 
nitrogen in the Dewar flask was used to freeze the 2-methylbutane, which in turn freezes the tissue 
in a gentle and controlled manner, reducing the formation of ice crystals – a side effect common 
of harsher snap-freezing techniques. The aluminum molds were pre-labelled using cryoware pens 
(International Cryoware Pens, Nalge Nunc, Item No. 6313-0010) with the mice’s information – 
ear tag and surgery date, sex, ischemia time – and stored in the -80˚C freezer for cryosectioning at 
a later time.    

Cryosectioning of Heart Tissue 

Frozen mice hearts from the -80˚C freezer were mounted longitudinally onto cryostat chucks with 
O.C.T., and set to freeze to the chucks inside the cryostat (Microm HM 550, Thermo Fisher). The 
cryostat chamber temperature was set to -17˚C and the specimen temperature to -16˚C. All tissue 
sections were sliced to a thickness of eight (8) micrometers (μm), then three (3) sections were 
transferred onto individual microscope slides (Extended Frost Superfrost Microscope, Fisher 
Scientific, Pittsburgh, Pennsylvania, Catalog No. 22-034-980). Slides were left to dry at room 
temperature for thirty (30) minutes before being stored at -80˚C in slide boxes (Heathrow Scientific 
100 slides) alongside pouches of Drierite (without indicator, hygroscopic) desiccant. Desiccant 
was wrapped in tissue paper (Kimtech Kimwipes, Kimberly-Clark, Roswell, Georgia), and boxes 
were labelled with mice ear tag numbers using cryo-tags (Research Products International Corp., 
Boston, Massachusetts) and cryoware pens.  

Immunofluorescence  

One or two sets of hearts (a set covering the 0, 5, 10, 15, and 30 minute time points) were stained 
per experiment. Each heart was allotted three slides - one per antibody. As such, there were either 
15 or 30 slides worked on per staining. Unless otherwise stated, steps were performed at room 



temperature. Tissue-mounted slides were taken out of the -80˚C freezer and set on paper towels to 
dry for thirty (30) minutes. They were labelled numerically to distinguish between different hearts 
and antibodies required per slide. Groups of thirty (30) slides were slotted into metal slide carriers 
and fixed in 100% cold acetone for five (5) minutes in the 4˚C walk-in cooler, then dried for ten 
(10) minutes on paper towels. Two (2) circles were drawn around tissue samples on the slides 
using an immunopen (ImmEdge Hydrophobic Barrier PAP Pen, Vector Laboratories, Item No. H-
4000). When dry, slides were rinsed with 1xPBS (from 10x, Dulbecco’s Phosphate Buffered 
Saline, Sigma-Aldrich, Item No. D1283) for ten (10) minutes in a humidifying chamber to dissolve 
the O.C.T. medium. Excess moisture was removed via vacuum system and blocking solution of 
0.25% TritonX-100 and NDS (Normal Donkey Serum, Jackson ImmunoResearch Laboratories, 
Catalog No. 017-000-121) was added to all slides, which were left to incubate for a further thirty 
(30) minutes in the humidifying chamber. Blocking solution was removed via vacuum system and 
primary antibodies were added. The primary antibodies used include: Total Cx43 antibody (Anti-
Connexin-43 antibody produced in rabbit, Sigma-Aldrich, Catalog No. C6219), pCK1 antibody 
(pS325, 328, 330 antibody produced in mouse, generously provided by Paul Lampe, Head of 
Translational Research Program at Fred Hutch), and pS368 antibody (Anti-Connexin 43 / GJA1 
(phospho S368) antibody, Abcam, Catalog No. 30559). Primary antibodies were left to incubate 
in the humidifying chamber for 1.5 hours. Slides were then washed thrice in 0.25% Tx-100 and 
1xPBS for five (5) minutes per wash. Following rinses, secondary antibodies were added. The 
secondary antibodies used include: Alexa Fluor 488 DαR (AffiniPure Donkey Anti-Rabbit IgG, 
Jackson ImmunoResearch, Catalog No. 711-545-152), Alexa Fluor 488 DαM (AffiniPure Donkey 
Anti-Mouse IgG, Jackson ImmunoResearch, Catalog No. 715-545-15), and WGA/594 membrane 
stain (Wheat Germ Agglutinin/Alexa Fluor 594 conjugate, Sigma-Aldrich, Catalog No. W11262, 
working concentration: 5μg/ml). Secondary antibodies were left to incubate in a humidifying 
chamber for thirty (30 minutes). The slides were then rinsed thrice as before with 0.25% Tx-100 
and 1xPBS before coverslip mounting. A drop of mounting medium (Vectashield Antifade 
Mounting Medium, Vector Laboratories Inc., Catalog No. H-1000) was applied to all slides, and 
a coverslip (Microscope Cover Glasses, 60x24 mm, #1.5, Catalog No. 16004-312) was gently 
pressed onto the slides, attempting to avoid formation of air bubbles.  

Immunohistochemistry Visualization  

Cardiac cells were visualized using a fluoro plan 20x, 40x, or 60x objective mounted to a 
fluorescence microscope (BX51 Microscope, Olympus) fitted with fluorescence microscopy 
interline camera (CoolSNAP ES2 CCD Camera, Teledyne Photometrics). An average of six (6) 
regions of interest were captured per slide, all from the same section. The only reason three (3) 
tissue sections were placed on each slide was to account for possible damage to some of the 
sections during the staining process. Filter 41007 A was used with an exposure time of 100ms to 
capture the WGA/594 membrane stain. The associated Cx43 stain was then overlaid onto the 
membrane background to create composite images outlining the cells and revealing Cx43 
expression via Alexa Fluor 488 visualization. Exposure times using filter U-N41001 HQ:F for the 



three different antibodies at 20x magnification were as follows: 250ms for the Total Cx43 
antibody, 550ms for the pCK1 antibody, and 650ms for the pS368 antibody. Image-Pro AMS 6.2 
software was used to take pictures and create composite images.  

Image Analysis 

Image analysis was performed via Image-J to determine the intensity of Cx43 in each image in the 
following manner: A box was set around the Cx43-capture image to measure the grey value 
intensity of the entire image (Itotal). The intensity of a smaller area in the interior of a myocyte 
within the full image was measured for background correction (B). The background for the entire 
image (Btotal), was calculated as: B/Barea x Itotal area. Connexin specific intensity (ICx) was then 
calculated as: Itotal - Btotal. This was designed to calculate the percent change in Cx intensity (ICx) 
over time; the mean value of ICx at the 0 time point was determined and all ICx values at all time 
points normalized to this value. Intensity values for 20x versus 60x magnifications were drastically 
different, so in order to draw comparisons between 20x and 60x images, intensity values had to be 
normalized to the 0 minute time point; all values were expressed as a percentage relative to the 
control hearts. The non-composite Cx43 images were analyzed for signal intensity of punctate 
staining at the intercalated disc and lateral borders. The ratio of intercalated vs lateralized Cx43 
was assessed using the same method.   

Results 

Total Cx43 lateralizes to borders of myocytes over the 30-minute ischemic time course. 

In WT mice, total Cx43 antibody revealed an increased amount of Cx43 at the lateral borders of 
ventricular myocardium after 30 minutes. There is more Cx43 present at the lateral borders at the 
30-minute time point than in control hearts (Fig. 2).  

Fig. 2. WT, Total Cx43 staining,0 min control compared to 30 minutes of ischemia. Total 
Cx43 is found in green (white arrows) and is localized mainly at the intercalated disc in control 
hearts. After 30 minutes of ischemia, total Cx43 is present at the lateral borders of the myocytes 
(red arrows), where it was not present prior to onset of ischemia.  

 

 

 

  

 



Signal intensity data show total Cx43 increases linearly over the first 15 minutes of ischemia then 
falls to levels not different from the 0 time point by 30 minutes of ischemia. (Fig. 3).  

 

Fig. 3. Total Cx43 over a 30-minute ischemic time course. The intensity of total Cx43 increases 
until 15 minutes and then decreases to pre-ischemic levels after 30 minutes.  

Cx43 phosphorylated at S368 increases linearly over the 30-minute ischemic time course.  

Signal intensity data from ImageJ show a linear relationship between ischemic duration and 
phosphorylation of S368 in Cx43 by PKC. In addition to increasing, pS368 remained localized at 
the intercalated disc (Fig. 4).  
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Fig. 4. WT, pS368 staining, 30 minutes of ischemia. Cx43 phosphorylated at pS368 remains at 
the intercalated disc after undergoing ischemia for 30 minutes (white arrows).   

Discussion 

Uwe Schwanke et. al showed that Cx43 is a necessary piece in the mechanism of ischemic 
preconditioning, with PKC playing a role in phosphorylating S368 and resulting in a 12.4% 
decrease in left ventricle infarct size for WT mice, but not so in Cx43 deficient heterozygous mice. 
It has also been shown that ischemic preconditioning of the heart is able to preserve Cx43’s 
phosphorylated state even during extended ischemic bouts in pig hearts in vivo (Schulz et al., 
2003). Based on this and similar information, this project sought to confirm these findings, as well 
as narrow down the time course for changes in phosphorylation, namely dephosphorylation of 
CK1 sites (S325/328/330) and phosphorylation of S368 by PKC.  

The data show that, for WT mice, there is more Cx43 present at the lateral borders at the 30-minute 
time point than in control hearts. However, this antibody does not show changes in the 
phosphorylation state of Cx43 - it merely reveals that Cx43, may migrate to the lateral borders of 
the myocyte. The mechanism by which Cx43 is internalized or moves to the lateral borders is not 
yet fully elucidated, and there are some conflicting theories, one being that it is endocytosed as a 
result of ischemia reperfusion injury (Cone et. al, 2014), thus potentially removing cell-damaging 
Cx43. Part of the process may also involve vesicle internalization and degradation of Cxs during 
ischemia, a mechanism behind the constant turnover of GJCh proteins. In addition to PKC, MAPK 
and src have been shown to phosphorylate Cx43 and initiate turnover (Solan and Lampe, 2014). 
Another theory is that Cx43, as part of the ischemic preconditioning process, undergoes PKC-
mediated S368 phosphorylation as a preservation mechanism, keeping phosphorylated Cx43 at the 
intercalated disc and protecting it from being internalized.    

Further data analysis on the pCK1 Cx43 images are needed to determine the time course for 
dephosphorylation of Cx43 at S325, 328, and 330 during ischemia. We hypothesize an overall 
downtrend in pCK1 punctate staining at the intercalated disc; the antibody is specific for 
phosphorylated Cx43 at the CK1 residues, and will not detect any Cx43 at the plaques that has 
been dephosphorylated, even if it is still present in the intercalated disc. The presence or absence 
of Cx43 from this region is better interpreted from the total Cx43 antibody data, which reveals that 
Cx43 remains at the intercalated disc throughout the 30 minutes of ischemia. However, this is 
likely to be pS368 Cx43. Our analysis of the trends of pS368 punctate staining do indeed support 
this, as the signal intensity of the pS368 antibody increased in a linear fashion from 0 to 30 minutes. 
It is therefore plausible that dephosphorylated Cx43 moves from the intercalated disc to the lateral 
borders, and newly trafficked Cx43 phosphorylated at S368 takes its place, since total Cx43 
intensity data revealed that there was no significant change in the quantity of Cx43 at the plaques.   

Some limitations of this research include not being able to assess and compare Cx43 signal 
intensities at the intercalated discs versus the lateral borders of the ventricular myocyte. This 



reflects a limitation of time, as processing over 2,000 images by hand in ImageJ proved very 
challenging.  
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