
ABSTRACT 

CRAY, PAUL LIAM. Tight and Gap Junctional Complexes of the Small Intestinal Epithelium. 

(Under the direction of Dr. Christopher Dekaney, Dr. Belinda Akpa, and Dr. Anthony 

Blikslager). 

 

In the small intestinal epithelium, junctional complexes play crucial roles in maintaining 

homeostasis as well as after damage and during repair. This dissertation reflects the work done 

by the author describing some of the roles that these junctional complexes, and their components, 

perform to maintain homeostasis as well as repair after damage. The tight junction of the small 

intestinal epithelium provides a well-regulated and tight network of interconnected complexes 

that control movement of ions and molecules through the paracellular space around the epithelial 

cells. While the tight junction has been extensively researched, the role of the gap junction in the 

small intestinal epithelium remains largely unknown. Gap junctions allow for direct cell to cell 

signaling wherein the two cell’s cytoplasms are directly connected through a pore that is large 

enough to allow for molecules up to 1 kD in size to transit. 

Chapter 1 provides a review of the current body of knowledge of these junctional 

complexes. First, a review of the tight junction, as well as the pore and leak pathway and 

methods for interrogating barrier function. Next, Chapter 1 includes a review of the current body 

of work on the gap junctional complexes in the intestine and the gap junctional protein connexin 

43. Channel independent functions of connexin 43 are discussed. Finally, an introduction to 

genetic algorithms is included.  

Chapter 2 describes the role that the tight junction plays in mediating doxorubicin-

induced damage. An assessment of ex vivo, using murine jejunum on Ussing Chambers, and in 

vitro, using T84 cells on transwells, permeability via both transepithelial resistance and 



macromolecular flux is presented. These data, together with assessment of tight junctional genes 

and protein location show that doxorubicin induces a disruption of the tight junctional network. 

Chapter 3 describes what role the gap junction protein Connexin 43 performs in the 

interaction between the Paneth cell and active intestinal stem cell at the base of the intestinal 

crypt. A murine model for the Paneth cell specific knockout of Connexin 43 (PCΔCx43) is 

presented and interrogated. Loss of Connexin 43 in the Paneth cell suggests an increased 

allocation to the secretory lineage. Additionally, the proliferative pool is altered as the transit 

amplifying cells are increased while there is a reduction in the number of active intestinal stem 

cells. Assessment of Wnt signaling by RT-qPCR suggests that there are alterations to Wnt 

signaling that are occurring at a post transcriptional level in PCΔCx43 crypts. The enteroid model 

was utilized and PCΔCx43 crypts showed impaired growth and lower plating efficiency. A 

potential mechanism, via p38 MAPK is assessed and PCΔCx43 crypts have increased pp38 protein 

in comparison to their wild type controls. These data suggest that Paneth cells may help regulate 

the proliferative compartment via their Connexin 43. 

Chapter 4 explores what effect the location of Connexin 43 could have on the 

proliferative state of the active intestinal stem cell in a gap independent fashion. We developed a 

mathematical model to describe the basic Wnt signaling pathway and explored how the location 

of Connexin 43 could affect the proliferative state of a generic stem cell. This work suggests that 

further experimentation is warranted to explore the channel independent effects of Connexin 43 

in the active intestinal stem cell.  

Chapter 5 concludes with a summary of each chapter and their key findings. Future 

directions and suggested research paths are presented for each of these junctional complexes. 



Together, this body of work describes some of the roles that junctional complexes perform in the 

small intestinal epithelium. 
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Introduction 

 The small intestinal epithelium is one of the fastest dividing tissues in the body and 

replaces itself in roughly 5 days 1. This lining of the small intestine allows for the absorption of 

nutrients while also maintaining a barrier to keep the bacteria of the gastrointestinal tract out. 

The small intestinal epithelium has characteristic villi, fingerlike projections that increase surface 

area to aid in absorption of nutrients 1. This absorptive compartment is maintained by a 

proliferative small intestinal crypt wherein are the active intestinal stem cells that give rise to all 

the lineages of the intestinal epithelium. 

The Proliferative Compartment 

 Given the rapid turnover of the intestinal epithelium, the proliferative compartment is 

vital to maintaining the cellular population. In the intestinal epithelium crypt, there are two 

populations of proliferative cells in homeostasis. First, there is a pool of determined progenitors 

that are still proliferating but have lost the programing to maintain stemness and will eventually 

result in all daughter cells becoming terminally differentiated 2. Second, there are the intestinal 

stem cells located at the base of the intestinal crypt and are intercalated between the secretory 

Paneth cells 3. These two pools are distinct and important in their role of maintaining the 

epithelium. The transit-amplifying progenitor cells divide faster than the stem cells at a rate of 

roughly 12-16 h 4, whereas the active intestinal stem cells divide roughly every day 3. It is 

unsurprising then, that there are more progenitors present in the transit amplifying zone than 

there are active stem cells at the crypt base. However, it is these stem cells that are critical for 

ensuring that there is a constant supply of new cells in the epithelium. 

 The stem cells of the intestinal epithelial crypt give rise to all the lineages of the intestinal 

epithelium and are critical for maintaining the self-renewal capacity of the epithelium. The stem 
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cells of the epithelium are subdivided into two broad groups: active intestinal stem cells and 

reserve intestinal stem cells. These two populations still have the capacity to give rise to the 

whole epithelium but have distinct differences in homeostasis. In particular, the active intestinal 

stem cells appear to preferentially divide in an asymmetric-dominant fashion during homeostasis 

to produce the transit amplifying cells 5. The active intestinal stem cells also divide at a much 

higher rate than the reserve population, and are more sensitive to injury than their reserve, slow-

cycling counterparts 6,7. The active intestinal stem cell population are identified by the markers 

Lgr5+ 3, EphB3+ 8, CD24lo 9,10, CD44+ 9, Olfm4+ 11, and have high expression of Wnt target genes 

such as Axin2 and Cmyc 12. Many of these markers provide critical functions for the active 

intestinal stem cell. Lgr5 allows for potentiation of Wnt signaling and is critical for maintaining 

the intestinal stem cell pool. EphB3 keeps the intestinal stem cells at the base of the crypt which 

allows for the stem cell pool to be in a zone of proliferative signals provided by cells of the 

lamina propria as well as maintaining a physical distance away from the center of the lumen 8. 

Olfm4 has shown to be multifunctional in nature, functioning both as an antimicrobial as well as 

a Wnt antagonist and may play a role in controlling the stem cell pool 13. However, like many 

things in biology, the Lgr5+ stem cell pool is not completely homogenous. For instance, some 

Lgr5+ cells have been shown to be slow cycling and label retaining, and express Mex3a which 

suggests that this population may function as a reserve-like intestinal stem cell even though it 

expresses Lgr5 14. Indeed, the Mex3a+ stem cells were resistant injury from both 

chemotherapeutics and radiation, one of the hallmarks of the reserve stem cell 14. 

 The reserve stem cell population is characterized by a slow division rate, are largely in 

the G0 phase of the cell cycle, and are resistant to damage 6. The reserve population is typically 

thought to reside in the +4 region of the intestinal crypt, which starts from the 4th cell from the 
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base of the crypt 6. These cells are quiescent during homeostasis but are recruited after injury and 

stem cell loss to repopulate the active intestinal stem cell pool. These cells, indicated by the 

markers Bmi1 15, Hopx 16,17, mTERT 18, and Lrig1 19 are largely Wnt insensitive 6. However, 

these markers are also found to be present on some Lgr5+ cells which has prevented some 

consensus of these markers as strictly ‘reserve’ 17,20. This is further complicated by the 

interconversion of these reserve stem cells and the active stem cells which can each give rise to 

the other population if needed 17,20. Further work needs to be done to identify a potent reserve 

stem cell marker that is not present in the active intestinal stem cell.  

 When required, the reserve stem cells must begin to express the Wnt target genes and 

enter the cell cycle. It has been shown that Msi1, while dispensable during homeostasis, is 

required for the activation of the reserve population after the loss of the intestinal stem cells after 

injury 21. Msi1, a RNA binding protein, plays a role in enhancing the Notch signaling pathway, 

which is critical for maintaining the stem cell identity 22. Recently, Msi1 has also shown to mark 

a fast cycling population in the +4 region that is in the cell cycle, is injury resistant, yet does not 

express Lgr5 23. These Msi1+ Lgr5- cells were shown to cycle faster than the active intestinal 

stem cells yet were still stem cells which was verified by lineage tracing 23. This contrasts with 

an earlier study by Yousefi et al. that describes Msi1 overexpression in the reserve stem cell 

population renders them sensitive to damage as they have entered the cell cycle 21. DNA repair 

mechanisms in the two stem cell pools has been shown to be distinct with the reserve stem cell 

population largely using non-homologous end joining which is known to be error prone 24,25. On 

the other hand, the active intestinal stem cell utilizes homologous recombination which is more 

rigorous in maintaining genomic integrity during repair and is more discerning about initiating 

apoptosis in cells that are beyond repair 26. A better understanding for why the reserve population 
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utilizes a less rigorous repair mechanism and the consequences of inadvertent activation of the 

reserve population is needed.   

Paneth Cell and Stem Cell Interactions 

Paneth cells are non-proliferative professional secretory cells situated at the base of the 

intestinal crypt and are intercalated between the active intestinal stem cells. Paneth cells are 

multifunctional secretory cells which produce antimicrobial peptides, such as -defensins and 

lysozyme to control the microbiota27–30, produce proinflammatory molecules such IL-1 31, 

TNF 32, and IL-17 33, as well as produce growth factors such as EGF, Wnts, and Notch ligands 

34. Paneth cells have recently been shown to have a greater control over the Wnt signaling 

pathway in active intestinal stem cells than previously thought as they increasingly secrete the 

Wnt antagonist, notum, as the animal ages, which inhibits Wnt signaling 35. One unique 

characteristic of Paneth cells is that they express EphB3, which causes them to move to the base 

of the crypt and intercalate with the active intestinal stem cells 36. Given this special position of 

Paneth cells, they have a unique relationship with the active intestinal stem cells.  

 Perhaps one of the most defining interactions of the Paneth cell and stem cell is the Notch 

signaling pathway. Paneth cells supply a constant source of Notch ligands that activate Notch 

receptor in the stem cell, which causes a positive feedback loop to express more Notch receptor 

37. This lateral inhibition by the Paneth cells has been shown to be critical to maintaining the 

stem cell population, and loss of Notch signaling causes all the active intestinal stem cells to 

become secretory progenitor cells and the intestinal crypt collapses 38,39. In addition to the Wnts 

secreted by the cells in the lamina propria, the Paneth cell secretes Wnt6 and Wnt9b while also 

presenting membrane bound Wnt3a on its cell surface, and thus allowing for juxtracrine 
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activation of Frizzled receptors on the active intestinal stem cells 40,41. Additionally, Rodriguez-

Colman et al. showed that Paneth cells provide end glycolytic products to active intestinal stem 

cells 42. However, the mechanism by which Paneth cells give the products, like lactate, to the 

stem cells remains to be defined. Paneth cells also provide cyclic ADP-ribose to stem cells, but 

again the mechanism of delivery is not defined 43. Work done by Gracz et al. has shown that the 

benefits of Paneth cell-stem cell interaction require direct contact 44. Given the amount of 

membrane bound ligands present on the Paneth cell surface, it is unsurprising to see that active 

intestinal stem cells benefit from the interaction. However, it is important to note that stem cells 

also benefit from being in contact with another cell that is a non-Paneth cell type 44. This 

suggests that there is also another mechanism to the cell-cell interactions that is not immediately 

evident with the given data. 

Tight Junctions and the Barrier of the Intestinal Epithelium 

 The small intestinal epithelium must balance numerous functions in order to maintain 

homeostasis. It must control the bacterial population while also absorbing the nutrients found in 

the digesta as it moves along the gastrointestinal tract 45. Further, it must communicate with the 

underlying cells of the lamina propria, which contains a milieu of fibroblasts, neurons, and 

immune cells 45. One of the main functions of the intestinal epithelium is to form a tightly 

regulated barrier to prevent the bacteria and their products from coming into contact with the 

cells of the lamina propria in an unsupervised fashion 46. Further, this barrier provides the basis 

for controlling osmotic and ionic gradients across the epithelium to aid in nutrient absorption, 

bacterial control, and luminal clearance 46. Indeed, the components of the barrier must maintain a 

careful balance between absorption and secretion in order to maintain homeostasis.  
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 The junctional complexes of the small intestinal epithelium provide a mechanism of 

maintaining cell to cell contact as well as a more nuanced mechanism for controlling the 

behavior of these cell-to-cell contacts. The major junctions involved in maintaining cell to cell 

contact are the adherens junction, the desmosome, and the tight junction 46. The adherens 

junction provides the basis of these cell to cell contacts in that they are composed of cadherins 

that link the actin and microtubule cytoskeletal networks between cells in a ‘stapling’ fashion 47. 

Desmosomes are thought to have evolved from the adherens junction and are found principally 

in tissues that undergo significant stress and deformation such as cardiac and epithelial tissues 48. 

Finally, while the adherens junction and the desmosome hold the cells in contact, the tightness of 

barrier is dependent on the presence and composition of the tight junctional network.  

Paracellular Movement: The Leak and Pore Pathways 

Movement of molecules across the intestinal epithelium occurs via two routes: the 

paracellular and transcellular pathways 49. Transcellular transport requires the absorption of a 

molecule into the cell where it is then shuttled to another portion of the cell for release or 

modification 49. In contrast, paracellular transport utilizes the space in-between cells, the 

paracellular space, to conduct molecules across the barrier 49. These two pathways account for 

the total movement of a molecule across the intestinal barrier and their mechanism is not 

mutually exclusive. In that active transport via the transcellular pathway can cause a gradient to 

form that the paracellular pathway can utilize 49. For instance, cells will secrete Cl- into the 

luminal space which is then followed by movement of Na+ into that space, as well as water 50. 

While transcellular transport requires active internalization of the molecule, the paracellular 

pathway is a passive mechanism, yet it is still regulated by tight junctions 49. It is these tight 
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junctions that allow for specific control of the paracellular route in controlling both the size and 

charge the molecules that are allowed to transit the space 51.   

 The tight junction is capable of being both sealing and pore-forming such that ions can 

move through them in a paracellular fashion 52. Additionally, these pores can be charge selective, 

thus maintaining the gradient for a specific charge/ion while allowing others to pass freely 53. 

This pore forming characteristic is important for numerous functions, particularly for 

maintaining the water and ionic content of the intestinal lumen 54. An increase in pore forming 

function that elevates the free movement of Na+ can be seen in some disease states that can aid in 

clearance at the cost of disrupting the sealing characteristics of the tight junction 55. This increase 

in ionic movement causes diarrhea and attempts to clear the offending pathogen, but failure of 

clearance can lead to a chronic leaky gut 55. Thus, the tight junctional network can influence the 

inflammatory state of the intestine and control of the network is necessary for resolution of a 

leaky gut phenotype. Tight junctional control of the paracellular space has been described by two 

pathways, the leak and pore pathways 52. The leak pathway describes the movement of large 

macromolecules through the paracellular space while the pore pathway describes the movement 

of smaller charged species through the space 52.  It is a combination of these two pathways that 

describe the movement of a species of a particular size and charge through the paracellular space. 

What influence the tight junction has on these pathways is dictated by the presence of particular 

tight junctional proteins and their interactions. 

Tight Junctional Composition 

The tight junction is principally composed of three main protein classes: claudins, 

MARVEL domain proteins, and junctional adhesion molecules 56. The tight junctional proteins 

are then attached intracellularly by zonula-occuldens (ZO) proteins to the cytoskeletal actin 
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network 56. As the cells are polarized, in that they ‘know’ their orientation, the tight junctional 

complexes principally form on the apical portion of the cells and bind to the cytoskeleton close 

to the characteristic actin ‘ring’ of the polarized cells 56. The composition of the three protein 

classes can drastically affect the properties of the junctional complex. Typical sealing claudins 

such as claudin -1, -3, -5, -11, -14, -19 tighten the barrier, as seen by an increase in 

transepithelial resistance and a decrease in macromolecular flux 57. These claudins form 

junctions that do not allow for the movement of molecules through the paracellular space 

whereas other claudins such as claudin -2, -15, and -16 are pore forming claudins 57.  One 

particular member of the MARVEL domain family, tricellulin, regulates and maintains the 

formation of tight junctions at sites where three cells come into contact 56. Occludin, another of 

the MARVEL domain family, principally regulates the bicellular interactions 56. This function is 

particularly important for the leak pathway, as these pores are characteristically bigger than the 

two cell junctions. 

Tight Junctional Regulation 

 Stabilization of the tight junctional complex in the apical portion of the polarized cell is 

paramount for maintaining proper barrier function 58. Since ZO-1 links the tight junction on the 

membrane to the cytoskeleton, the junctional complex is affected and controlled by internal 

forces from changes to the actomyosin ring that is positioned in the apical portion of the cell 56,58. 

Contraction of this ring via different mechanisms causes changes to paracellular permeability 59. 

Modulation of the ring occurs through myosin light chain kinase (MLCK) and increased activity 

of this enzyme leads to a stronger pull on the junctional complex which allows for the opening of 

the paracellular space 59,60. Activated MLCK also causes internalization of junctional proteins, 

including occluding 61. Increased MLCK, and in turn, increased permeability has been seen in 
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numerous injury types including burns, alcohol exposure, and anoxia/reoxygenation injury 61,62. 

Inflammatory cytokines such as TNF-α and reactive oxygen species have both been shown to 

activate MLCK and inhibition of MLCK largely attenuates any increases in permeability 

resulting from either cytokine exposure or increased reactive oxygen species production 63,64. 

Thus, MLCK plays a critical role in controlling the paracellular movement of molecules via 

modulation of the forces on the junctional complexes.  

Tight Junctional Analysis 

Analysis of the tight junctional network is done via identification of the tight junctional 

proteins present, namely the claudins, and their presence in the characteristic ‘chicken-wire’ 

pattern seen ringing the apical portion of the cells 56. Analysis of the pore forming pathway is 

done by assessing the Transepithelial resistance (TER) of the barrier, which capitalizes on the 

charged species that utilize the pore pathway 65. Analysis of the resistance allows for uncovering 

the direction of the flux of the charged species, and how easily they are able to transit the barrier. 

Given that their size is relatively small, a low TER does not necessarily indicate an increase in 

the leak pathway but can give some evidence to suggest that there is a dysregulation of the tight 

junctional network. Analysis of the leak pathway is done by a macromolecular flux, in which a 

collection of varyingly sized labeled macromolecules are positioned on one side of the barrier 

and their flux is measured after some time 66. The use of different sizes resolves the size of the 

hole in the tight junction, which cannot be inferred from the transepithelial resistance. Use of 

biologically inert molecules, such as size varying dextrans allows for interrogation of the leak 

pathway since they have minimal active transport across the cell 67. Other molecules such as 

inulin have been used, but their size is relatively fixed compared to dextrans 68. Dextrans are 
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minimally interactive and, when fluorescently labeled, provide a reliable means of assessing 

macromolecular flux. 

Given the importance of the tight junctional network in maintaining a tight barrier, it has 

been an area of focus for understanding its role in both chronic and acute disease and injury 

states. Indeed, long term changes to the tight junctional composition are prevalent in chronic 

disease states such ileal Crohn’s disease and other irritable bowel diseases 69. Of particular note, 

the stem cells of the intestinal epithelium are particularly sensitive to chemotherapeutic use and 

radiation. Given the prevalence of Gastrointestinal distress seen after chemotherapeutic injury 70, 

understanding what role tight junctions play in chemotherapeutic injury is paramount for 

mitigating symptoms that are sequela from treatment.   

In vitro Models of the Intestinal Epithelium 

 Given the numerous interactions between the epithelium, the bacteria, and the cells of the 

lamina propria, it is sometimes best to isolate the epithelium in an artificial setting for further 

interrogation. While there have been advances in making primary cell epithelial monolayers, 

other established cell lines have been utilized for some years. There are many cell lines that can 

be used to interrogate the tight junctional network and intestinal barrier as a whole. Three such 

well used cell lines that are immortalized and established are: HT-29, Caco-2, and T84. These 

three cell lines are all derived from isolated human colonic adenocarcinomas, and as such have 

acquired characteristics that do not completely represent one particular region of the intestine. 

HT-29 cells are more secretory in phenotype and they prominently express and produce mucins 

as well as lysozyme71,72. They do not form very tight barriers, but their mucin production allows 

them to be used for mucin penetration studies 73. Further, the cell line is highly heterogenous, 

with different subpopulations displaying key phenotypic differences 74,75. In comparison, Caco-2 
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cells will spontaneously differentiate into a cell type that resembles the small intestine enterocyte 

upon cellular confluence 76. Caco-2 form a polarized and tight barrier, which can be useful for 

interrogating novel drugs or assessing barrier integrity after challenge 77,78. However, it is 

important to note that Caco-2 cells do not have an intact p53 and have an impaired DNA damage 

response 79. This makes them less suitable for assessing normal responses to chemotherapeutic 

challenge. Finally, T84 cells reflect the colonic epithelium and form extremely tight and 

polarized barriers reflecting the barrier of the colonocytes 80,81. Together, Caco-2 and T84 cells 

can reflect the absorptive capacity of the small intestine and the colon, as well as an analysis of 

the tightness of the barrier since they form tight junctions, adherens junctions, as well as 

desmosomes 77,80. While these cell lines allow for first pass interrogation, careful analysis must 

be done to ensure that the cells have not mutated given their cancerous lineage.  

  Alternatives to the immortalized cell lines include the use of established noncancerous 

lines such as IPEC-J2 cells, a porcine cell line, and IEC-6 cells, a rat cell line. Both cell lines 

were established from non-transformed tissues and show differentiation similar to that of the 

small intestinal cells in vivo 82,83. These cell lines are non-transformed and thus can respond in a 

fashion to that seen in vivo to challenge 82,83. However, the downside to using these cell lines is 

that they are not transformed, and thus their passage number is limited before replicative 

exhaustion begins to occur  84. This limit to their passage number makes them less ideal for long 

term stable transfection, but ideal for transient transfection for knockdown experiments. These 

cell lines are popular due to their ease of culturing and the media components required are 

minimal.  

However, recently 2D primary cell monolayer culture systems have become more 

accessible and have more established protocols 85–89. Originally, the seminal paper by Sato et al. 
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demonstrated that isolated lgr5+ stem cells can form 3D enteroid structures that were viable for 

passaging and interrogation 90. While the enteroid forms the classic crypt in vitro and maintains 

relatively normal differentiation patterns, the enteroid’s lumen is difficult to access and 

molecular flux experiments are difficult to perform due to the tiny volume of the minigut lumen 

91. Thus there is a need for a primary cell 2D monolayer system that can recapitulate the 

repertoire of cell types of the normal intestinal epithelium, maintain the intestinal crypt 

compartment, and allow for molecular flux assays to be performed 85,87,88.   

Techniques for Assessing the Epithelial Barrier 

 The one additional benefit of using a monolayer of proliferative cells is that they will 

naturally become confluent on whatever surface they are placed. This property allows for use of 

generalized equipment, namely in the use of transwell systems 88. Principally, the transwell 

allows for the generation of a barrier if the cells can polarize as well as form a barrier, as is the 

case with Caco-2 and T84 cells 77,80. The transwell system allows for a well to be bifurcated into 

two chambers, an upper (apical) and lower, (basolateral) chamber when there is a tight confluent 

cell line on the scaffold 88. Pore size of the scaffold can allow for molecules of varying sizes to 

pass in a paracellular fashion, which allows for flux assessment of various chemicals 88. The size 

of the chambers can be utilized to observe transepithelial resistance across the cell layer by 

utilizing a multimeter with probes. However, the limitations of the transwell system are that the 

cells must sit in a well and the movement of fluid across the cell layer is largely static. 

 An alternative to the transwell system is the use of the Ussing Chamber, which was 

originally designed for primary tissue studies 92. Originally designed in the 1950s, these 

chambers are still in use today for the quality of the data that they produce 93. Ussing chambers 

are designed such that stripped epithelia from a model organism is mounted between two 
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chambers, a serosal chamber and a mucosal chamber, wherein the serosal chamber reflects the 

lamina propria compartment and the mucosal chamber reflects the lumen 94. This 

compartmentalization also allows for real time readings of the potential difference and short 

circuit current, which can be used to calculate the transepithelial resistance 94. Access to both 

chambers allows sampling for flux experiments as well as differential exposure experiments 93. 

Thus, the Ussing chamber is a powerful device for detecting changes simultaneously in the pore 

and leak pathways for assessing barrier integrity. However, one of the main drawbacks for use of 

the Ussing chamber with primary tissue is the usability of the tissue. The tissue does not 

typically last more than two to three hours after removal from the model organism and thus 

limits the time for flux assays 93. However, with the advent of the 2D primary cell monolayer, the 

Ussing chamber can be used for a longer time scale as the cells only need to be bathed in their 

media to be maintained 88. This work has progressed toward making a ‘gut-on-a-chip’ that allows 

for interrogation of the gut on a combinatory level. That is, different portions of the gut can be 

added or removed to understand cell-cell interactions, as well as interrogate specific bacterial 

populations and their effects on the gut tissue that is currently not feasible with the Ussing 

chamber 95. 

Doxorubicin Injury Model 

 While the treatment of cancer has been improving over the generations since the 

introduction of the first chemotherapeutic drugs, administration of these genotoxic compounds 

leads to off target cell death sequela to killing the cancerous cells 96. Given that the intestinal 

epithelium has a rapid turnover rate of roughly every 5-7 days, the stem cells of the intestinal 

epithelium are particularly sensitive to genotoxic damage and resulting apoptosis 96. Indeed, a 

significant number of patients who are treated with chemotherapeutics suffer from 
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gastrointestinal injury symptoms with some percentages as high as 80% for some 

chemotherapeutics 70. Of particular interest is how the intestinal epithelium recovers from this 

acute genotoxic damage as it allows for exploration into the mechanisms in the maintenance of 

homeostasis and the return to homeostasis. 

 Doxorubicin, an anthracycline, is a chemotherapeutic drug that targets rapidly 

proliferating cells via two proposed mechanisms: first, by the intercalation of doxorubicin with 

DNA to induce single and double strand breaks, as well as poisoning topoisomerase II, which 

functions to fix these breaks 97, and second, by the production of reactive oxygen species since 

doxorubicin is a quinone 98. Doxorubicin exposure activates p53 and leads to apoptosis through 

the cell cycle checkpoint machinery 99. Thus, doxorubicin targets rapidly proliferating cells, such 

as the small intestinal stem cells.   

 In our established acute chemotherapeutic injury model, which utilizes doxorubicin, we 

have observed apoptosis in the crypt base roughly 6 hours after administration, which is similar 

to irradiation models for assessing crypt dynamics 100,101. Interestingly, a second increase in 

apoptosis occurs roughly 50 hours later that results in loss of intestinal crypts and villus blunting 

101. This loss of intestinal crypts is due to the presence of bacteria and the recruitment of immune 

cells into the lamina propria, particularly macrophage and neutrophils 102. It is thought that these 

cells then cause injury secondary to the initial administration of doxorubicin. Indeed, in germ 

free mice there is no crypt loss and the recruitment of the immune cells does not occur 102. 

Additionally, changes to the microbiota have been observed after administration of doxorubicin 

and this shift in the population may contribute to immune cell recruitment 103. However, it is 

unclear whether it is the bacteria themselves, or bacterial products lead to this secondary injury. 
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Doxorubicin and the Intestinal Barrier 

  Doxorubicin induced damage has shown that there is an increase in the movement of 

large molecules such as radiolabeled albumin across the intestinal barrier 104. Additionally, there 

is an increase in the amount of endotoxin and specifically LPS in blood serum 5 days after 

administration of doxorubicin 103,105. In addition to the LPS-TLR4 interaction, It has been 

suggested that doxorubicin induced injury also functions via TLR2 and TLR9 interactions, 

suggesting that numerous TLR activation pathways are affected 106,107. Regardless, doxorubicin 

exposure showed an increase in movement of these large molecules suggesting that a leaky gut 

phenotype is occurring and that there is a shift from homeostasis in the epithelium 104. However, 

no work has been done to assess the state of the barrier between the first and second bouts of 

apoptosis, roughly 24 hours after administration.  

 This increase in flux of large molecules across the intestinal barrier has been posited to be 

due to activation of proinflammatory pathways, yet little work has done to assess what 

alterations to the tight junctional network have occurred after chemotherapeutic exposure 108. 

Indeed, while no work has been done assessing doxorubicin’s effects on tight junctional proteins, 

other chemotherapeutics have been interrogated for their effect on the tight junctional network. 

Wardill et al. have shown that there is a significant change to the tight junctional network after 

administration of the chemotherapeutic irinotecan 109. While no changes to the amount of 

transcript of tight junctional proteins were observed, significant internalization events of tight 

junctional proteins were observed, suggesting that the tight junctions had been removed from the 

cell surface, thus allowing for an increase in paracellular molecular flux 109. Wardill showed that 

this was mediated via TLR4 and that complete knockout of TLR4 was sufficient to prevent 

internalization of the tight junctional proteins 109 Youmba et al. also show similar amounts of 
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internalization in a methotrexate rat injury model, and this internalization was due to activation 

of NF-B signaling 110. However, whether doxorubicin causes similar changes to the tight 

junctional network is unknown.  

Conclusion – Tight Junctions 

 Here we have described the composition of the tight junctional barrier of the intestinal 

epithelium as well as the controlling mechanisms that cause shifts in tight junctional protein 

prevalence. However, in the context of chemotherapeutic injury, there is still a need to describe 

the transient state after the first stem cell insult and before the prominent crypt loss observed at 

72 hours. Indeed, what changes must occur to the tight junctional barrier such that endotoxin and 

LPS can more easily transit the barrier during this timeframe are paramount to understanding the 

pathogenesis that results in the drastic crypt loss. Further, understanding of this mechanism 

would allow for potential therapeutic targets to mitigate the immune cell recruitment. 

Gap Junctions 

Gap Junctional Function 

While there has been a large amount of work done on the role of the intestinal epithelium 

in maintaining the barrier, the way the epithelium communicates with itself and the cells of the 

underlying lamina propria is less understood. Numerous paracrine pathways have been 

described 33,38,111, but little work has been done on understanding what role direct cell to cell 

communication via gap junctions has on intestinal homeostasis. Indeed, it is largely unknown 

what role gap junctions play in maintaining the intestinal epithelium as well as in injury states. 

Gap junctions form intercellular linkages from the cytoplasm of one cell to the cytoplasm of 

another cell via a coordinated docking mechanism wherein the connexins, which are the 
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components of the gap junction, complex with one another across the extracellular space forming 

a pore112. These pores allow for the movement of small molecules, such as secondary messenger 

molecules like calcium, to move from one cell into another cell 113. These pores have been shown 

to allow for molecules up to 1 kD in size to transit thus enabling the potential movement of 

nutrients, metabolites, and other regulatory elements such as microRNAs to be conveyed 112,114. 

Connexins are the building blocks of the gap junction, which come together to form a hexameric 

complex called a hemichannel. Two of these hemichannels, one on each adjacent cell, come 

together to form the complete gap junction. It is stabilized to the cytoskeletal network by linking 

proteins, yet the gap junction has a relatively short half-life of about 3 hours 115. Gap junction 

internalization is unique in that the entire complex must be internalized by one of the 

participating cells, which means that one cell must take in a portion of the other’s cytoplasm and 

plasma membrane, forming an annular junction which still have the ability to conduct material 

into the newly formed vesicle structure116.  

 The family of connexins consists of multiple structurally similar proteins of varying sizes 

that is denoted in their name, i.e. connexin 43 (Cx43) has the size of 43 kD. Connexins 26, 32 

and 43 have been found to be present in the intestinal epithelium, but Cx43 is generally 

expressed by almost all cell types of the body. The structural differences are seen in the length of 

the carboxyl tail as well as the effective pore size 117,118. Given the prevalence of the protein, it is 

utilized by numerous tissue types for relaying information between cells and is found in high 

concentrations in nervous and cardiac tissues 119,120. Gap junctions are one of the major 

components of the intercalated disks of cardiomyocytes, and Cx43 is required for proper calcium 

conductance in the heart 119. Recent work has shown that heterocellular communication between 

macrophages and the epithelium occur via gap junctions 121. Additionally, this communication 
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was also implicated in tuning the severity of the response after the cells were placed in 

inflammatory conditions, wherein the gap junctions made between the cells may enhance 

infiltration of the macrophages and loosen the tight junctional network 121.  

 In other tissues, the effect of altering Cx43 has been shown to be both beneficial and 

harmful depending on the tissue and disease state. Cx43 is classically seen as a tumor suppressor 

gene, and that the expression level of Cx43 in a cell can be an indicator for malignancy 122,123. In 

a breast cancer model, it has been shown that upregulation of Cx43 increases sensitivity to 

doxorubicin and increases the amount of cell death 124. Gap junctional intercellular 

communication has been implicated in causing cell death via the bystander effect, in which 

adjacent cells that are connected to the cell targeted for death also die 125. On the other hand, it 

has also been shown to be protective for gliomas in that Cx43 allows for enhanced resistance to 

treatment via the formation of stabilizing intercellular connections 126. Further, Cx43 has been 

implicated in migration of numerous cell types, such as neurons in the development of the 

nervous system and the movement of enterocytes in the intestinal epithelium 127. Cx43’s control 

on migration has been shown to be both dependent and independent on the formation of a gap 

junction 127,128.  

Channel Independent Functions of Connexin 43 

 In addition to forming gap junctions, the carboxyl tail of the membrane bound connexin 

family can interact with other cellular components and pathways, and Cx43 has been implicated 

in p38/MAPK, C-src, Wnt/B-catenin, and other pathways pathways123,128–132. Dang et al. first 

showed that over expression of just the carboxyl tail portion of Cx43 significantly decreased 

proliferation and suggested that Cx43 can act as a transcription factor 133. Recent work by 

Epifantseva et al. has shown that not only does the carboxyl tail migrate to the nucleus, but also 
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that Cx43 can be alternatively translated into different isoforms resulting in different 

functions134. Additionally, Cx43 interacts with Heat Shock Cognate Protein 70(Hsc70), and 

blocks translocation of Cyclin D1 into the nucleus by preventing the Hsc70-Cyclin interaction 

135. This process suggests that Cx43 plays an active role in the transition between G0/G1 into S 

phase. 

Cx43 can also interact with other membrane bound molecules. Of particular note, it has 

been shown to interact with LRP6 on the intercalated discs of cardiomyocytes, wherein LRP6 

functions as a scaffold protein to help shuttle Cx43 to the cell surface 136. As its primary 

function, LRP6 is a coreceptor with Frizzled as a part of the Wnt signaling pathway 137. LRP6 

also colocalizes with Cx43 on the cell surface 136. Recent work by Gupta et al. has shown that 

Cx43 enhances  catenin signaling in osteoblasts via both Wnt dependent and independent 

mechanisms; however, the Wnt dependent mechanism by which this occurs is unknown 138. 

Together, these data may suggest that the interaction between LRP6 and Cx43 may enable the 

potentiation of Wnt signaling. This could potentially occur through stabilizing and steric 

interactions. Cx43 could physically block the ubiquinating E3 ligases such as RNF from 

interacting with the Frizzled-LRP6 complex. This steric block would potentiate the signal as well 

as prolong the length of the signal, thus allowing for more active -catenin.  Given the many 

functions described in other tissues, it remains to be discovered which interactions play a 

prominent role in the intestinal epithelium.  

Hemichannel Interactions 

Hemichannels are functional before forming a gap junction. Once assembled into the 

hemichannel, the structure is able to still open and close independent of a complementary 
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hemichannel on a neighboring cell 139. These hemichannels can open and close depending upon 

signaling, but in homeostasis only a small fraction are open at any given time to maintain the 

chemical gradient between the cytoplasm and the extracellular space 139,140. Hemichannels are 

controlled on multiple levels, but principally by changes in intracellular calcium 141,142. Similar to 

the gap junctions, these hemichannels allow for the movement of small molecules between the 

cytoplasm and the extracellular space 139. Many signaling molecules transit hemichannels for 

cellular egress including proinflammatory molecules, prostaglandins, NAD+, and others 143–145. 

Hemichannels mediate the release of ATP into the extracellular space  146. Indeed, this release of 

ATP can activate resident immune cells into a proinflammatory phenotype 147. This ‘safety 

valve’ action may be seen as a mechanism to reduce internal cellular stresses as well as recruit 

the immune system for surveillance. On the other hand, Cx43 hemichannels allow for CD38 to 

mediate conversion of NAD+ into cyclic ADP-ribose, by which NAD+ must leave the cell to be 

converted on the cell surface by CD38 145. Indeed, cyclic ADP-ribose has been shown to be 

crucial for expanding active intestinal stem cell number during calorie restriction 43. However, 

the specific role of hemichannels in the small intestinal epithelium is still poorly understood and 

this Cx43 hemichannel mediated process has yet to be shown in the epithelium. 

Gap Junctional Intercellular Communication 

 Numerous techniques have been established to assess gap junctional intercellular 

communication (GJIC). One of the most popular methods for assessing GJIC is the introduction 

of Lucifer yellow dye into a population of confluent cells by injuring a small portion of 

population, usually by mechanical disruption 148–150. Lucifer yellow, a large hydrophilic 

fluorescent molecule, does not readily enter into a cell unless a pore of sufficient size is open 149. 

Given that the hemichannels are mostly closed during homeostasis, there is little movement of 
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Lucifer yellow into the cells; however, once inside of a cell, the dye can diffuse between cells via 

the gap junctional channels 149. Using a fluorescent microscope, the extent of movement of the 

dye can be measured over time and give an indication for the overall status of the gap junctional 

network. Similar methods utilize fluorescence recovery after photobleaching (FRAP) in which a 

cell population is pre-dyed with a fluorescent molecule, and one target cell is illuminated with a 

laser to bleach the cell 151. If the cells have an intact gap junctional network, then the target cell 

will recover its fluorescence 151. Careful controls are required as repeated expose to the 

excitation wavelength can dim the signal over time.  

Connexin 43 and Extracellular Vesicles 

 While most work on gap junctions has been exploring the interactions between two cells, 

recent work has shown that competent hemichannels can be loaded onto extracellular vesicles, 

namely exosomes, which also allows for a specific docking of these structures onto cells that 

have the corresponding hemichannel and form gap junctions 152,153. These connexin laden 

vesicles have been observed in human blood, and are known to be present in cardiac tissues; 

however the content of the vesicles is not well defined and their function once bound has yet to 

be understood 154. 

Gap Junctions and Stem Cells 

  Cx43 and gap junctions have been shown to maintain stemness of embryonic stem cells 

through gap junctional intercellular communication (GJIC) and loss of GJIC caused the stem 

cells to become differentiated 155. This function of Cx43 has also been shown to be present in 

maintaining multipotency in an adult skin stem cells 156. Additionally, Cx43 has shown to be 

necessary for neurogenesis 157,158. However, in the pancreas, Cx43 is required for lineage 
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allocation into the endoderm as well as the pancreatic progenitor specific cell types 159. Albeit, 

the resulting cells still give rise to stable stem cell populations. Loss of Cx43 in Sertoli cells in 

the testis was show to affect germ (stem) cells and impaired meiosis and spermatogonial 

differentiation 160. This is of particular interest in that loss of GJIC between a supporting cell 

caused loss of stemness in the neighboring cell population. Additionally, Cx43 has shown to be 

necessary for neurogenesis 157,158. From this previous work on Cx43 in other adult stromal stem 

cells, it remains to be discovered what role Cx43 has in the adult small intestinal stem cell.  

Indeed, Paneth cells and stem cells both express Cx43; yet the additional requirement of 

this cell to cell contact is not described in the context of gap junctions and Cx43 in particular. It 

begs the question of ‘what role do gap junctions perform between intestinal stem cells and 

Paneth cells?’. 

Conclusion – Gap Junctions 

 Here we have discussed what roles gap junctions, and Cx43 plays in maintaining 

multipotency in stem cells, as well as other channel-dependent and channel-independent 

functions. Gap junctions have been shown to be critical for the movement of secondary 

messengers in a direct cytoplasm-cytoplasm fashion. There is a need to describe what role gap 

junctions, and Cx43 in particular, plays between Paneth cells and stem cells.  
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Introduction 

 

 Communication is critical for maintaining homeostasis in the small intestinal epithelium. 

Paracrine signaling, such as Wnt signaling, and membrane bound receptor/ligand juxtracrine 

signaling, like the Notch pathway, have been well defined in the proliferative crypt of the 

intestinal epithelium 1. However, signaling through a direct cytoplasm to cytoplasm juxtracrine 

manner via gap junctions is poorly understood in the intestinal epithelium. Gap junctional 

complexes composed of connexins allow for exclusive access to the cytoplasm of the respective 

cells 2. Connexins, the building blocks of the gap junctions, have been described to be present in 

the intestinal epithelium 3. However, the role that these connexins play in maintaining 

homeostasis is poorly defined. Connexin 43 (Cx43), which is expressed in almost all cell types, 

has been shown to form channels that are large enough for small molecules and microRNAs to 

pass between two cells, which adds another layer of communication to cells in contact with one 

another 2. 

 Gap junctional communication and Cx43 have been shown to both positively and 

negatively affect somatic stem cell function and proliferation depending on the tissue type 4. Yet, 

the role that they play in maintaining the intestinal stem cells of the small intestine is unknown. 

Work by others has previously shown that direct cell-to-cell contact improves growth and 

survival of active intestinal stem cells, regardless of the cell that they are in contact with 5. 

Further, it has been shown that Cx43 plays a critical role in restoring homeostasis after 

necrotizing enterocolitis and that loss of gap junctions that contain Cx43 via an inhibitor impairs 

migration and restitution of the epithelium 6. Additionally, it has shown that immune cells and 

intestinal epithelial cells communicate through gap junctions containing Cx43 7. Together, this 

previous work suggests that Cx43 helps maintain homeostasis of the intestinal epithelium.  
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 In addition to facilitating intercellular communication, the carboxyl tail of Cx43 has been 

shown to interact with numerous pathways, such as the Wnt- 8, c-Src- 9, and MAPK pathways 10. 

Indeed, Cx43 has been classified as tumor suppressor gene 11,12. It has been shown that 

expression of just the carboxyl tail of Cx43 in HeLa cells significantly decreased proliferation 13. 

Recently Cx43 has also been shown to act as transcription factor 14. This body of work suggests 

that Cx43 has gap junction independent roles in maintaining cell identity, proliferation, and 

signal attenuation.  

 At the base of the intestinal crypt, Paneth cells are intercalated between the active 

intestinal stem cells. While they are positioned where they receive high levels of proliferative 

signals, which they also make, they are defined as non-proliferative in homeostasis 15. These 

Paneth cells are professional secretory cells that perform multiple jobs 15. They secrete 

antimicrobials to maintain the microbiota of the lumen as well as factors to promote and control 

proliferation of the active intestinal stem cells. Additionally, given their close proximity to the 

active intestinal stem cells, they also present membrane bound factors for maintaining stemness 

via the Wnt and Notch pathways 16,17.  

Given this intimate communication between Paneth cells and active intestinal stem cells, 

we wanted to elucidate what role, if any, does Cx43 play between Paneth cells and active 

intestinal stem cells. We chose to develop a Paneth cell specific knockout (PCΔCx43) since it is a 

terminally differentiated cell and would not cause other cell types to lose Cx43 as would be the 

case if we knocked out Cx43 in the active intestinal stem cells. A similar study showed that 

knocking out Cx43 from the support cells of the testis, Sertoli cells, demonstrated a loss of 

spermatogenesis by germ cells, the proliferative cells of the testis as well as decrease in the 
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Sertoli cell population 18. From this, we hypothesized that loss of Cx43 in the Paneth cell would 

hinder the proliferative state of the active intestinal stem cell.   

Here, we show that loss of Cx43 in the non-proliferative Paneth cell causes an expansion 

of the transit amplifying cells at the cost of the intestinal stem cell pool. There was an expansion 

of the secretory pool in PCΔCx43 crypts compared to control. Additionally, we show elevated 

levels of p38 activity suggesting that there is a shift to a more differentiated state in the small 

intestinal crypt.   

 

Results 

 

Loss of Paneth Cell Specific Connexin 43 Expands the Secretory Compartment 

 

 First, we validated knocking out Cx43 specifically in Paneth cells via both verification of 

correct genotype via PCR (not shown) and immunostaining of fresh frozen sections for Cx43 and 

UEA, which labels secretory cells (Fig. 1). Using our Paneth cell specific knockout, PCΔCx43, we 

isolated jejunal tissues to interrogate the presence of Paneth cells. Surprisingly, we observed 

more Paneth cells present in the PCΔCx43 jejunal crypts in comparison to their control (Fig 2A, 

Fig 2B). We did not observe any ectopic Lys+ cells along the crypt villus axis and the Paneth 

cells were confined to the crypt base, as is normally seen (Fig 2A). To assess if this expansion 

was a Paneth cell specific phenomenon, we interrogated the goblet cell population. We observed 

an increase in Muc2+ cells along the crypt villus axis of the PCΔCx43 jejunal epithelium (Fig 2C, 

2D). The distribution of the Muc2+ cells along the crypt-villus axis in PCΔCx43 animals does not 

appear to be different from their WT controls (Fig 2C). This increase in the goblet cell 

population shows that this expansion is not specific to the Paneth cell lineage. Together, these 

data suggest an increase in the overall secretory lineage. 
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Figure 1. Generation of the Paneth cell specific knockout of Connexin 43. Representative 

micrographs of intestinal jejunal crypts from wild type and  PCΔCx43 animals. Connexin 43: 

Magenta; UEA: Green; DAPI: Blue. Scale bar – 50 µm. 
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Loss of Paneth cell specific Connexin 43 increases expression of Paneth cell specific genes 

 

 With the expansion of the secretory compartment, we next asked if typical Paneth cell 

specific genes had higher expression. Analysis of secretory and Paneth cell specific genes by 

RT-qPCR showed a significant increase in the secretory master controller, Atoh1, which 

reinforces the nonspecific expansion of the secretory pool (Fig 3A). Additionally, Paneth cell 

specific genes for Lysozyme, Lys; Reg3γ, Reg3G; and α-Defensin-20, Def20, were upregulated 

in  PCΔCx43 crypts compared to WT controls (Fig 3A). This increase in Paneth cell specific 

transcripts corresponds with the increase in Paneth cell number (Fig 2A, 3A). There was no 

change in Wnt3A transcript while there was a decrease in Rab8A transcript in PCΔCx43 crypts (Fig 

3A). Rab8a is a small GTPase that has been shown to be important for trafficking of Wnts in 

Paneth cells as well as the formation of the Paneth cell granules 19. This drop in Rab8A suggests 

that there may be some issues in the packaging of Paneth cell granules as well as effective 

movement of Wnts and other secreted factors to the cell surface 19. Corresponding to the increase 

in Lys transcript, an increase in Lysozyme protein was observed in PCΔCx43 crypts compared to 

WT controls, suggesting that PCΔCx43 Paneth cells are producing secretory products greater than 

that of WT controls (Fig. 3B). Together, these data suggest that more Paneth cell products, 

particularly antimicrobials, are being produced, but may not be secreted properly. 
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Figure 2. The secretory lineage is expanded in PCΔCx43 jejunum. A) Immunofluorescent 

staining of Lysozyme. B) Quantitation of Immunofluorescent staining (n=3/group). C) 

Immunofluorescent staining of Muc2. D) Quantitation of Muc2+ cells per µm of epithelium 

(n=3 mice/group, 10 complete crypt-villus axis per mouse). Student’s t-test; * p <0.05, scale 

bar = 50 µm. 
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Figure 3. Paneth cell associated gene expression and protein is increased in PCΔCx43 

jejunal crypts. A) RT-qPCR of Paneth cell associated genes from isolated jejunal crypts 

(n=6/group). B) Western blot of Lysozyme from isolated jejunal crypts. C) Quantitation of 

Lysozyme relative to Bactin (n=3/group). Student’s t-test, ** p < 0.01, *** p < 0.001, ns – no 

significance. 
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Loss of Paneth cell specific Connexin 43 increases the proliferative compartment while 

decreasing stem cell number and alters Wnt signaling 

 

 With the expansion of the secretory pool, as well as an increase in Paneth cell factors, we 

next interrogated the proliferative state of the intestinal crypt. We stained for PCNA to identify 

all proliferative cells in the crypt and observed an overall increase in the number of PCNA+ cells 

in the crypt, particularly in the transit-amplifying region (Fig 4A, 4B). This suggests that PCΔCx43 

crypts are more proliferative than their WT counterparts (Fig 4B). To assess the integrity of the 

stem cell pool, we next assessed the number of OLFM4+ cells in the crypt base. While it is a 

secreted product, OLFM4 has been shown to be a robust intestinal stem cell marker 20,21. We 

observed a decrease in the overall number of OLFM4+ cells in the PCΔCx43 crypts compared to 

WT (Fig. 4C, 4D). Interestingly, we observed an increase in Olfm4 transcript while no 

differences were seen in Lgr5 transcript levels (Fig. 4E). Since Olfm4 is also controlled by Notch 

signaling, we assessed a notch target gene, Hes1, to assess the Notch pathway 22,23. We found no 

difference in expression for Hes1 suggesting that this increase in Olfm4 transcript is independent 

of Notch signaling (Fig. 4E). This suggests that this increase in Olfm4 is controlled by another 

pathway, such as NF-κB 24. We observed an increase in Msi1, which has been suggested to 

maintain stemness, in PCΔCx43 crypts compared to WT controls (Fig. 4E).  Msi1 has been shown 

to upregulate target Wnt genes as well as enhance Notch signaling via post-transcriptional 

regulation 25. Additionally, Msi1 has been implicated in controlling the reserve quiescent stem 

cell pool located near the +4 position in the intestinal crypt 26. This suggests that there may be 

increased activity in the reserve stem cell population as well as a compensatory mechanism to 

maintain crypt homeostasis. 

Interestingly, we observed an increase in Ascl2, which has been shown to modulate the 

sensitivity of a cell to Wnt signaling (Fig. 4E) 27. Ascl2 has been shown to be a Wnt target gene 
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itself, but regulates the stem cell identity through a positive feedback loop to maintain Lrg5 and 

responsiveness to R-spondin 27. Paradoxically, we observe statistically significant lower 

expression of two Wnt target genes Axin2 and C-Myc in PCΔCx43 transcripts in PCΔCx43 crypts 

compared to WT controls (Fig. 4E). To assess if this lower expression leads to a corresponding 

drop in protein levels, we isolated protein from jejunal crypts and assessed the amount of C-myc 

protein present. We observed more C-myc protein present in PCΔCx43 crypts compared to WT 

suggesting that there is post-transcriptional regulation occurring which could be the stabilization 

of the protein or an increase in mRNA turnover (Fig. 4F). Additionally, Olfm4 has been shown 

to be a negative regulator of Wnt signaling, which may contribute to the decreased expression of 

the Wnt target genes 20. All these data suggest that the intestinal stem cell pool has decreased in 

size but may be more sensitive to Wnt signaling. Additionally, Wnt signaling may be altered as 

well while Notch signaling does not appear to be changed.  
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Figure 4. The number of active intestinal stem cells is reduced PCΔCx43 while stem 

cell genes are perturbed. A) Representative Immunofluorescent staining for PCNA 

with associated DAPI staining. B) Quantitation of number of PCNA+ cells per crypt 

(n=3 mice/group, 15 crypts/mouse).  C) Representative micrographs of immunostained 

jejunal crypts for OLFM4. Arrows indicate OLFM4+ cells. D) Quantitation of 

OLFM4+ cells per cypt (n=5 mice/group, 10 crypts/mouse), E) RT-qPCR of associated 

stem cell genes and Wnt target genes from jejunal crypts (n=6 mice/group). F) 

Analysis of Western blot of isolated jejunal crypt protein. Student’s t-test; * p < 0.05, 

*** p < 0.001. Scale bar – 50 µm. 
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Loss of Paneth cell specific Connexin 43 impairs enteroid formation 

 

 With the decreased intestinal stem cell pool, we then assess the ability for isolated jejunal 

crypts from PCΔCx43 and WT mice to grow ex vivo using the enteroid model with quantified R-

Spondin, EGF, and Noggin growth factors in the media. We plated isolated crypts and observed 

them over 3 days (Fig 5A). The plating efficiency of PCΔCx43 crypts was lower than the WT 

crypts (Fig 5B).  After 1 day, the PCΔCx43 enteroids were smaller than the WT organoids (Fig. 

5A, 5C). By day 3, the WT crypts had begun to bud whereas the PCΔCx43 organoids stayed 

largely as a spheroid in shape (Fig. 5A). While enteroid area is not a good measure as the 

enteroids differentiate into more complex shapes, a negative trend was still seen for the PCΔCx43 

area compared to WT enteroids (Fig. 5C). Together, these data suggest that loss of Cx43 leads to 

impaired enteroid formation.  
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Figure 5. PCΔCx43
 jejunal enteroids have impaired growth and plating efficiency. A) 

Representative images of enteroids grown from isolated jejunal crypts. B) Quantitation of 

Plating efficiency of crypts (n=2 mice/group, 50 crypts plated, normalized to WT crypt 

efficiency). C) Quantitation of enteroid area from A, (n=2 mice/group, 50 crypts plated, 

normalized to WT enteroid area). Student’s t-test; * p < 0.05.  
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Loss of Paneth cell specific Connexin 43 increases phosphorylation of p38 MAPK in the 

jejunal crypt 

 

 This impaired enteroid formation as well as the decreased population of intestinal stem 

cells suggests that there is increased differentiation of the stem cell pool into the proliferative 

progenitors. One of the signals that drives differentiation in the intestinal crypt is a gradient of 

MAPK signaling that increases as a cell moves from the crypt base to the top of the crypt 28. 

Normally this MAPK signal is attenuated by the Wnt pathway at the crypt base, but with altered 

Wnt signaling the stem cells become sensitive to this MAPK signal 28. Thus, we hypothesized 

that there was an increase in MAPK signaling in the PCΔCx43 jejunal crypt compared to WT 

controls. Analysis of isolated crypt protein showed increased phosphorylation of p38 and 

activation of p38 MAPK (Fig 6). While we are unable to assess which cells are upregulated for 

MAPK signaling, this overall increase suggests that the intestinal stem cells of PCΔCx43 crypts are 

more differentiated than their WT controls.  
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Figure 6. MAPK signaling is increased in PCΔCx43 jejunal crypts. Western blot analysis 

of pp38 in isolated jejunal crypts (n= 3 mice/group). The ratio of pp38 to total p38 was 

normalized to β-actin. β-actin was normalized to the highest intensity band. Student’s t-test; 

* p < 0.05.  
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Discussion 

 

 As other studies have shown, Cx43 plays a role in maintaining somatic stem cell niches 

and here we have demonstrated this is true for the small intestinal stem cell niche 29–31. Here we 

have demonstrated for the effects of knocking out Cx43 in a non-proliferative support cell and 

observing changes to the proliferative cell pool.  

 We have demonstrated that knocking out Cx43 in the Paneth cell expanded the secretory 

pool as well as elevated expression of Paneth cell specific genes and increased protein of said 

products. Additionally, we have elucidated an increased transit-amplifying population while a 

decreased intestinal stem cell pool. Alterations to Wnt signaling while Notch signaling remains 

unaffected suggests that there may be an increased preference for the secretory lineage in 

PCΔCx43
 crypts, as high Wnt signaling has been shown to direct stem cells to a secretory fate 32.  

 However, it remains unclear whether the increase in Paneth cells is due to a stable 

expansion of the Paneth cell population or a more rapid turnover of the Paneth cells themselves. 

Further work must be done to assess the age of this expanded Paneth cell pool in PCΔCx43 crypts. 

Given previous work showing that inhibition of gap junctions slowed epithelial migration, it 

remains to be seen if a similar effect is occurring in the PCΔCx43 jejunum 6.  

 Given the increase in Paneth cell products, particularly the increased expression of the 

antimicrobial genes, such as Lys and Defa20, the overall effect on the commensal bacteria of the 

small intestine remains to be quantified. It has recently been shown that the enteric microbiota 

can regulate Paneth cell number without overt changes to the proliferative pool 33. Indeed, 

decreased expression of Rab8a suggest that there may be some impaired loading of the secretory 

granules of the Paneth cell, which could impair Paneth cell efficacy and in turn stem cell 

function 19.  
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 We observed a decrease in OLFM4+ cell number at the base of the crypt with altered Wnt 

signaling. The increase in OLFM4+ transcript could indicate increased antagonism of secreted 

Wnts and blocking of Fzd receptors 20. The potential for increased sensitivity to Wnt by the 

upregulation of Ascl2 in PCΔCx43 crypts, as well as the decreased transcript levels of Axin2 and 

Cmyc, suggests that some kind of regulation is occurring as these expression levels do not 

correspond with the amount of corresponding c-Myc protein present in isolated PCΔCx43 crypts. 

Indeed, Msi1 has been shown to interact with microRNAs as well as bind to mRNA and affect 

gene expression through post transcriptional regulation 25,34.  

 Corresponding with altered proliferation, we observed an impaired growth and plating 

efficiency in our ex vivo enteroid model of PCΔCx43 crypts. In the context of elevated p38 activity, 

human intestine enteroid models use p38 inhibitors to maintain proliferation and stemness, 

wherein removal of the inhibitor allowed for an increase in the secretory population and 

decreased proliferation in the enteroid model 35. Additionally, plating efficiency suffers in human 

enteroids when no p38 inhibitor is used 35. Together with our data, this suggests that the elevated 

p38 activity may be the cause of impaired growth of PCΔCx43 enteroids.  

Conclusion 

In conclusion, we interrogated what role Cx43 plays in the Paneth cell-stem cell 

interaction. We generated a Paneth cell specific knockout of Cx43 (PCΔCx43) and interrogated 

what effect the loss of Paneth cell specific Cx43 has on homeostasis in the jejunal crypt. Our data 

show that there is an expansion of the secretory lineage with an increased number of Paneth cells 

and goblet cells. Additionally, there is an increase proliferative cells while there is a decrease in 

the number of OLFM4+ cells in the crypt base. Correspondingly, plating of PCΔCx43 crypts 

showed decreased plating efficacy as well as decreased growth. We also assessed autophagy by 
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RT-qPCR and found a significant decrease in expression of autophagic genes. We assessed p38 

activity and found an increase in pp38 protein in PCΔCx43 jejunal crypts compared to controls. 

Together, these data suggest that Paneth cell specific Connexin 43 plays a role in maintaining the 

active intestinal stem cell compartment as well as lineage allocation. 

Methods 

Animals 

 Adult C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME). 

Cx43fl/fl mice were obtained from Jackson Laboratories. Defa6icre+ mice were kindly provided 

by Dr. Richard Blumberg (Harvard Medical School, Boston, MA). Cx43PC mice were generated 

by crossing Defa6icre+/- mice with Cx43fl/fl mice. Defa6icre-/-, Cx43fl/fl littermates were used as 

controls. Mice were used between 8 weeks old and 20 weeks old. All experimental procedures 

were approved the Institutional Animal Care and Use Committee of NC State University and 

carried out in accordance with their guidelines. 

Tissue Preparation 

 Sections of the jejunum were cut and either immediately embedded in OCT or placed in 

4% PFA overnight at 4 C. The PFA was replaced 24 hours later and followed by sucrose 

dehydration. 7 µm sections were then cut on a cryostat and mounted on microscope slides. Both 

blocks and slides were stored at -80°C until processed further.  

Enteroid Culture 

 Isolated crypts were placed in Matrigel (354277, Corning) and then immersed in  

advanced DMEM-F12 media (12634010, Gibco) containing R-spondin (500 ng/mL), Noggin ( 

100 ng/mL, 250-38, Peprotech), EGF (50 ng/ml, 2028-EG-200, R&D systems), B27(1X), N2 

(1X), and Penicillin-Streptomycin (1X, 15140122, ThermoFisher). The media was changed 
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every two days. The enteroids were kept in a humidified incubator at 37 °C with an air/CO2 

mixture of: 95%/5%. Images were taken an inverted Olympus IX83 microscope. 

 

RT-qPCR 

 Crypts were isolated as previously described 36. Isolated crypts were homogenized using 

a FastPrep-24 homogenizer (MP Biomedicals). The resulting cell slurry was then processed for 

RNA using the Purelink RNA kit (1218301, Ambion, Austin, TX) according to suggested 

manufacturer specifications. cDNA was created according to suggested manufacturer 

specifications using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). 

Quantification of mRNA was done using the TaqMan system (Applied Biosystems) according to 

manufacturer specification with the following probes: Atoh1 (Mm00476035_s1), Lys 

(Mm00657323_m1), Reg3g (Mm00441127_m1), Def20 (Mm00842045_g1), Wnt3A 

(Mm00437337_m1), Rab8A (Mm00445684_m1), Olfm4 (Mm01320260_m1), Lgr5 

(Mm00438890_m1) ,Hes1 (Mm01342805_m1) ,Msi1 (Mm01203522_m1), Ascl2 

(Mm01268891_g1), Axin2 (Mm00443610_m1), C-Myc (Mm00487804_m1) 

 

Protein Isolation and Western Blot 

 Isolated crypts were homogenized as previously described and protein was isolated 

according to manufacturer specification. Protein quantification was done using the Pierce™ 

BCA Protein Assay Kit (23225, Thermo Scientific) according to manufacturer specification. 

SDS-PAGE was performed using 4–20% Mini-PROTEAN® TGX™ Precast Protein Gels 

(4561093, Biorad) with 20 ug of quantified protein was loaded. Protein transfer was performed 

using the Tran-sblot Turbo (Biorad) onto PVDF membranes using the PVDF transfer kit 
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(1704272, Biorad) according to manufacturer specifications. Blots were blocked using filtered 

5% BSA in TBST for 1 hour at room temperature with gentle shaking. Primary incubation was 

done overnight at 4 °C with gentle shaking. Primary antibodies used were: Lysozyme (1:1000, 

sc-27958, Santa Cruz), C-Myc (1:1000, 5605S, Cell Signaling), p38 (1:1000, 9212, Cell 

Signaling), pp38 (1:1000, 9215, Cell Signaling), β-actin (1:2000, 4970S, Cell Signaling). Goat 

anti-rabbit IgG-HRP conjugated antibody was used for secondary incubation. ECL solution was 

applied and imaged using a ChemiDoc Imaging System (Biorad). Images were quantified using 

FIJI 37. 

Immunofluorescence Imaging 

Slides were imaged on an inverted Olympus IX83 microscope at either 20X or 40X 

magnification. Previously mounted sections were blocked with 3% BSA in 1X PBS for 1 hour at 

room temperature. The following antibodies were applied overnight: Lysozyme (1:250, sc-

27958, Santa Cruz), PCNA (1:250, sc-7907, Santa Cruz), Muc2 ( 1:500, sc-15334, Santa Cruz), 

OLFM4 (1:200, 39141S, Cell Signaling), and Connexin 43 (1:200, ab11370, Abcam). Secondary 

antibodies were applied for 1 hour at room temperature: Donkey anti-goat Alex Fluor 555 

(1:500, A21432, Invitrogen), Donkey anti-rabbit Alexa Fluor 488 (1:500, A-21206, Invitrogen). 

UEA conjugated to FITC was utilized to stain for secretory cells in fresh frozen sections. Isotype 

control sections were imaged to monitor for non-specific staining. 

Statistics 

 All quantitative results were presented as means ± SE. Student’s t-test was used where 

appropriate, * p < 0.05, ** p < 0.01, *** p < 0.001. Statistical analysis was performed using 

Prism 8 Statistical Software (GraphPad, San Diego, CA). 
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Exploring Gap Junction Channel Independent Functions Using a Mathematical Model 
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Introduction 

 From Chapter 3, we found that loss of Paneth cell specific Connexin 43 (PCΔCx43) affects 

stem cell function and number. However, it is still unclear if the alterations are due to the loss of 

a specific signal from the Paneth cells, a channel dependent effect, or if the resulting changes are 

due to other interactions of Connexin 43 in the stem cell, a channel independent effect. It has 

been previously shown that while stem cells benefit from being in contact with a Paneth cell, 

they also benefit from being in contact with another cell in general 1. The mechanism by which 

the stem cell benefits from these cell-to-cell contacts remains unknown.  

 Given the large body of previous work that shows the gap independent functions of 

Cx43, we were interested in understanding what other potential roles Cx43 could play on 

dictating proliferation and stemness in the intestinal crypt. Gap junction dynamics are tightly 

controlled, and the distribution of hemichannels and individual connexins are largely confined to 

either the plasma membrane or as internalized vesicles, wherein the carboxyl tail is exposed 2. 

When bound in a gap junction, the hemichannels are stabilized to the cytoskeletal network via 

ZO-1 3. This linkage restricts the movement of the gap junction as well as restricts the movement 

of the carboxyl tail, which could potentially interfere with channel independent functions. 

Further, formation of a gap junction stabilizes the hemichannels on the plasma membrane as the 

only method for degradation is the complete internalization of the gap junction which becomes 

an a double membraned annular junction 4. Indeed, blocking connexin degradation showed an 

accumulation of gap junctional plaques, suggesting that the gap junction is the preferred form of 

connexins 5. Finally, It has been shown that excessive amounts of connexin 43 in the cytoplasm 

leads to decreased proliferation in cancer cell lines 6. Together, this previous work suggests that 

the position of Cx43 may play a significant role in controlling the proliferative state of the cell. 
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 While the Paneth cells do not have Cx43 in our mouse model, the active intestinal stem 

cells still express Cx43. This is particularly interesting in that complete silencing of Cx43 limits 

MAPK signaling, suggesting that Cx43 regulates MAPK 7–9. This suggests that having a 

destabilized gap junction and having a larger pool of free Cx43 may lead to increased MAPK 

signaling, which has been shown to inhibit proliferation specifically through p38 MAPK activity 

7. Given this, we asked what would occur if a cell was placed in a position where it could not 

form gap junctions with its neighboring cells, as is the case in our PCΔCx43 crypts.  

 To begin to answer this question we chose to develop a mathematical model to explore 

whether the membrane sequestration of Cx43 could act as a potent regulator of proliferation. We 

chose a mathematical model as a starting point instead of experimentation as the experiments in 

the lab would require many techniques that are not feasible in many labs and are difficult to 

perform in general. The model allows us to formally test the viability of this hypothesis in 

advance of committing resources to challenging experiments. It also has advantage of allowing 

us to integrate multipole findings from the known literature and assess their collective 

implications. Findings from the model can provide direction for future studies. Additionally, the 

modeling process is iterative and has the benefit of improving over time. 
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Figure 1. Connexin 43 plays multiple roles in regulating proliferation and stemness. 

Overall schematic describing the model. 
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Methods 

With this, we chose to model a single generic stem cell that is Wnt competent. The model is 

designed to capture Wnt signaling via β-catenin, CX43 movements between cytoplasmic and 

membrane compartments, and the impact of cytoplasmic Cx43 on nuclear Cyclin. The specific 

biological phenomena are (Figure 1, Table 1): 

1. Binding of Wnt to Frizzled 

2. Frizzled enabling the cytoplasmic accumulation of β-catenin  

3. The translocation of β-catenin to the nucleus (aBcat) 

4. The transcription and translation of Wnt/β-catenin target genes: RNF, Cx43, and Cyclin 

5. The degradation of Frizzled by RNF 

6. The movement of Cx43 between the cytoplasm and the plasma membrane 

7. The inhibition of RNF by Cx43 

8. The phosphorylation of p38 via the carboxyl tail of Cx43 

9. The inhibition of Cx43 on the movement of Cyclin into the nucleus 

10. pp38 actively degrades Cyclin 

11. Cyclin moves into the nucleus (Ncyclin) 

 We chose to include the interaction between Cx43 and Cyclin as others have shown that 

Cx43 actively competes with Cyclin to bind with Heat shock protein Cognate 90, which is a 

transporter that allows for nuclear translocation of Cyclin 10. We assumed that R-spondin 

signaling and Notch signaling were constant and any high R-spondin or high Notch experiments 

are outside the context of this model. We assumed that channel independent signaling only 

occurred with cytoplasmic Cx43. We nondimensionalized all the kinetic rate constants in 
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proportion to the production rate of Frizzled and all concentrations were nondimensionalized to 

ratio of Frizzled synthesis and turnover rates (Appendix A). 

 We then parameterized the model by utilizing a genetic algorithm to search the parameter 

space that would fit the experimental result criteria from the experiments described in table 1. 

We utilized a mutation rate of 0.05 and a population size of 100 individuals with 36 parameters. 

The model had 4 input parameters that could be turned off and on to replicate different 

experimental conditions. These parameters were the presence of exogenous Wnt, presence of 

membrane bound Wnt, the presence of Cx43 in contact with the modeled stem cell, and the 

production rate of Frizzled. The genetic algorithm ran for 200,000 generations. A local minimum 

was found within roughly 50,000 generations and was consistently found after repeated runs.   

Table 1. Experiments and resulting criteria for parameterizing the model. 

 

Tunable 

Parameter 

 

Exogenous 

Wnt 

 

Membrane 

Bound 

Wnt 

Presence 

of Cx43 on 

another 

cell 

 

Frizzled 

Production 

Rate 

 
Resulting 

Criteria 

(Expected 

Change) 

Experiment Start End Start End Start End Start End 
  

1 0 1 0 1 1 1 1 1 aBcat 

Ncyclin 

Cyclin 

↑ 

↓ 

↑ 

2 1 1 1 0 0 1 1 1 aBcat 

Ncyclin 

↑ 

↑ 

3 1 1 1 0 1 1 1 1 aBcat ↓  

4 1 1 1 0.1 1 1 1 1 Ncyclin 

RNF 

aBcat 

↓ 

↓ 

↓  

5 1 10 1 0 1 0 1 1 Ncyclin ↑  

6 1 10 1 1 1 1 1 1 Ncyclin ↑↑  

7 1 1 1 10 1 1 1 1 Ncyclin, 

aBcat 

↑↑ 

↑↑  

8 1 1 1 1 1 1 1 1 Bcat No change 
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Figure 2. Bar plot of resulting parameter values from the genetic algorithm. k1 and k29 

are the production and destruction rates of frizzled. A description of each parameter can be 

found in Appendix A. 
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Results 

 Interestingly, many of the parameters found from the genetic algorithm appeared to 

localize around 0.3-0.4 (Fig 2). While the rate of production of Frizzled was set to 1, all other 

found rates were less than 1. This set of parameters only defines one possible solution, and 

further investigation in the parameter space is warranted to find other valid sets (Fig 2). We 

validated the model by first having the cell be only exposed to exogenous Wnt and then we put 

the stem cell in contact with a cell that presents a constant amount of Cx43 in its plasma 

membrane. We looked for the expected emergent behaviors in the absence of an external source 

of Cx43: there should be more Cx43 in the plasma membrane of the stem cell than the cytoplasm 

and there should be less pp38 than p38 (Fig. 3) 7,11. When coming into contact with an external 

source of Cx43 we expected to find an overall drop in the total amount of free Cx43 as well as a 

preferential movement of plasma membrane bound Cx43 to be largely localized in a gap junction 

(Fig 3) 11. Further, there should be an overall shift of the p38 pool to an unphosphorylated state 

(Fig 3). After validating the model with the expected emergent behaviors, we found that there 

was roughly a doubling of the concentration of nuclear cyclin after allowing the gap junctions to 

form (Fig 3).  
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Figure 3. Emergent behaviors validate the mathematical model. System was allowed to 

reach steady state without external Connexin 43. The source of external Coneexin 43 was 

turned on and gap junctions could form, and the system reached a new steady state. Alone: No 

external Connexin 43 to form gap junctions. In contact: External Connexin 43 allows for the 

formation of gap junctions.  
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Relative Significance of Parameters on Nuclear Cyclin 

We wished to interrogate which of these biological phenomena included in the model are the 

strongest determinants of nuclear Cyclin. We performed a sensitivity analysis by the complex 

step method to assess which parameters had an impact on nuclear Cyclin. Unsurprisingly, the 

most significant interactions are the production and destruction of Cyclin itself, as well as the 

activation of β catenin (Table 2, Fig 4). Following this was the interactions of pp38 to enhance 

Cyclin degradation as well as the production of Cx43 (Table 2). Interestingly, nuclear Cyclin was 

largely insensitive to the binding of Wnt to Frizzled and the activation of β-catenin by the Wnt-

Frizzled Complex (Fig 4, k2, k3, k6).  

Table 2. The most significant interactions to affect nuclear Cyclin relative to one another. 

Corresponds to Figure 4.  

Interaction  ∂Nuclear Cyclin / ∂ Parameter  

Production of Cyclin (k13) 1.12 

Destruction of Nuclear Cyclin (k25) - 1.00 

Destruction of Cyclin (k20) -0.50 

Inhibition of Cyclin Nuclear Translocation by cytosolic 

Connexin 43 (k16) 
-0.38 

The concentration of active β-catenin required to 

produce Cyclin (ECP) 

0.34 

The concentration of pp38 required to cause the 

degradation of Cyclin (ECD) 

0.29 

Production of p38 (k23) - 0.29 

Production/Destruction of β-catenin (k8/k10) ± 0.28 

Production of Connexin 43 by β-catenin (k11) - 0.22 

 

  It has been shown that Lrp6 aids the movement of Cx43 to the plasma membrane, as 

well as Lrp6 colocalizing with Cx43 on the plasma membrane 12. Given these dynamics, we also 

interrogated how significant a role that the Cx43 hemichannel could play in sterically blocking 

RNF and ZNF from ubiquitinating the Fzd complex 13. The potential protection given by Cx43 

for stabilization of Wnt Fzd was contributed minimally to the ultimate translocation of nuclear 

cyclin (Fig 4, k4). 
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Discussion 

 There is conflicting evidence in the literature to what role the loss of connexin regulation 

has. Some studies have shown that Cx43 acts as tumor suppressor via upregulation of apoptosis 

14. The presence of Cx43 is also considered an indicator of responsiveness to chemotherapeutic 

treatment 15. On the other hand, others  have shown that the gap junctional activity enabled by 

Cx43 can make some cancer types resistant to treatment 16. Assessment of localization effects 

utilizing our model suggest that the tight control of Cx43 movement is required for cell 

homeostasis. Indeed, this is like the tight regulation of the localization of β-catenin. Loss of 

control on β-catenin’s movement is one of the hallmarks of tumorigenesis 17. 

 Both Cx43 and β-catenin have been shown to be transcription factors for their adherens 

junction binding partners E-cadherin for β-catenin18, and N-cadherin for Cx4319. It has been 

shown in both instances that the lack of binding partners in the plasma membrane leads both 

Cx43 and β-catenin to migrate to the nucleus and upregulate gene expression of the missing 

binding partner 18,19. This suggests a negative feedback loop by sequestration of the transcription 

factors to the plasma membrane. Our model suggests that just having a larger pool of either β-

catenin or Cx43 directly affects the proliferative state of the cell. This warrants further 

exploration into the feedback mechanisms that maintain β-catenin and Cx43. Indeed, there is still 

a need for understanding the different functions of the pools of β-catenin, as the protein has been 

described to have different functions depending on its position 20. Cx43 was only recently found 

to have the capacity to be a transcription factor, and it has recently been shown that Cx43 may 

also have different isoforms with additional unknown functions 21. Initial work done by 

Epifantseva et al. has shown that the channel independent effects of the carboxyl tail may also be 

done by an alternatively translated isoform of Cx43 and suggests additional mechanisms of 
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control to regulate the different isoforms 21. Regardless, more work must be done to understand 

to better understand the many roles that Cx43 plays in maintaining cellular homeostasis.  

 The purpose of this model was to define a preliminary domain of validity for modeling 

basic proliferative control by Cx43 inside of a generic stem cell. While the model was consistent 

with the literature, it should be noted that the parameter values found do not represent the 

defining set of values and that additional work in defining a distribution of values is needed. The 

results presented here represent one valid set of parameters, but there are certain to be more since 

the problem is underdetermined. Adapting the estimation approach to capture the full distribution 

of credible parameter values would quantify our uncertainty about the model predictions.  
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Figure 4. Nuclear Cyclin is sensitive to some parameters. Bar plot showing the partial 

derivative of nuclear Cyclin with respect to each parameter. The value corresponds to what 

change in nuclear Cyclin would occur with a unit change of the parameter. A thorough 

description of each parameter can be found in Appendix A. 
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Summary of Tight Junctional Work 

 We have described some of the functions that junctional complexes play in the small 

intestinal epithelium. First, we demonstrated that doxorubicin treatment increases barrier 

permeability even in the absence of bacteria 24 hours after treatment. This suggests that the acute 

doxorubicin induced injury is independent of bacteria and their products. We also demonstrated 

that this increase in permeability in TER also had an increase in macromolecular flux and was 

large enough to allow for increased movement of bacterial products, but not the bacteria 

themselves to transit the intestinal barrier. Further, our work reinforces previously established 

work done by others that show that blood levels of bacterial endotoxin increases significantly by 

5 days 1. Our data suggests that this loosening of the barrier develops temporally, which may be 

the potential result of progressive recruitment and activation of the immune system which has 

already been reported 2. Additionally, this progression appears to stop with the pretreatment of 

antibiotics and antioxidants 1,2.  

 We showed no increased presence of bacteria in the draining local and systemic 

lymphatic tissues, suggesting that bacteria are not transiting the intestinal barrier at an increased 

rate 24 hours after doxorubicin exposure. While our method for detection utilized DNA as a 

means of quantifying bacterial presence, others have shown that by 48h there appears to be an 

elevated amount of bacteria present in this draining tissues 3. Together with our work, this 

reinforces the temporal aspect of the doxorubicin induced injury. 

 We next observed changes to the tight junctional network by analyzing the location of 

tight junctional proteins ZO-1 and Occludin in vitro in T84 cells. We observed that after 

doxorubicin treatment, there was increased aggregate formation of Occludin, which indicates 

internalization of tight junctional complexes. Additionally, we found increased disorganization 
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of ZO-1, which links the tight junction to the cytoskeletal network 4. This increased 

disorganization implies that there is both an uneven pulling on the plasma membrane by the 

cytoskeleton, which indicates that both the tight junctions are being internalized and that there is 

additional strain on the remaining junctions 4. We additionally observed changes in vivo in the 

compartment specific differential staining of Claudin-4 and Claudin-2, wherein the intestinal 

crypt had reduced Claudin-2 staining but increased Claudin-4 staining, suggesting that there are 

different responses in the epithelium 24 hours after doxorubicin treatment. Indeed, Claudin-4 

staining seemed to be localized to the Paneth cells, while the increased Claudin-2 staining on the 

villus suggests that the tight junction of the enterocytes has become leakier. Finally, we observed 

changes to tight junctional genes which indicate a preference to a pore forming phenotype and 

also indicates the increased prevalence of Claudin-2 in tight junctional complexes which has 

shown to decrease the effectiveness of sealing claudins 5. 

 Together, this body of work shows that doxorubicin induced injury is similar to other 

work that shows similar increases in permeability after administration of methotrexate, another 

chemotherapeutic 6. It also elucidates the temporal aspect of the acute injury and secondary loss 

of crypts. It also shows differential responses to doxorubicin that suggest different potential 

therapeutic targets for maintaining the intestinal barrier. Additional studies remain to be done to 

determine what aspects of the barrier can manipulated to mitigate this secondary damage. 

Future Directions – Tight Junctions 

Differential Barrier Permeability Analysis 

 The intestinal barrier is known to have differential pore sizes long the crypt-villus axis 7. 

The base of the crypt has the largest pore size compared to the top of villus 7. Given this 

differential in pore size, it remains to be seen what part or all of the crypt villus axis has 
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increased permeability. Identification of the of the permeable portion of the epithelium would 

enable better therapeutic targeting. Further, it would provide a solid basis of study as primary 

murine monolayers become more easily assessable to create and interrogate 8. This shift to a 

monolayer system allows for the cellular characteristics of the primary tissue while having the 

ease of use like an immortalized cell line such as the T84 cells that we used in our work. Further, 

these monolayer systems will allow for the systematic addition of multiple cell types to add to 

the epithelium for evaluation of more nuanced interactions between the cells and their effects on 

the tight junctional network. However, if these preliminary studies are not done and the 

monolayers are used, the wrong assumptions may be taken, and the results misinterpreted.  

Claudin-4 and the Paneth Cell 

 Claudin-4 has been shown to be a pleiotropic claudin in that is both sealing yet allows for 

the preferential movement of anions through the tight junction 9,10. The base of the intestinal 

crypt is largely negatively charged from the high concentration of antimicrobials secreted from 

the Paneth cell 11. What role claudin-4 plays in the damaged crypt remains unknown, and as it 

allows for enhanced movement of anions, it may affect the efficacy of the antimicrobials 

secreted by the Paneth cell and others. Further, it was recently shown that Claudin-7 also had 

pleiotropic functions and was required for maintaining the stem cell phenotype 12. With this, it 

remains to be seen why it is upregulated particularly in the Paneth cell.  

Secretion, Motility, and Inflammation 

 It has been shown that chemotherapeutics, like doxorubicin, enhance chloride secretion 

13. Doxorubicin treatment has also been implicated to cause diarrhea in human cancer patients 

who receive treatment 14. This increase in chloride secretion should aid in improved clearance of 

the intestinal tract. However, doxorubicin has also been shown to cause decreased motility by 
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affecting the composition of the smooth muscle 15. This is unsurprising, in that doxorubicin 

causes severe cardiotoxicity and is one of the factors limiting dosage of the chemotherapeutic 16. 

Correspondingly, we observed an increasing trend in the amount of mucoadherent bacteria 

present in the jejunum 24 hours after doxorubicin. With the increase in chloride secretion, it 

would be thought that there would be improved clearance of the bacteria. However, more work 

needs to be done to assess if the resulting increase in mucoadherent bacteria is due to changes in 

the mucous that cover and protect the epithelium or due to larger changes in the dysregulation of 

gut motility. That is, is the epithelium appropriately secreting and the smooth muscle is not 

working, or are both impeded by administration of the chemotherapeutic?  

 Additionally, the recruitment of the immune cells to the intestinal epithelium has been 

shown to be both due to the presence of bacteria, as well as TLR signaling 2,17. It remains 

unknown which of the immune cells plays a pivotal role in the secondary loss of the crypts as 

well as the increased translocation of endotoxin into the serum 5 days after exposure to 

doxorubicin. Further, the resident population of cells that recruits the innate immune cells 

remains to be defined as well. This influx of innate immune cells, particularly neutrophils, has 

been shown to contribute to barrier dysfunction by interfering with tight junctional organization 

through the activation junctional adhesion molecule-like protein (JAML), which is activated by 

zinc metalloproteinases 18. This activation requires the binding of JAML to the Coxsackie and 

Adenovirus receptor on the intestinal epithelial cells, which then impedes tight junctional 

formation. Indeed, the MMP3 and MMP7 rich environment of the intestinal epithelium suggests 

that the increased presence of neutrophils will lead to decreased barrier function 19,20.  

 Finally, the leak and pore pathways have been well defined in their action, but not in their 

regulation 21. More work needs to be done to understand the crosstalk between these pathways, 
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as since they are a part of the same regulatory network, do not operate always operate 

independently. Indeed, the leak pathway is largely controlled by changes in myosin light chain 

kinase (MLCK) and increased activation of MLCK has been shown to shift the tight junctional 

network into a pore forming phenotype by the upregulation of Cld2 22,23. While Occludin has 

been shown to help control the leak pathway 24. It remains to be seen what additional interactions 

the components these two pathways have in controlling the other. 

Summary of Gap Junctional Work 

 Here we have showed for the first time evidence suggesting that Paneth cells may help 

regulate active intestinal stem cells through gap junctional coupling. We have observed changes 

to the secretory compartment, with increased numbers of Muc2+ cells as well as Paneth cells, 

consequent to knocking out Connexin 43 specifically in Paneth cells (PCΔCx43). We observed 

elevated expression in Atoh1 in PCΔCx43 jejunal crypts, reaffirming the expansion of the secretory 

pool. Additionally, we observed increases in Paneth cell specific genes and a corresponding 

increase in Lysozyme protein in PCΔCx43 isolated jejunal crypts. However, it is unclear if the 

elevated expression and protein presence are due to the increased Paneth cell number or if the 

increase is on a per cell basis. We additionally saw a decrease in the expression of Rab8a, which 

is known to be important for the packaging, transport, and secretion of Paneth cell granules 25. It 

remains to be seen if these increases in protein are due to deficiencies in secretion. Additionally, 

if Paneth cells are able to properly secrete, it remains to be seen what signal is promoting the 

expression of these markers. One possibility is the increased production of IL-22 in the lamina 

propria which drives increased Paneth cell maturation 26. The increase in Paneth cell specific 

factors, particularly antimicrobials, suggest that alternations to the intestinal microbiota may 

have occurred and further work must be done to elucidate these changes.  
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Loss of Connexin 43 altered the proliferative pool, in that there were more proliferative 

cells, namely in the transit amplifying region, while there was a loss of active intestinal stem 

cells. Concomitant to this, we observed alterations to Wnt signaling, in that transcript levels of 

target Wnt genes appeared to be lower while protein levels appeared to be higher. This suggests 

that some form of post transcriptional regulation is occurring in these knock out crypts. In 

support of this, Msi1 had elevated expression and as an RNA binding protein, may be 

contributing to this discrepancy. We observed decreased plating efficiency and impaired growth 

of organoids when isolated PCΔCx43 jejunal crypts were plated. We observed an increase in p38 

MAPK phosphorylation in PCΔCx43 jejunal crypts compared to their wild type controls, 

suggesting that loss of Paneth cell specific connexin 43 drives upregulation of MAPK signaling 

in the crypt. This has been suggested in other tissue types 27. To assess this interaction, we 

modeled the effect of localization of Connexin 43 in a stem cell in the presence and absence of 

gap junctional binding partners. Interrogation of the model suggests that loss of stable gap 

junctions may increase MAPK signaling while preventing cell cycle progression. Together, these 

data suggest that Connexin 43 plays a role in maintaining the active intestinal stem cell identity. 

However, we have barely scratched the surface of the different molecular interactions and 

cellular consequences of connexin mediated signaling and more work must be done.  

Future Directions – Gap Junctions 

Gap junctional intercellular communication 

 Our work showed that knocking out Paneth cell specific Connexin 43 showed changes in 

the cells of the crypt. However, it remains to be defined if this knockout was due to the loss of 

gap junction intercellular communication (GJIC) between the Paneth cell and stem cell. GJIC or 

channel dependent interactions, have shown the movement of miRNAs from one cell to another 
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to dictate cell fate 28. Indeed, Zong et al reports that donated miRNA levels mediated by GJIC 

could be as high as 30% of the cell that synthesized the miRNA 28. Others have shown that there 

are common miRNAs shared among different populations of the intestinal epithelium, yet it 

remains to be seen if some of these miRNAs have a unique origin and are shared via GJIC 29,30. 

GJIC also allows for the movement of secondary messengers and small metabolites 31,32. And 

perhaps one of the most important mechanisms of GJIC is surveillance by immune cells via the 

formation of gap junctions 33,34. Indeed, it was recently shown that GJIC occurs between the 

intestinal epithelium and the immune system using HT-29 cells and THP-1 cells, a cell line of 

macrophages, as well as analysis of tissues from human inflammatory bowel disease  35. Given 

the prevalence of Connexin 43 in all the immune cells of the body, it is likely that this also 

occurs with the resident T cells of the lamina propria and the intestinal epithelium. With this 

large body of work already established, it remains to be seen what role GJIC plays in 

maintaining the active intestinal stem cells of the epithelium.  

The carboxyl tail of Connexin 43 

 The channel independent interactions of Connexin 43 have been explored to show that 

connexin 43 interacts with numerous pathways 36. Further work must be done to characterize 

which of these interactions plays an important role in maintaining the intestinal epithelium. In 

particular, it has been shown that the carboxyl tail, and an alternate translated isoform of 

connexin 43 can translocate into the nucleus and act as a transcription factor 37,38. Connexin 43 is 

a transcription factor for the production of its adherens junction binding partner N-cadherin 38. 

This is like how β-catenin regulates its own adherens junction binding partner, E-caderin, which 

in turn regulates the activity of β-catenin 39. Our own exploration of how the location of 

Connexin 43 can affect the proliferative state of the cell suggests that further work needs to be 
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done to understand what different roles Connexin 43 plays at those different locations, and to 

explore any other potential feedback mechanisms that Connexin 43 has in those compartments. 

Gap junctional and tight junctional interactions 

 Both the gap junction and the tight junction are located on the plasma membrane and 

actively link up to the cytoskeletal network via ZO-1 40,41. While sharing a linking protein may 

not initially seem related, work done by Nagasawa et al showed in the porcine blood brain 

barrier that extensive coimmunoprecipitation between Connexin 43 and tight junctional proteins, 

including Occludin, ZO-1, and Claudin-1, occurs 42. Indeed, they showed a decrease in 

transepithelial resistance and increased mannitol and inulin flux with administration of gap 

junctional blockers, suggesting that intact gap junctions may be required for proper tight 

junctional formation 42. Additionally, others have shown that Occludin contains domains that can 

actively interact with connexins 43. Together, this work indicates a need to understand what role 

gap junctions play in coordinating the tight junctional network of the small intestinal epithelium. 

Conclusion 

 Here we have shown some of the roles that these junctional complexes play in 

maintaining the small intestinal epithelium. We have shown that doxorubicin causes a temporal 

transition of the intestinal barrier into a leaky phenotype via modulation of the tight junctional 

network. We have also shown that knocking out Connexin 43 in the Paneth cell affects lineage 

allocation, proliferation, and Wnt signaling in the small intestinal stem cell niche. Future work 

needs to be done to understand what roles these junctional complexes play in maintaining the 

small intestinal epithelium and overall homeostasis. 
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Development of Connexin 43 Model 

 We sought to develop a model to describe the impact of the localization of Connexin 43 

on the proliferative capacity inside of an active intestinal stem cell. We chose to use Cyclin as a 

target species as it is prominent in proliferation and driving the  cell through the cell cycle 1. 

From this we first utilized a Petri net to initially describe the interaction network (Fig. A1). A 

Petri net allows for both visual and mathematical analysis of a reaction network and thus allows 

for rapid modeling of different cellular interactions with the flexibility of utilizing predefined 

mathematical descriptions of interactions or writing one’s own equations for the interactions 2. 

We chose to only include one Fzd Ubiquitinating enzyme, RNF to capture the negative feedback 

loop of high Wnt signaling. Additionally, we included the previously mentioned stabilization 

term from the interaction of Lrp6 and Connexin 43 in protecting the Wnt-Fzd complex from 

ubiquitination 3. Further, we assumed R-spondin signaling was constant. Additionally, we show 

the interactions of Connexin 43 on p38 phosphorylation 4 and blocking Cyclin movement into 

the nucleus 5. 
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Figure A1. A Petri net to describe the role of Connexin 43 in a stem cell. There are three 

external forces that can be applied to the system, Exogenous Wnt, EWnt, membrane bound 

Wnt, mW, and the presence of Connexin 43 on an adjacent cell’s membrane, PmCx43.  
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List of Equations 

 We then mathematically described the rate equations for each of the species in the Petri 

net. We nondimensionalized all the species to the basal rate of Frizzled production divided by the 

basal rate of Frizzled destruction. Finally, we nondimensionalized time to the rate of Frizzled 

destruction.  

The equations are as follows: 

Stem cell Frizzled: 
𝑑𝑆𝐹

𝑑𝑡
= 1 − 𝑘2 ∗ 𝐸𝑊𝑛𝑡 ∗ 𝑆𝐹 − 𝑘2 ∗ 𝑚𝑊 ∗ 𝑆𝐹 − 𝑆𝐹 (1 +

𝑅𝑁𝐹

𝐸𝐹𝐷 + 𝑅𝑁𝐹
) 

 

Frizzled-Wnt Complex: 
𝑑𝑆𝑊𝐹

𝑑𝑡
= 𝑘2 ∗ 𝑆𝐹(𝐸𝑊𝑛𝑡 + 𝑚𝑊) − 𝑘7 ∗ 𝑆𝑊𝐹

𝑅𝑁𝐹

𝐸𝐹𝐷 + 𝑅𝑁𝐹
− 𝑘4 ∗ 𝑆𝑊𝐹 ∗ 𝐺𝐽 + 𝑘5 ∗ 𝐺𝑊𝐹 

 

Gap Junction Protected Frizzled-Wnt Complex: 
𝑑𝐺𝑆𝑊𝐹

𝑑𝑡
=  𝑘4 ∗ 𝑆𝑊𝐹 ∗ 𝐺𝐽 −  𝑘5 ∗ 𝐺𝑆𝑊𝐹 

 

Inactive β-catenin 
𝑑𝑆𝑖𝐵𝑐𝑎𝑡

𝑑𝑡
= 𝑘8 − 𝑘6 ∗ 𝑆𝑖𝐵𝑐𝑎𝑡 ∗ (

𝑆𝑊𝐹

𝐸𝐵𝐴 + 𝑆𝑊𝐹
+

𝐺𝑆𝑊𝐹

𝐸𝐵𝐴 + 𝑆𝑊𝐹
) 

 

Active β-catenin: 
𝑑𝑆𝑎𝐵𝑐𝑎𝑡

𝑑𝑡
= 𝑘6 ∗ 𝑆𝑖𝐵𝑐𝑎𝑡 ∗ (

𝑆𝑊𝐹

𝐸𝐵𝐴 + 𝑆𝑊𝐹
+

𝐺𝑆𝑊𝐹

𝐸𝐵𝐴 + 𝑆𝑊𝐹
) − 𝑘10 ∗ 𝑆𝑎𝐵𝑐𝑎𝑡 

 

RNF: 
𝑑𝑅𝑁𝐹

𝑑𝑡
= 𝑘12

𝑆𝑎𝐵𝑐𝑎𝑡

𝐸𝑅𝑇 + 𝑆𝑎𝐵𝑐𝑎𝑡
− 𝑘26 ∗ 𝑅𝑁𝐹 

 

Cytosolic Connexin 43: 
𝑑𝑆𝑐𝐶𝑥43

𝑑𝑡
=  𝑘11

𝑆𝑎𝐵𝑐𝑎𝑡

𝐸𝐶𝑇 + 𝑆𝑎𝐵𝑐𝑎𝑡
− 𝑆𝑐𝐶𝑥43(𝑘14 + 𝑘28) + 𝑘15 ∗ 𝑆𝑚𝐶𝑥43 

 

Plasma Membrane Connexin 43: 
𝑑𝑆𝑚𝐶𝑥43

𝑑𝑡
=  𝑘14 ∗ 𝑆𝑐𝐶𝑥43 − 𝑆𝑚𝐶𝑥43(𝑘15 − 𝑘17 ∗ 𝑃𝑚𝐶𝑥43) 

 

Gap junction: 
𝑑𝐺𝐽

𝑑𝑡
=  𝑘17 ∗ 𝑃𝑚𝐶𝑥43 ∗ 𝑆𝑚𝐶𝑥43 + 𝑘15 ∗ 𝐺𝑆𝑊𝐹 − 𝑘4 ∗ 𝐺𝐽 ∗ 𝑆𝑊𝐹 − 𝑘19 ∗ 𝐺𝐽 
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p38 MAPK: 
𝑑𝑝38

𝑑𝑡
= 𝑘23 − 𝑘21 ∗ 𝑝38 ∗

𝑆𝑐𝐶𝑥43

𝐸𝑝𝑝 + 𝑆𝑐𝐶𝑥43
+ 𝑘22 ∗ 𝑝𝑝38 −  𝑘24 ∗ 𝑝38 

 

pp38 MAPK: 
𝑑𝑝𝑝38

𝑑𝑡
=  𝑘21 ∗ 𝑝38 ∗

𝑆𝑐𝐶𝑥43

𝐸𝑝𝑝 + 𝑆𝑐𝐶𝑥43
− 𝑘22 ∗ 𝑝𝑝38 − 𝑘27 ∗ 𝑝𝑝38 

 

Cyclin: 
𝑑𝐶𝑦𝑐𝑙𝑖𝑛

𝑑𝑡
=  𝑘13 ∗

𝑆𝑎𝐵𝑐𝑎𝑡

𝐸𝐶𝑃 + 𝑆𝑎𝐵𝑐𝑎𝑡
− 𝑘16 ∗ 𝐶𝑦𝑐𝑙𝑖𝑛 ∗

𝐶𝑦𝑐𝑙𝑖𝑛

𝐶𝑦𝑐𝑙𝑖𝑛 + 𝑆𝑐𝐶𝑥43
− 𝑘20 ∗

𝑝𝑝38

𝐸𝐶𝐷 + 𝑝𝑝38
 

 

Nuclear Cyclin: 
𝑑𝑁𝑐𝑦𝑐𝑙𝑖𝑛

𝑑𝑡
= 𝑘16 ∗ 𝐶𝑦𝑐𝑙𝑖𝑛 ∗

𝐶𝑦𝑐𝑙𝑖𝑛

𝐶𝑦𝑐𝑙𝑖𝑛 + 𝑆𝑐𝐶𝑥43
− 𝑘25 ∗ 𝑁𝑐𝑦𝑐𝑙𝑖𝑛 

 

 

Criteria for Parameterization 

We utilized a genetic algorithm with 100 individuals, a mutation rate of 0.05, and a stiffness of 

0.01. We programed the genetic algorithm in Julia and utilized the CVODES.BDF ode solver. 

We ran the algorithm for 200,000 generations. We utilized the median value of each parameter 

from the last of the generations (Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  131 

 

Table 1. Parameter values and their descriptions. 

Description Parameter 
Parameter 

Value 

Production of Stem cell Frizzled k1 1 

Binding of Stem cell Frizzled to Wnt k2 0.3076 

Binding of Stem cell Frizzled to Wnt k3 0.3273 

Protection of Frizzled-Wnt by GJ k4 0.3426 

Release of Frizzled-Wnt and GJ k5 0.3155 

Activation of Beta catenin by Frizzled-Wnt k6 0.0938 

Destruction of Frizzled-Wnt by RNF k7 0.4622 

Production of inactive beta catenin k8 0.2991 

Activation of beta catenin by Protected Frizzled-

Wnt 
k9 0.339 

Destruction of beta catenin k10 0.3056 

Production of Connexin 43 by beta catenin k11 0.3474 

Production of RNF by beta catenin k12 0.3622 

Production of Cyclin by beta catenin k13 0.3487 

Movement of Cytosolic Connexin 43 into plasma 

membrane 
k14 0.4308 

Movement of Membrane Connexin 43 to cytosol k15 0.3221 

Movement of Cyclin into the nucleus, hindered by 

Cytosolic Connexin 43 
k16 0.2493 

Formation of Gap junction with Membrane 

Connexin 43 
k17 0.3391 

Destruction of Gap junction k19 0.3343 

Destruction of Cyclin, upregulated by pp38 k20 0.3343 
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Table 1. (Continued). 

Phosphorylation of p38, upregulated by 

Cytosolic Connexin 43 
k21 0.345 

Dephosphorylation of pp38 k22 0.2534 

Production of p38 k23 0.3329 

Destruction of p38 k24 0.3309 

Destruction of Nuclear Cyclin k25 0.3488 

Destruction of RNF k26 0.2369 

Destruction of pp38 k27 0.3379 

Destruction of Cytosolic Connexin 43 k28 0.3425 

Destruction of Frizzled, upregulated by RNF k29 1 

Concentration of RNF for half maximum 

destruction of Frizzled 
EFD 0.32 

Concentration of SWF for half maximum 

activation of beta catenin 
EBA 0.472 

Concentration of beta catenin for half max 

production of RNF 
ERT 0.2534 

Concentration of beta catenin for half max 

production of connexin 43 
ECT 0.3376 

Concentration of Connexin 43 for half max 

phosphorylation of p38 
EPP 0.3342 

Concentration of beta catenin for half max 

production of Cyclin 
ECP 0.4247 

Concentration of pp38 for half max 

destruction rate of Cyclin 
ECD 0.3335 

 

 

 In the steady state condition in contact with another cell that has Connexin 43 in its 

plasma membrane, we find that Nuclear Cyclin is most sensitive to its own production and 

destruction, the movement of Cyclin into the nucleus and how much Cytosolic Connexin 43 

inhibits that movement, the production of beta catenin and the effective concentration of beta 

catenin required for the half maximum production of Cyclin (Table 2).  



  133 

 

Table 2. Complex step sensitivity analysis results of the Connexin 43 stem cell model 

Parameters | ∂Nuclear Cyclin / ∂Parameter | 

k13 1.124 

k25 1 

k20 0.50735 

k16 0.38337 

ECP 0.34016 

k23 0.29672 

ECD 0.29672 

k8 0.28122 

k10 0.28122 

k11 0.22976 

k24 0.22543 

k21 0.22543 

k27 0.20011 

k28 0.11516 

k14 0.11459 

EPP 0.10578 

k22 0.096611 

ECT 0.058932 

k19 3.17E-09 

k7 2.78E-09 

k5 2.68E-09 

k4 2.47E-09 

k9 8.43E-10 

EFD 6.79E-10 

k12 4.95E-10 

k26 4.74E-10 

k6 2.78E-10 

k2 1.31E-10 

k15 8.87E-11 

k17 8.42E-11 

ERT 6.12E-11 

EBA 2.74E-11 

k3 2.82E-12 
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