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ABSTRACT 

 
Connexins are a family of gene products sharing a similar topology that mediate 

transmembrane diffusion of ions and small molecules by forming channels within the 

membrane, known as hemichannels (HCs). HCs from neighboring cells can dock and 

form a gap junction channel (GJC) that mediates intercellular diffusion of ions and small 

molecules. Additionally, connexins participate in intracellular signaling through protein-

protein interaction with their intracellular regions. Connexin 37 (Cx37) and Cx40 are co-

expressed by endothelial cells, suggesting a unique role for each connexin in regulating 

cellular function. Through gene knockout studies in mice, Cx37 was found to regulate 

vascular cell proliferation while Cx40 regulates conduction of upstream vasomotor 

signals and leukocyte infiltration. The unique functions of Cx37 and Cx40 result in 

contrasting effects of ischemic injury in mice lacking expression of either Cx37 or Cx40 

genes. Cx37 knockout mice (Cx37-/-) experience a significantly reduced injury and 

improved recovery due to an increase in both vasculogenesis and angiogenic processes. 

In the current studies, the mechanism by which Cx37 mediates cellular proliferation is 

explored by examining the role of functional GJCs and HCs. Channel function is 

necessary, but HC function is not sufficient for Cx37-mediated suppression of 

proliferation. Taken together, these results suggest that Cx37 requires a competent GJC 

that supports a specific conformation of the carboxyl terminus that is able to interact with 

necessary growth regulatory protein(s).  

Conversely, Cx40-/- mice have impaired post-ischemic recovery that results in 

reduced angiogenic and arteriogenic processes, although vasculogenesis is not affected. 

In the current study, we explored the inflammatory response to a mild ischemia inducing 
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surgery, the femoral artery ligation (FAL) surgery, in wildtype (WT) and Cx40-/- mice. 

Cx40-/- mice had an excessive infiltration of activated neutrophils to the ischemic 

gastrocnemius muscle and a prolonged presence of activated macrophages. To evaluate if 

the excessive infiltration of neutrophils impaired recovery in the Cx40-/- mice, we 

depleted mice of circulating neutrophils during the induction of ischemia. No 

improvement in post-ischemic recovery was observed in either WT or Cx40-/- mice. 

These data indicate that, although Cx40-/- mice have a pro-inflammatory state that results 

in an excessive and prolonged presence of leukocytes post-ischemia, reduction of acute 

leukocyte infiltration does not improve post-ischemic recovery. Additional information is 

necessary to determine the mechanisms by which Cx37 and Cx40, individually or in 

concert with each other, regulate endothelial cell function and arterial vascular response 

to ischemic injury. 
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INTRODUCTION AND BACKGROUND 

 
Connexins, hemichannels, and gap junction channels 

Connexins are the building blocks for gap junction channels and participate in 

regulating cellular and organ function. There are more than 20 connexin-encoding genes 

identified in the human genome, named according to their molecular weight in 

kilodaltons. All members of the family share a similar topology (57), with four 

transmembrane domains, both their amino and carboxyl termini located intracellularly, 

and two extracellular loops. With a number of serine, tyrosine, and threonine residues 

located predominantly in the carboxyl terminus, connexins can be regulated by post-

translational modifications. The sequence of the carboxyl terminus (CT) is the least 

conserved region across connexin isoforms (1), indicating that phosphorylation or other 

post-translational modification sites may play a significant role in regulating connexin 

function. Six connexins oligomerize to form a channel referred to as a hemichannel (HC). 

HCs in neighboring cells can dock to form gap junction channels (GJCs) (28).  

Based on their structure, connexins participate in the regulation of cellular 

function in three distinct ways: 1) intracellular signaling through protein-protein 

interactions, 2) transmembrane signaling by the diffusion of ions and small molecules 

through HCs, and 3) intercellular signaling by the diffusion of ions and small molecules 

through GJCs (28; 29). Connexins are expressed throughout the body and many cells 

express more than one isoform suggesting a unique role for each connexin (36). 

Connexin knockout studies emphasize the importance of specific connexins in 

development and homeostasis of cellular and organ function (38; 53; 55). 
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Expression of connexins in the vasculature 

The vascular system is known to express Cx37, Cx40, Cx43, Cx45, and Cx47 in a 

location specific manner (6; 24; 48). Arterial endothelium expresses predominantly Cx37 

and Cx40; however, Cx43 is upregulated in the endothelium at sites of disturbed flow, 

such as branch points. Additionally, Cx43 may be present at myoendothelial junctions, 

where endothelial and smooth muscle membranes project through the internal elastic 

lamina and allow for creation of GJCs between smooth muscle and endothelial cells (58). 

Cx43, Cx45, and Cx37 (at lower expression levels) are found within smooth muscle cells 

(56). Cx37 and Cx43 expression in the venous endothelium appears to be dependent upon 

location throughout the body (48). Cx37, Cx43, and Cx47 are found in the venous and 

lymphatic valve leaflets (34; 48). Connexin expression changes along the vasculature as 

functional requirements for specific regions and flow observed by the vascular wall 

changes. Connexin expression can change in response to a variety of stimuli. For 

example, coarctation of the aorta results in a significant increase in Cx43 expression at 

the site of the coarct and at the upstream region experiencing shear stress (24). 

Expression of Cx37 decreases as Cx43 expression increases, but Cx40 expression 

remains unchanged throughout the coarct region.  

 
Role of Cx37 and Cx40 in the vasculature 

Knockout of individual connexins provides insight into the unique functional 

roles of each connexin within endothelial cells. Global knockout of Cx37 (Cx37-/-) and 

Cx40 (Cx40-/-) have unique phenotypic differences. Cx37-/- mice have depletion of 

venous and lymphatic valves and abnormal lymphatic function (34). Intercellular dye 

transfer is reduced in the aortic endothelium of Cx37-/- mice, but upstream conduction of 
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vasomotor signals is unaffected (13; 22; 56). In arterial endothelium where both Cx37 

and Cx40 are expressed, the non-ablated connexin in both Cx37-/- and Cx40-/- mice is 

significantly reduced (56).  

Although significantly decreased in arterial endothelium, Cx37 expression is 

increased in the medial layer in Cx40-/- mice (56). In addition to Cx37, eNOS, CD73, and 

VCAM-1 expression is altered in arterial endothelial cells of Cx40-/- mice (2; 9). Cx40-/- 

mice experience chronic hypertension due to the loss of Cx40 in the renin-secreting 

juxtaglomerular cells of the kidney resulting in dysregulation of renin release and, 

consequently, upregulation of the renin-angiotensin system (39; 61). Hypertension is not 

present in mice with an endothelial specific deletion of Cx40, indicating that the 

hypertension is specifically due to Cx40 expression in the kidney and not an endothelial-

dependent effect (62). 

Intercellular dye transfer between endothelial cells, similar to Cx37-/- mice, is 

reduced in Cx40-/- mice, which indicates a reduction in GJC function (56). Interestingly, 

Cx40-/- mice have significantly impaired upstream conduction of vasodilatory signals and 

experience spontaneous vasospasms, but local responses to vasomotor signals are 

maintained (13; 14; 22). The conduction of signals upstream requires a functional Cx40 

channel. Expression of a Cx40 protein with alanine at position 96 mutated to serine 

(Cx40-A96S) in cells results in a significant reduction in gap junction channel 

conductance (25). Mice expressing Cx40-A96S have similarly impaired conduction of 

signals upstream compared to Cx40-/- (33). Cx37 expression in Cx40-A96S mice is no 

longer reduced in the endothelium, further indicating that upstream conduction of 
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vasomotor signals specifically requires Cx40 channels. It is not known if expression of 

other proteins affected by global deletion of Cx40 are also retained in these mutant mice. 

 
Role of Cx37 and Cx40 in vascular diseases 

With the number of studies exploring the role of connexins in vascular function 

growing, it has become clear that connexins play major roles in regulation and 

progression of numerous vascular diseases. The connection between atherosclerosis and 

connexin expression is readily apparent; however, the mechanism by which Cx37 and 

Cx40 regulate the progression of atherosclerotic plaque development differs 

considerably. Cx37 and Cx40 are both found to be protective against the development of 

atherosclerotic plaques and expression of both connexins in the endothelial layer is 

progressively lost during atherosclerosis (45). Using an ApoE-deficient (ApoE-/-) mouse 

line, deletion of Cx37 (ApoE-/-Cx37-/-) results in the development of significantly more 

lesions in the aorta compared to ApoE-/-Cx37+/+ mice when fed a high cholesterol diet 

(64). However, it appears that endothelial Cx37 does not play a major role in lesion 

development. Cx37 is also expressed by monocytes within the circulation. ApoE-/-Cx37-/- 

mice that have undergone adoptive transfer of monocytes from ApoE-/-Cx37+/+ mice, 

thereby receiving Cx37 expressing monocytes, did not suffer the increased number of 

lesions typical of the double knockout. Conversely, adoptive transfer of monocytes from 

ApoE-/-Cx37-/- mice into ApoE-/-Cx37+/+ mice mimicked the increase in lesion 

development observed in ApoE-/-Cx37-/- mice. Therefore, while Cx37 expression in 

endothelial cells is reduced during atherosclerosis, this reduction is not causal in the 

development of this disease. 
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In contrast, Cx40 expression in the aortic endothelial layer plays a major role in 

the development of atherosclerotic lesions. ApoE-/- mice with endothelial specific 

deletion of Cx40 using the Tie2 promoter (ApoE-/-Cx40del), which does not result and 

chronic hypertension and, therefore, eliminates any additional effects from the chronic 

hypertension present in Cx40-/- mice, were used to evaluate development of 

atherosclerosis (9). Surprisingly, in addition to finding a significant increase in the 

development of lesions in ApoE-/-Cx40del mice fed a high cholesterol diet, 

atherosclerotic lesions were found on young mice prior to the diet change required to 

produce lesions in ApoE-/- mice. ApoE-/-Cx40del mice demonstrated an increased 

expression of VCAM-1, decreased expression of endothelial CD73, and an increased 

infiltration of monocytes into the intima. CD73 is an ecto-enzyme that produces 

adenosine from extracellular ATP (41). Activity of CD73 regulates the expression of 

VCAM-1 (65), which itself is expressed on activated ECs and is involved in monocyte 

adhesion to the vascular wall (65). Thus, deletion of Cx40 from the endothelium results 

in decreased CD73 expression and increased VCAM-1 expression, both of which are 

involved in regulating leukocyte adhesion to the vascular wall resulting in increased 

infiltration of monocytes. 

A recent study explored leukocyte infiltration using an ischemia/reperfusion 

injury model in ApoE-/-Cx40del mice (44). ApoE-/-Cx40del mice had reduced CD73 

expression and increased leukocyte infiltration, which resulted in larger infarct sizes 

compared to control mice. Neutrophils are the initial responders to ischemia/reperfusion 

injury (32). Pharmacologically induced increase in CD73 activity reduced neutrophil 

infiltration and resulted in reduced infarct sizes in these mice. Together, these data 
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strongly suggest that endothelial Cx40 expression is protective during vascular diseases 

by regulating leukocyte infiltration; loss of Cx40 leads to tissue damaging levels of post-

injury leukocyte infiltration. 

Cx40-/- mice also experience significantly impaired post-hindlimb ischemia 

recovery (19; 20). Two methods of inducing ischemia were used to evaluate angiogenic 

and arteriogenic processes independently. In the first, a severe ischemic injury was 

induced by resecting the femoral to saphenous artery vein pair, which eliminates possible 

recovery of flow via the major collateral vessels located in the gracilis muscle but 

encourages an angiogenic response. Cx40-/- mice experienced a significant drop in tissue 

survival and often suffered downstream tissue necrosis by 1 day post-surgery (19; 20). 

These mice showed a prolonged presence of activated macrophages in the gastrocnemius 

muscle (20), suggesting that leukocyte infiltration may negatively impact the angiogenic 

response in these mice.  

In a more mild form of hindlimb ischemia, induced by ligation of the femoral 

artery distal to the gracilis branch to keep the gracilis collateral vessels intact and allow 

for arteriogenesis, Cx40-/- mice, again, experienced reduced post-ischemic recovery 

compared to WT mice (20). Arteriogenesis, the remodeling of pre-existing collateral 

vessels, was significantly reduced in these mice at 21 days post-surgery (20). The 

development of collateral vessels was explored in the pial circulation to verify that 

vasculogenesis was not affected in these mice. Cx40-/- mice had similar number of 

collateral vessels in the pial circulation compared to WT mice indicating that, although 

collateral vessels are present in the Cx40-/- mice, they are not sufficiently remodeled to 

reperfuse the hindlimb (20). It is not known whether increased leukocyte infiltration 
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occurs following induction of mild ischemia and if impaired post-ischemic vascular 

remodeling in Cx40-/- mice is due to the altered regulation of the inflammatory response 

to injury, the lack of upstream conduction of vasomotor signals, or other affected 

signaling processes, such as eNOS-dependent signaling. Identifying the mechanism by 

which Cx40 regulates endothelial cell function is necessary to determine the therapeutic 

potential of Cx40.  

In contrast to the deleterious effects of knocking out Cx40, genomic deletion of 

Cx37 is beneficial to post-ischemic recovery (18; 19). In both models of hindlimb 

ischemia, Cx37-/- mice have significantly improved hindlimb recovery and significantly 

higher levels of limb perfusion compared to WT mice (18; 19). Following the mild 

ischemia surgery, significantly higher perfusion levels were evident as early as 30 

minutes post-surgery (18). At 21 days post-mild surgery, Cx37-/- mice had significantly 

more remodeled collateral vessels present in the surgical limb compared to WT mice. 

Additionally, at 14 days post-severe surgery, Cx37-/- mice had significantly higher 

microvascular density in the surgical limbs, an increase not observed in WT mice. 

Together, these results suggest that, post-injury, Cx37-/- mice have greater proliferation 

and growth of blood vessels. To explore if this proliferative effect existed during 

development, the number of collateral vessels in the pial circulation were compared. 

Cx37-/- mice have significantly more pre-existing collateral vessels compared to WT 

mice, indicating that vasculogenesis is also increased due to the lack of Cx37. Unlike 

endothelial Cx40, endothelial Cx37 appears to regulate proliferation. 
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Role of connexins in growth regulation 

Connexins have long been shown to regulate cellular proliferation. Early 

observations correlated uncontrolled cancerous growth with defective intercellular 

communication suggesting communication between neighboring cells provided signals to 

regulate proliferation of cells with an organ (36; 42). The most studied connexin, Cx43, 

has been shown to have growth regulatory properties in various cell types through cell 

type-specific mechanisms (36; 60). There are two commonly thought of mechanisms for 

connexin-dependent growth regulation, channel-dependent and channel-independent (36; 

60). The channel-dependent mechanisms are based on the observations of Loewenstein 

and colleagues who noted an inverse correlation between tumor cell proliferation and 

intercellular communication (36; 42). They hypothesized that intercellular diffusion of 

signaling molecules prevented accumulation of these signaling molecules in individual 

cells thereby suppressing proliferation of coupled cells. Loss of communication due to 

changes in gene expression or induced by tumor promoters would, consequently, support 

proliferation.  

Alternatively, in channel-independent mechanisms, expression of just the CT of 

Cx43 results in growth suppression in multiple cell lines (36). Since phosphorylation of 

connexins occurs in the CT region, connexin phosphorylation may regulate growth 

control through channel-dependent and channel-independent mechanisms by regulating 

protein-protein partners (60). The numerous mechanisms proposed clearly indicate that 

cell type, intracellular milieu, and external environment are all determinates for 

connexin-dependent growth control. 
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While Cx43-dependent regulation of proliferation has been extensively explored, 

significantly less is known about the mechanism underlying growth suppression by other 

connexins. Recently, Cx37 was found to regulate cellular growth in vitro. In conjunction 

with in vivo data, expression of Cx37, but not Cx40 or Cx43, in a rat insulinoma (Rin) 

cell line significantly suppressed proliferation (7). These data indicate that Cx37 is 

slowing the progression through each phase of the cell cycle. Deletion of the CT of Cx37 

(Cx37-∆273) results in the loss of Cx37-dependent suppression of proliferation. 

Interestingly, Cx37-∆273 expressing cells retain both GJC and HC function, suggesting 

that channel function is not sufficient and the CT is necessary for Cx37-mediated 

suppression of proliferation (50). A study exploring the effect of serine vs. proline at 

position 319 in Cx37, the polymorphism site in human Cx37, indicated that HeLa cell 

proliferation was only reduced in cells expressing proline at position 319 (46). 

Interestingly, mouse Cx37, the Cx37 used in the Rin cell experiments, has a serine at 

position 319. It remains to be seen if this is a cell-type or species-dependent effect. More 

information is necessary to determine the mechanism by which Cx37 regulates 

proliferation. 

 
Summary and Significance 

While many strides have been made to improve the treatment of cardiovascular 

diseases, these still remain the primary cause of death in the United States. This 

emphasizes the continued need for identification of novel therapeutic targets. Connexins, 

the protein components of GJCs, represent such a target as they regulate and contribute to 

coordinated growth and differential signaling in the vascular wall and immune system. 

The studies presented herein provide new information for understanding the mechanisms 
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underlying the contribution of Cx37 and Cx40 to vascular function during normal and 

pathophysiological conditions. Cx37 and Cx40 are co-expressed within arterial 

endothelial cells and knockout of either connexin in mice results in significantly differing 

responses following an ischemic injury to the hindlimb. Cx37-/- mice have significantly 

increased vasculogenesis, angiogenesis, and arteriogenesis compared to WT mice 

suggesting an important role in regulating endothelial cell proliferation. Alternatively, 

Cx40-/- mice have drastically impaired post-ischemic recovery and a prolonged presence 

of activated macrophages in the downstream ischemic muscle, indicating a role in 

regulating post-injury inflammation. Further investigation of the differential roles and 

mechanisms for Cx37 and Cx40-dependent cellular functions are necessary to determine 

their potential as novel therapeutic targets for vascular diseases.  
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DESCRIPTION OF DISSERTATION FORMAT 

 
Brief summaries of the studies completed for this dissertation are first presented 

in Chapters 2 and 3. Full introduction, methods, results, and discussion for each study 

described in Chapter 2 are presented in the appendices. I contributed to the collection and 

analysis of all of the data presented within the dissertation that include three published 

studies (Appendix A with supplemental data in Appendix B, Appendix C, and Appendix 

D), and one unpublished study (Chapter 3). The dissertation ends with a description of 

the future directions for this work in Chapter 4. I performed a majority of the 

experiments, analyzed the data for those experiments, and was the primary author for the 

studies in Appendix A, with supplemental data in Appendix B, Appendix C, and 

Appendix D. The electrophysiology data in the above manuscripts, with the exception of 

the HC electrophysiology data collected in Appendix C, was collected and analyzed by 

my fellow authors. I performed a majority of the experiments and analyzed all of the data 

for the study in Chapter 3. I will integrate the data in Chapter 3 with additional data 

collected previously in the laboratory and submit the combined studies for publication. 
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CHAPTER 2: REQUIREMENT OF CHANNEL FUNCTION FOR CX37-

DEPENDENT SUPPRESSION OF RIN CELL PROLIFERATION 

 
Recently, Cx37 was found to regulate cell proliferation (7; 18). In vivo, deletion 

of Cx37 resulted in increased vasculogenesis and post-ischemic angiogenesis and 

arteriogenesis (18). In Rin cells, expression of Cx37, but not Cx40 or Cx43, profoundly 

suppressed cell proliferation (7). Together, these data suggest a vital role for Cx37 in 

regulation of vascular cell proliferation that requires further exploration. We 

hypothesized that Cx37-mediated growth regulation was channel-independent based on 

two observations: 1) Cx40 and Cx43 channel selectivity properties are similar or less 

selective (7; 17; 27; 63), respectively, than Cx37 channel selectivity and 2) Cx43 can 

suppress proliferation through channel-independent mechanisms (36). To test this 

hypothesis, we mutated a conserved threonine in the third transmembrane domain to 

alanine (T154A), a mutation that renders Cx43 channels non-functional (5). Localization 

of Cx37-T154A protein was similar to Cx37-wildtype (WT) with the protein making 

visible plaques in the plasma membrane, but GJCs were non-functional (Appendix A 

with supplemental information in Appendix B (27)). Cx37-T154A expressing cells, 

however, failed to suppress Rin cell proliferation and eliminated the Cx37-WT-dependent 

accumulation of Rin cells in the G0/G1 phase of the cell cycle during serum deprivation. 

These data indicate that Cx37-mediated growth suppression and regulation of cell cycle 

progression requires a functional channel and, furthermore, that an intact CT is not 

sufficient for this effect.  

The T154A mutation in Cx37 eliminated both GJC and HC function. Therefore, 

although channel function is necessary, these data did not indicate which channel type 
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was vital for Cx37-dependent suppression of proliferation. We hypothesized that HC 

function, and not GJC function, was necessary for Cx37-mediated regulation of 

proliferation based on three observations: 1) Cx37 GJC selectivity properties are 

encompassed by both Cx40 and Cx43 GJC channel selectivity, but these proteins do not 

alter Rin cell proliferation (7; 17; 63); 2) cells plated at low densities, where cell-cell 

contact is minimal and thus GJC formation is rare, continue to exhibit Cx37-dependent 

growth suppression (7); and 3) Cx37 HCs, unlike Cx43 HCs, are functional at both 

normal and low extracellular calcium concentrations ([Ca2+]o) indicating signaling ions or 

molecules can diffuse through Cx37 HCs when cells are grown in normal serum 

concentrations (26). To explore this hypothesis, we mutated various amino acid residues 

within the extracellular loops (ECLs) of Cx37 to find a protein that prevented GJC 

function, but retain HC function.  

The first set of mutants utilized the conserved ECL cysteines that are vital for the 

formation of GJCs (4; 10; 59). Mutation of one or more of the six ECL cysteines in Cx26 

results in loss of GJC function due failure of the protein to oligomerize and localize to the 

plasma membrane (10). Additionally, mutation of all six cysteines in Cx43 results in a 

protein that makes it to the plasma membrane, fails to form functional GJCs, but 

maintains HC function (4; 59). We mutated two (C61, 65; Appendix C (26)) or all six 

(C54, 61, 65, 87, 92, 98; Appendix D) cysteines to alanines and found that both mutants 

localize comparably to Cx37-WT in iRin37 cells, but failed to form functional GJCs. 

However, both mutants also failed to form functional HCs, suggesting that ECL cysteine-

cysteine disulfide bonds are required for Cx37 HC, but not Cx43 HC function. Neither 

mutant suppressed Rin cell proliferation, providing further evidence for the necessity of a 
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functional channel for Cx37-mediated suppression of proliferation, but not differentiating 

between GJC and HC.  

Additional conserved residues in the ECLs of connexins have been implicated in 

participating in HC docking to form GJCs (43; 49). We independently mutated 2 residues 

in Cx37: asparagine at position 55 to isoleucine (N55I) and glutamine at position 58 to 

leucine (Q58L) (Appendix D). Localization and expression levels were similar for Rin 

cells expressing either Cx37-N55I or Cx37-Q58L compared to Cx37-WT. Both mutants 

lacked GJC function, but HC function was detected in each mutant. These mutants did 

not significantly differ from Cx37-WT HCs in uptake of dye or HC electrical activity. 

Neither of these mutants, however, suppressed the proliferation of Rin cells indicating 

that HC activity is not sufficient for Cx37-mediated suppression of Rin cell proliferation.  

Taken together, these data indicate that a functional channel is necessary, a 

functional HC is not sufficient, and the CT, in a conformation determined by either a 

non-functional channel or a functional HC, is not sufficient for Cx37-dependent 

regulation of proliferation. Recent data have also indicated that the CT is necessary (50). 

Expression of Cx37 lacking the CT (Cx37-∆273) results in a protein that supports GJC 

and HC function, but fails to suppress Rin cell proliferation (50). These data together 

with data presented here suggests that interaction between cell cycle regulating protein(s) 

and the CT of Cx37 is dependent upon a specific conformation achieved when able to 

form functional GJCs. Further research is necessary to determine the residues in the CT 

and the interacting proteins necessary for Cx37-mediated suppression of proliferation. 
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CHAPTER 3: NEUTROPHIL DEPLETION DOES NOT IMPROVE POST-

ISCHEMIC HINDLIMB RECOVERY IN WT OR CX40-/- MICE 

 
Summary 

Numerous vascular defects are present in mice with either global or endothelial-

specific deletion of Cx40. Altered expression of vascular proteins (9; 52; 56), impaired 

upstream conduction of vasomotor signals (13; 22), vasospasms (22), a pro-inflammatory 

state (9; 44), and impaired post-ischemic hindlimb recovery (19; 20) have all been 

observed in mice lacking Cx40. Following induction of either mild or severe ischemia, 

Cx40-/- mice were found to have significantly impaired recovery of hindlimb perfusion 

(19; 20). Cx40-/- mice failed to recover from the severe induction of ischemia, often 

experiencing downstream necrosis, and had a prolonged presence of activated 

macrophages in the ischemic tissue (19; 20). This increased presence of leukocytes in the 

ischemic tissue may be causal in preventing recovery of blood flow in these mice. 

Arteriogenesis was also impaired in Cx40-/- mice following induction of mild ischemia 

(20), but it is not known if mice have increased leukocyte infiltration post-induction of 

mild ischemia. 

Here we tested the hypothesis that excessive leukocyte infiltration causes poor 

recovery of blood flow following hindlimb ischemia. We found that acute infiltration of 

neutrophils was increased in Cx40-/- mice post-FAL (surgery resulting in mild hindlimb 

ischemia). Similar to the results for severe hindlimb ischemia, Cx40-/- mice had a 

significantly increased presence of activated macrophages 14 days post-FAL. To 

determine if increased acute leukocyte infiltration was detrimental to post-FAL hindlimb 

recovery, we depleted WT and Cx40-/- mice of neutrophils during the induction of 
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ischemia. Depletion of circulating neutrophils did not improve post-ischemic hindlimb 

recovery in either WT or Cx40-/- mice. We additionally examined the localization of 

Cx37 and Cx40 in the arterial vessels of these mice and found no significant changes in 

localization or visible changes in expression levels between control and ischemic tissue 

for both WT and Cx40-/- mice for either Cx37 or Cx40.  

These data provided in the manuscript below indicate that, although Cx40-/- mice 

experience an excessive and prolonged infiltration of leukocytes in the ischemic tissue, 

preventing acute infiltration of neutrophils did not improve post-ischemic hindlimb 

recovery. Additionally, participation of endothelial Cx37 and Cx40 may be through post-

translational regulation of the protein rather than changes in expression levels. It remains 

to be seen if impaired post-ischemic hindlimb recovery in Cx40-/- mice is due to reduced 

upstream conduction of vasomotor signals, signaling by proteins whose expression is 

affected by the lack of Cx40, a change in the macrophage subpopulation ratio, or a 

combination of these Cx40-dependent vascular functions.  
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NEUTROPHIL DEPLETION DOES NOT IMPROVE POST-ISCHEMIC 

HINDLIMB RECOVERY IN WT OR CX40-/- MICE. 

 
Miranda E. Good, Lindsay N. Barendrick, Nicole L. Jacobsen, Jeremy R. Oulton, 

Stephanie J. Munger, and Janis M. Burt 

 
Abstract 

Cx40-/- mice have significantly impaired post-hindlimb ischemia recovery. A pro-

inflammatory state is present in Cx40-/- mice due, at least in part, to altered expression of 

leukocyte adhesion regulating proteins. The number of infiltrated activated neutrophils 8 

and 24 hours after induction of mild ischemia in the hindlimb was increased in Cx40-/- 

mice compared to WT mice. In contrast, the number of activated macrophages detected 

was not different between genotypes; however, the number of F4/80+ macrophages (a 

marker for activated macrophages) detected 14 days post-FAL was significantly 

increased in Cx40-/- mice. To determine whether the increased early neutrophil 

infiltration negatively impacted post-ischemic hindlimb recovery, we depleted mice of 

circulating neutrophils during the induction of hindlimb ischemia. Neutrophil depletion 

did not improve recovery of either WT or Cx40-/- mice. We also examined connexin 

expression in arteries within the gastrocnemius muscles of WT and Cx40-/- mice. 

Localization of Cx37 and Cx40 were not different in surgical limbs compared to the 

contralateral control limb for either genotype. As expected, Cx40-/- mice did not express 

Cx40 and expressed less Cx37 in the endothelial cell layer, but more Cx37 in the medial 

layer. Together these data indicate that, although Cx40-/- mice have an excessive and 
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prolonged post-ischemic injury inflammatory response, depletion of neutrophils during 

the induction of ischemia does not improve post-ischemic recovery of the hindlimb. 

 
Introduction 

Connexins, the protein components of gap junction channels, regulate cellular 

function through intracellular, transmembrane, and intercellular signaling mechanisms 

(29; 36). The tissue specific expression of the 21 family members, with co-expression of 

some (e.g. CX37 and Cx40 in endothelial cells), suggests isoform specific functions in 

maintaining cellular function (57). Indeed, knockout mice have revealed unique cell-type 

and isoform specific functions of connexins (19; 53; 55). Altered expression of a number 

of vascular proteins (e.g. Cx37, CD73, VCAM-1 and endothelial nitric oxide synthase 

(eNOS)) (9; 52; 56), compromised upstream dilatory signaling (13; 22), spontaneous 

vasospasms (22), altered vascular permeability (66), and a pro-inflammatory phenotype 

(9; 44) are a number of vascular deficits observed in mice with global deletion of Cx40 

(Cx40-/-). Additionally, Cx40-/- mice experience chronic hypertension due to 

dysregulation of the feedback loop for renin secretion by the kidney causing 

overproduction of renin (37; 61). We have previously demonstrated that deletion of 

Cx40, but not Cx37, significantly impairs post-ischemic hindlimb recovery (18; 19; 20). 

Cx37 participates in the regulation of vascular proliferation, such that deletion of 

Cx37 results in increased vasculogenesis, post-ischemic angiogenesis, and arteriogenesis 

(18). However, the role of Cx40 in post-ischemic vascular remodeling is less clear. 

Following the femoral and saphenous artery-vein pair resection (FSAVPR) surgery, 

Cx40-/- mice experienced a lack of hindlimb perfusion recovery, although microvascular 

density did not differ between the control limbs of Cx40-/- and WT mice (20). 
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Additionally, prolonged presence of activated macrophages was apparent in the Cx40-/- 

mice compared with WT mice. Induction of mild ischemia through femoral artery 

ligation (FAL) (preserving function of the gracillis collateral vessels) also resulted in 

impaired recovery of perfusion in Cx40-/- mice compared to WT mice due, in large part, 

to a lack of arteriogenesis, although a similar number of collateral vessels in the pial 

circulation indicated that vasculogenesis was unaffected.  

Since leukocyte infiltration is known to regulate vascular remodeling (31), the 

impaired remodeling observed in Cx40-/- mice could be due to the altered inflammatory 

response. Interestingly, in cardiac ischemia/reperfusion injury, the loss of endothelial 

Cx40 results in an increased infiltration of neutrophils to the ischemic tissue and a larger 

infarct area (29). When CD73, the expression of which is decreased in Cx40-deficient 

mice (9), activity is pharmacologically increased, the infiltration of neutrophils is 

significantly reduced with a subsequent reduction in infarct size. Additionally, 

ischemia/reperfusion injury induces an increase in microvascular permeability that can be 

prevented by depleting circulating levels of neutrophils (30). Thus, the impaired post-

ischemic hindlimb recovery in Cx40-/- mice could be due to the deleterious inflammatory 

response and depletion of circulating neutrophils may therefore improve recovery. 

Since blood inflammatory cell infiltration was only previously explored in the 

FSAVPR surgery model at two-weeks post-surgery, we examined the infiltration of both 

neutrophils, the immediate responders to injury, and activated macrophages to the 

downstream ischemic muscle post-FAL surgery. Infiltration of activated neutrophils was 

significantly increased in Cx40-/- mice compared to WT mice at both 8 and 24 hrs post-

FAL. However, neither activated neutrophils nor macrophages differed between WT and 
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Cx40-/- mice at 72 hrs post-FAL. Interestingly, Cx40-/- mice had increased numbers of 

infiltrated activated macrophages (F4/80+) (47), but not CD206+ macrophages (indicative 

of anti-inflammatory macrophages (21; 47)), compared to WT mice 14 days post-FAL.  

To evaluate the possible detrimental impact of the increased neutrophil infiltration 

in Cx40-/- mice, circulating neutrophils were depleted during the induction of injury in 

WT and Cx40-/- mice. Post-ischemic hindlimb recovery was not improved in either the 

WT or Cx40-/- mice lacking circulating neutrophils. We also examined connexin 

expression at 3 and 14 days post-FAL in WT and Cx40-/- mice and found no apparent 

differences in the expression of Cx37 or Cx40 in the surgical limb compared to the 

contralateral control limb. These results indicate that, although Cx40 participates in the 

regulation of leukocyte infiltration, preventing infiltration of neutrophils during the initial 

stage of injury does not improve post-ischemic hindlimb recovery in either WT or Cx40-/- 

mice.  

 
Methods 

Animals. 12-18 week old C57Bl/6 (WT) and homozygous Cx40-/- male mice on a 

C57Bl/6 background were used for this study. Animals were maintained on standard 

rodent chow (Harlan Cat #7013 NIH-31), receiving food and water ad libitum, and 

housed together when possible. All studies were conducted in accordance with the 

University of Arizona’s Institutional Animal Care and Use Committee. 

Unilateral Femoral Artery Ligation (FAL). Hindlimb ischemia was induced using 

the femoral artery ligation (FAL) surgery, as previously described (18). Briefly, animals 

were anesthetized with isoflurane (1-2% isoflurane in O2) and their hindlimbs depilated. 

Using sterile surgical techniques, an incision extending from the inguinal region to the 
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medial proximal thigh was made on the left limb and the epigastric artery ligated to shunt 

blood flow to the gracilis artery. The femoral artery was then separated from the vein and 

overlying nerve, two ligatures were placed around the femoral artery between the 

epigastric and popliteal branches, the intervening vessel was removed, and the incision 

was sutured closed. Animals received subcutaneous injections of an analgesic (0.1 mg/kg 

Buprenorphine) prior to surgery and every 12 hours post-surgery for 48 hours.  

Assessment of Surgical Limb Recovery. An investigator blind to animal genotype 

scored the surgical hindlimb for appearance and use at six time points following the FAL 

surgery. All scores were made relative to the contralateral control limb and were scaled 

as follows for appearance: 0 = no difference; -1 = minor discoloration; -2 = moderate 

discoloration; -3 = severe discoloration and/or mild necrosis; -4 = severe necrosis and/or 

distal tissue auto-amputation; and use: 0 = normal use; -1 = plantar flexion but no toe 

reflex; -2 = no plantar flexion but foot used for balance, and no toe reflex; -3 = no plantar 

flexion and weight on limb and no toe reflex; -4 = dragging of limb. Data obtained for 

hindlimb appearance and use were plotted as median scores and Wilcoxin Rank Sum 

tests were used to evaluate differences.  

Laser Doppler Perfusion Imaging. Hindlimb perfusion was assessed 

noninvasively prior to FAL and 1, 3, 5, 7, 10, and 14 days post-FAL with a Periflex Pim 

II (Peri-Med) small animal Laser Doppler. Animals were anesthetized with 1-2% 

isoflurane and placed onto a heating pad in the prone position for body heat maintenance. 

Perfusion images were acquired in triplicate and a region of interest (ROI) was defined 

for each limb. Perfusion was calculated by multiplying the number of perfused sites by 

the average intensity (volts) of those sites within the ROI.  



 

 

30 

Neutrophil Depletion. Mice were administered 500 µg of anti-mouse Ly6G 

antibody (BioXCell; Cat#BE0075; Ab injected (12)) or an equal volume of saline (saline 

injected), by intraperitoneal injection one day prior to, day of, and one day post-FAL. 

Neutrophil depletion was confirmed through differential blood counts.  

Differential Blood Counts. Blood was collected from the facial vein prior to the 

initial injection of antibody or saline, the day of, and 1, 3, 5, 7,10, and 14 days post-FAL. 

A 23-gauge needle was used to puncture the facial vein and collect approximately 10µl of 

blood to smear across a slide. Slides were stained with Dade Behring Diff-Quik Fixative 

(Lot# 466.028.1A), Diff-Quik Solution I (Lot# 467.028.1A), and Diff-Quik Solution II 

(Lot# 468.028.1A). Leukocytes were counted in sets of one hundred cells total, 

differentiating between lymphocytes, neutrophils, and monocytes. Two sets of one 

hundred counts were averaged per slide and graphed as percentages of lymphocytes, 

neutrophils, and monocytes.  

Immunohistochemistry. Experimental animals were euthanized and the 

gastrocnemius muscles were harvested from both control and surgical limbs. The muscles 

were rinsed in PBS, embedded in OCT, flash-frozen, and sectioned (10 µm thick). 

Sections were collected on glass slides and stained for either leukocytes or connexin 

expression. Slides were fixed in 100% acetone, dried for 5 minutes, and rinsed in divalent 

cation-free phosphate buffer saline (DCF-PBS). Slides stained for leukocytes were 

blocked (DCF-PBS, 5% normal donkey serum, 1% bovine serum albumin (BSA)) for 1 

hr at room temperature. Slides stained for connexin expression were first rinsed in DCF-

PBS with 0.025% Triton X-100 (TX) (2 x 5 mins) and then blocked (DCF-PBS, 5% 

normal donkey serum, 1% bovine serum albumin (BSA), 0.01% TX) for 1 hr at room 
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temperature. Slides were incubated with primary antibody diluted in 1% BSA overnight 

at 4˚C. For connexin expression, slides were dual-stained with PECAM-1 [rat anti-mouse 

PECAM-1 (Hycult Biotech, monoclonal, Cat#HM1013, 1:150)] and either Cx37 [rabbit 

anti-Cx37 (αCx37-18264 (54), 1:200)] or Cx40 [rabbit anti-Cx40 (Alpha Diagnostic, 

Cat#CX40-A, 1:500)] antibodies. Activated neutrophils were detected by staining for the 

7/4 antigen [rat anti-mouse 7/4 IgG antibody (Cedarlane, #CL8993AP, 1:100)]. Activated 

macrophages were detected by dual-staining of F4/80+ [rat anti-mouse F4/80 IgG 

antibody (Invitrogen, #MF48000, 1:100)] and CD206+ [goat anti-mouse CD206 IgG 

antibody (Santa Cruz, #sc-34577, 1:100)] macrophages.  After exposure to primary 

antibodies, slides were rinsed with DCF-PBS and incubated with secondary antibodies 

diluted in 1% BSA for 1 hr at room temperature. Secondary antibodies used: Alexa Fluor 

647-conjugated donkey anti-rat secondary antibody (Jackson ImmunoResearch, #712-

605-150, 1:200) for PECAM-1 and F4/80+ macrophages; Cy3-conjugated donkey anti-

rabbit secondary antibody (Jackson ImmunoResearch, #711-165-152, 1:200) for Cx37 

and Cx40; Cy3-conjugated donkey anti-rat secondary antibody (Jackson 

ImmunoResearch, #712-165-150, 1:200) for neutrophils; and Cy3-conjugated donkey 

anti-goat secondary antibody (Jackson ImmunoResearch, #705-165-003, 1:200) for 

CD206+ macrophages. DAPI was applied to sections (300nM) to mark nuclei. Coverslips 

were mounted with mowiol and imaged for connexins using the Leica SP5 confocal 

microscope at the Arizona Cancer Center Cancer Imaging Shared Service and for 

leukocytes using an Olympus BX51 fluorescence microscope fitted with a Photometrics 

CoolSnap ES2 camera. 
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Immunohistochemistry Quantification. For quantification of both macrophage and 

neutrophil fluorescence, image files were imported to ImageJ where the signal was 

inverted to appear black on a white background. Using secondary antibody only slides, a 

signal threshold minimum was established for each set of antibodies and the total area of 

positive signal within the exposure range was determined in quadruplicate per tissue per 

animal. The total positive area of the left limb was calculated as a ratio against the control 

limb to reflect a gross percent change. 

 
Results 

We have previously shown that the presence of activated macrophages at day 14 

is higher in Cx40-/- mice compared to WT mice following the FSAVPR surgery (20). 

However, we do not yet know if inflammatory cell infiltration differs in WT and Cx40-/- 

mice following the more mild FAL surgery. Since we begin to see differences in the 

recovery of hindlimb perfusion post-FAL between WT and Cx40-/- mice at early time 

points (20), we explored the inflammatory cell presence at 8, 24, and 72 hrs post-FAL 

surgery. At 8 and 24 hrs post-FAL, Cx40-/- mice had significantly more activated 

neutrophils present in the downstream ischemic tissue compared to WT mice (Figure 1). 

By 72 hours post-FAL, there was no significant difference between WT and Cx40-/- mice. 

We next looked at the presence of macrophages post-FAL. No significant differences 

between WT and Cx40-/- mice existed for either F4/80+, a general marker for activated 

macrophages, nor CD206+ activated macrophages, a marker for the anti-inflammatory 

subtype of macrophages, at 8, 24, or 72 hrs post-FAL (data only shown for 72 hrs post-

FAL, Figure 4). 

Since neutrophils were the only inflammatory cells that exhibited a difference 
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between WT and Cx40-/- mice within the first 72 hrs following induction of ischemia, we 

explored whether elimination of circulating neutrophils during the induction of ischemia 

would improve post-ischemic hindlimb perfusion recovery in Cx40-/- mice. Mice were 

injected with either 500 ug of anti-Ly6G antibody (Ab injected) or saline (saline injected) 

the day before, the day of, and one day post-FAL surgery. Neutrophil depletion (ND) was 

noted by day 0 and continued through day 5 or day 7 for WT and Cx40-/- mice, 

respectively (Figure 2A). No significant differences were found between WT and Cx40-/- 

mice in either saline or Ab injected conditions at any time point. Lymphocyte percentages 

reflected the change in neutrophil counts with similar differences indicating a return of 

circulating neutrophils at day 5 or day 7 in WT and Cx40-/- mice, respectively (Figure 

2B). Circulating monocytes did not differ over the recovery time in either genotype for 

both treatment groups, except Cx40-/- saline injected mice at day 3 post-FAL had 

significantly higher numbers of circulating monocytes as compared to day -1 (Figure 2C). 

With the success of ND, we observed the hindlimb appearance, use, and perfusion 

recovery over the two-week period (Figure 3). Surprisingly, very few differences existed 

between saline injected WT and Cx40-/- mice. Specifically, no significant differences 

were found in the hindlimb appearance recovery (Figure 3A) and only at day 1 post-FAL 

did Cx40-/- saline injected mice have significantly reduced hindlimb use compared to WT 

saline injected mice (Figure 3B). Saline injected Cx40-/- mice had reduced hindlimb 

perfusion at day 7 compared to saline injected WT mice; however, values were trending 

towards reduced perfusion for all earlier time points in the Cx40-/- mice (Figure 3C). 

Interestingly, no significant differences were found between Ab injected and saline 

injected Cx40-/- mice; however, again all values were trending towards a reduced 
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hindlimb perfusion for Ab injected Cx40-/- mice. Hindlimb perfusion of WT Ab injected 

mice compared to saline injected mice was only significantly lower at day 7 post-FAL. 

Additionally, Cx40-/- Ab injected mice hindlimb perfusion was significantly reduced prior 

to surgery (Figure 3D) and at 3 and 7 days post-FAL compared to WT Ab injected mice. 

Together these data indicate that ND does not improve post-ischemic hindlimb recovery 

in either WT or Cx40-/- mice and, in fact, may be detrimental. 

Since the presence of activated macrophages in the downstream ischemic tissue 

was significantly increased in Cx40-/- mice compared to WT mice 14 days post-FSAVPR 

surgery, we explored F4/80+ (Figure 4A) and CD206+ (Figure 4B) macrophage presence 

at 14 days post-FAL in saline and Ab injected WT and Cx40-/- mice. Cx40-/- saline 

injected mice, similar to FSAVPR surgery, had significantly increased area with F4/80+ 

macrophages at 14 days post-FAL compared to WT saline injected mice. CD206+ 

macrophage presence did not differ between WT and Cx40-/- mice for both saline injected 

and Ab injected. Although WT saline injected mice did show a trend towards increased 

presence of CD206+ macrophages, only Cx40-/- saline injected mice had significantly 

increased area with CD206+ macrophages at day 14 compared to day 3 post-FAL. ND did 

not significantly change the presence of macrophages for either WT or Cx40-/- mice 

compared to saline injected mice at day 14 except WT Ab injected mice had a 

significantly increased gross area of F4/80+ macrophages compared to WT saline injected 

mice. Therefore, as with the FSAVPR surgery, Cx40-/- mice have a prolonged presence of 

activated macrophages (specifically F4/80+ macrophages) compared to WT mice, and 

this increased presence of macrophages at 14 days post-FAL is not improved with early, 

acute ND. 
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Connexin expression was explored at day 3 and day 14 post-FAL. PECAM-1 was 

used to specifically mark endothelial cells and DAPI, only present in the merged images, 

marked nuclei present in the image field. The expression pattern for Cx37 did not appear 

to differ between the control and surgical limbs for both genotypes at both time points. 

WT mice (Figure 5) had predominantly punctate labeling of Cx37 in the endothelial 

layer. Cx37 staining was readily detected in Cx40-/- mice (Figure 6) but the expression 

pattern differed compared to WT mice. All Cx40-/- vessels examined showed reduced 

punctate labeling in the endothelial layer but diffuse expression in the medial layer. As 

expected, Cx40-/- mice showed no expression of Cx40 (data not shown). Cx40 expression 

did not differ between surgical and control limbs for WT mice at either 3 or 14 days 

(saline or Ab injected) post-FAL (Figure 7).  

 
Discussion 

Global deletion of Cx40 results in a number of phenotypic changes in mice 

including dysregulation of renin secretion resulting in chronic hypertension (61), altered 

expression of additional proteins within the endothelium (e.g. Cx37, eNOS, VCAM-1, 

and CD73 (2; 9; 56), impaired upstream conduction of dilatory signals (13; 22), a pro-

inflammatory state (9; 44), and impaired post-ischemic vascular remodeling and hindlimb 

recovery (19; 20). Although it is clear that impaired post-ischemic recovery is 

independent of the chronic hypertension, it remains unclear how deletion of Cx40 results 

in such a significant decrease in hindlimb recovery following a severe or mild induction 

of ischemia. One or more of the above phenotypic differences in Cx40-/- mice may 

contribute to the impaired recovery. Here we explored the role of neutrophils in post-
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ischemic hindlimb recovery because of their increased infiltration into the ischemic 

hindlimb of Cx40-/- compared to WT mice as early as 8 hrs post-induction of ischemia. 

 ND did not improve post-ischemic hindlimb recovery. In fact, ND in Cx40-/- verse 

WT mice resulted in significantly decreased hindlimb perfusion prior to surgery as well 

as at 3 and 7 days post-FAL. Presence of F4/80+ macrophages, increased in Cx40-/- mice 

following the more severe FSAVRP ischemia surgery, was increased in control injected 

Cx40-/- mice compared to WT mice at 14 days, but not 3 days, post-FAL. However, this 

difference was not present for CD206+ macrophages at either time point. Interestingly, 

ND significantly increased the presence of F4/80+ macrophages in WT mice at day 14 

post-FAL, but not in Cx40-/- mice. Therefore, Cx40-/- mice have a prolonged presence of 

F4/80+ macrophages. 

 Connexin expression was examined in skeletal muscle arteries. Neither WT nor 

Cx40-/- mice showed obvious changes in localization of Cx37 between control and 

surgical limbs at 3 or 14 days post-FAL. Cx40-/- mice, similar to the expression found in 

the aorta (56), had reduced punctate staining in the endothelium and an increase in the 

diffusely expressed Cx37 in the medial layer. Cx40 expression, not present in Cx40-/- 

mice, appeared unaffected by ischemia in WT mice at either 3 or 14 days post-FAL. 

While connexins clearly participate in post-ischemic hindlimb recovery, as evident in 

both Cx37-/- and Cx40-/- mice, it remains to be seen if connexins regulate vascular 

function through changes in expression levels (8) or regulation of channel function and/or 

binding partners. 

 Cx40 plays a role in regulation of vascular inflammatory diseases. Reduction of 

connexins in the aortic vasculature is linked with the development of atherosclerotic 



 

 

37 

plaques (45). Cx37, although markedly changed on the endothelial wall, is protective 

against the development of atherosclerotic plaque development through its expression in 

monocytes (64). Alternatively, loss of Cx40 expression in the endothelium of ApoE-/- 

mice results in increased infiltration of monocytes and thus increased atherosclerotic 

lesion development due to decreased endothelial expression of CD73, ecto-5’-

nucleotidase, which regulates leukocyte infiltration (9; 65). A recent study found that 

deletion of endothelial Cx40 also has a negative impact on cardiac tissue survival 

following an ischemia/reperfusion injury (44). This negative effect is due to the reduced 

expression of CD73 that results in a larger infiltration of neutrophils to the ischemic 

cardiac tissue. Pharmacologically increasing CD73 activity, without changing expression 

level, reduced infiltration of neutrophils and infarct size in the hearts of mice lacking 

endothelial Cx40. Reduced neutrophil infiltration following ischemia/reperfusion injury 

in the heart is also thought to account for the protective effects of hydrogen sulfide 

treatment (3). Therefore, reduced neutrophil infiltration is beneficial to the survival and 

recovery of the heart following an ischemic injury. Although ND has been shown to 

prevent increased microvascular permeability following hindlimb ischemia/reperfusion 

injury (30), our data indicate that preventing neutrophil infiltration during induction of 

hindlimb ischemia does not benefit hindlimb recovery in either WT or Cx40-/- mice. 

Together, these data suggest tissue specific differences in response to ischemic injuries 

that need to be considered when exploring potential therapeutic targets. 

Our data further indicate that in addition to a higher infiltration of neutrophils, 

Cx40-/- mice have a prolonged presence of F4/80+ macrophages post-FAL. With more 

studies exploring the different subpopulations of macrophages, it is clear that the subtype 
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of activated macrophages present regulates the recovery of injured tissue (23; 31). At first 

thought to consist of just two types of macrophages, additional pathways for macrophage 

activation resulting in numerous subpopulations of macrophages have been described 

(21; 47). Many studies suggest that arteriogenesis is regulated by the recruitment of 

macrophages, but relatively little is known about how the ratio of macrophage 

subpopulations contributes to animal models of vascular remodeling or in human 

vascular diseases. It is broadly thought that the M1 (classically activated) macrophages 

have pro-inflammatory properties and the M2 (or alternatively activated) macrophages 

have anti-inflammatory and/or pro-angiogenic properties (47). Here, we only explored 

the pan-macrophage marker, F4/80, and the CD206+ macrophages (likely expressed on 

the M2a subpopulation (21)) and found that CD206+ macrophages were not different 

between WT and Cx40-/- mice. With the difference existing in the non-specific marker for 

activated macrophages, it is possible that the ratio of subpopulations of macrophages 

contributes to the impaired recovery in Cx40-/- mice. However, these differences do not 

appear until more than 3 days after induction of ischemia. It remains unclear what 

population of activated macrophages is upregulated in the Cx40-/- mice and what affect 

these have on post-ischemic vascular remodeling and hindlimb recovery.  

 Deletion of Cx40 from the arterial endothelium also results in reduced eNOS 

expression (2). Mice deficient in eNOS have significantly impaired post-ischemic 

arteriogenesis due to rarefaction of collateral vessels, reduced angiogenesis, and reduced 

flow-mediated dilation of the arterial bed (11). Cx37, Cx40, and eNOS can each be 

immunoprecipitated by the other two proteins suggesting a possible larger complex 

involving at least these three proteins (2). The reduction of eNOS and subsequent effects 
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on vascular tone regulation in Cx40-/- mice may significantly contribute to the impaired 

post-ischemic recovery. 

Differences between WT and Cx40-/- mice in hindlimb recovery presented here 

were less pronounced compared to previously published data. This is likely due to the 

mixture of male and female mice in the previous study. Vascular remodeling has been 

shown to have a gender-dependent mechanism in WT mice that may be in part due to 

altered arterial endothelial protein expression (51). It is unclear if these gender-dependent 

differences are strictly estrogen/androgen ratio-dependent effects or if other mechanisms 

are at play. Quantifying recovery in a gender-specific manner for Cx40-/- mice and 

exploration of menopausal mice through VCD treatment (35) or an ovariectomy 

procedure will shed more light onto gender- and estrogen/androgen ration-dependent 

effects on vascular remodeling. 

In summary, although acute neutrophil infiltration is significantly increased in 

Cx40-/- mice post-FAL surgery, depletion of neutrophils during the onset of injury did not 

significantly improve recovery in either WT or Cx40-/- mice. Additionally, Cx40-/- mice 

had prolonged presence of F4/80+ macrophages post-FAL surgery, similar to previously 

reported FSAVPR surgery data. No changes in Cx37 or Cx40 expression between 

surgical and control limbs of WT mice at either 3 or 14 days post-FAL were observed. 

Significantly more information is necessary to begin determining the mechanism by 

which Cx40 participates, individually or in concert with other proteins, in maintaining 

endothelial cell function and arterial vascular response to ischemic injury and how gender 

affects this mechanism. 
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Figure Legends 

Figure 1. Neutrophil infiltration is increased in Cx40-/- mice at 8 hr and 24 hr post-

FAL compared to WT mice. (A) Area of activated neutrophils presented as a gross 

percent change between surgical and control gastrocnemius muscles. Four images per 

limb per animal were analyzed (6 mice were collected for each genotype at all three time 

points). (B) Representative images from surgical limbs. Scale bar: 200 µm. Error bars: 

SEM. *: p < 0.05 WT vs. Cx40-/-. #: p < 0.05 8 hr vs. 24 hr.  

 
Figure 2. Neutrophil depletion with anti-Ly6G antibody was successful. Differential 

blood counts for (A) neutrophils, (B) lymphocytes, and (C) monocytes. Values represent 

the percent of total for each leukocyte. WT: N = 6; Cx40-/-: N = 8. Error bars: SEM. *: p 

< 0.05 WT saline injected vs. WT Ab injected. #: p < 0.05 WT mice post-FAL value 

(saline injected or Ab injected) vs. WT mice pre-surgical value (saline injected or Ab 

injected, respectively). Ŧ: p < 0.05 Cx40-/- saline injected vs. Cx40-/- Ab injected. $: p < 

0.05 Cx40-/- mice post-FAL value (saline injected or Ab injected) vs. Cx40-/- mice pre-

surgical value (saline injected or Ab injected, respectively). 

 
Figure 3. Hindlimb recovery is not improved in Ab injected WT or Cx40-/- mice. (A) 

Hindlimb appearance, (B) hindlimb use, and (C) hindlimb perfusion were evaluated over 

the two-week recovery period. (D) Pre surgical and post-surgical hindlimb perfusion 

values indicate successful induction of ischemia. Median values were plotted for 

hindlimb appearance and use. Mean + SEM values were plotted for hindlimb perfusion. 

*: p < 0.05 WT saline injected vs. Cx40-/- saline injected. #: p < 0.05 WT Ab injected vs. 

Cx40-/- Ab injected. $: p < 0.05 WT saline injected vs. WT Ab injected.  
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Figure 4. F4/80+ macrophage presence is greater in Cx40-/- saline injected mice at 14 

days post-FAL compared to WT mice. (A) Area of F4/80+ macrophages presented as a 

percent change between surgical and control gastrocnemius muscles. Four images per 

limb per animal were analyzed (7 mice were collected for each genotype and treatment 

group). (B) Percent change in CD206+ macrophage area. (C) Representative images from 

surgical limbs. Scale bar: 200 µm. Error bars: SEM. *: p < 0.05 WT vs. Cx40-/-. #: p < 

0.05 day 14 saline injected vs. day 14 Ab injected. $: p < 0.05 day 3 non-injected vs. day 

14 saline injected 

 
Figure 5. Cx37 expression in WT mice. Merge Images: Cx37 = green; PECAM-1 = red; 

DAPI = blue; overlap of Cx37 and PECAM-1 = yellow. Scale Bar: 50 µm.  

 
Figure 6. Cx37 expression in Cx40-/- mice. Merge Images: Cx37 = green; PECAM-1 = 

red; DAPI = blue; overlap of Cx37 and PECAM-1 = yellow. Scale Bar: 50 µm.  

 
Figure 7. Cx40 expression in WT mice. Merge Images: Cx40 = green; PECAM-1 = red; 

DAPI = blue; overlap of Cx40 and PECAM-1 = yellow. Scale Bar: 50 µm.  
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CHAPTER 4: FUTURE DIRECTIONS 

 
Mechanism for Cx37-dependent regulation of cell proliferation 

Both a functional channel and a full length CT are necessary, and neither are 

sufficient, for Cx37-dependent suppression of Rin cell proliferation (Appendix A, B (27); 

C (26); 50). Additionally, HC function is not sufficient to induce Cx37’s growth 

regulatory effect (Appendix D). Together, these data suggest a specific conformation of 

the CT, supported by formation of a functional GJC, is necessary for Cx37 to interact 

with growth regulatory proteins and suppress Rin cell proliferation. Protein-protein 

interactions are likely mediated by the phosphorylation state of Cx37. Multiple 

phosphorylation sites are present in the CT of Cx37. Determining the sites vital for Cx37-

mediated suppression of proliferation will provide important information for discovering 

the interacting proteins. Additionally, mutation of vital phosphorylation sites may result 

in a specific channel profile that can be used to evaluate other possible sites of interest.  

 Aspartate mutations are commonly used to mimic phosphorylation at serine 

residues (15; 16). Alternatively, to prevent phosphorylation we can mutate serine residues 

to alanine residues (15; 40). Exploring Rin cell proliferation when the Cx37 protein has 

one or more reside(s) mutated to mimic phosphorylation or to prevent phosphorylation 

will enable use to find potentially vital sites for Cx37-mediated suppression of 

proliferation. Additionally, we can examine the channel characteristics of these mutant 

proteins for properties that are specifically present when Rin cell proliferation is 

suppressed vs. unchanged compared to non-expressing Rin cells. These data will shed 

additional light on the mechanism for Cx37-mediated growth suppression.  
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Mechanism for impaired post-ischemic limb recovery in Cx40-/- mice 

Cx40-/- mice have altered gene expression (9; 56), impaired conduction of 

upstream vasomotor signals (13; 22), and a pro-inflammatory state (9; 44). It is unclear 

which of these phenotypic alterations, or a combination of more than one, causes the 

impaired post-ischemic vascular remodeling observed in Cx40-/- mice (19; 20). Although 

Cx40-/- mice have an excessive and prolonged inflammatory response (Chapter 3; 20), 

depletion of neutrophils during induction of ischemia does not improve recovery. The 

Cx40-A96S expressing mice provide a unique model for exploring both the impact of 

Cx40 channel function and Cx40-dependent vascular protein expression on post-ischemic 

vascular remodeling. Mice expressing Cx40-A96S fail to conduct upstream vasomotor 

signals, but retain Cx37 expression in the endothelial layer (33). It remains to be seen if 

expression of other proteins important in regulating vascular remodeling, such as eNOS, 

is affected.  

 In addition to exploring the role of Cx40 channel function, gender differences 

may play a role in post-ischemic vascular remodeling in both WT and Cx40-/- mice. In 

contrast to data presented here, previous Cx40-/- data, which included both male and 

female mice, showed significantly greater reduction compared to WT mice in recovery of 

hindlimb perfusion (20). C57Bl/6 WT male mice have greater hindlimb recovery 

compared to their female counterparts (51). This difference may be due to differences in 

baseline and post-ischemic protein expression, such as eNOS and VEGF (51). Treatment 

with 4-vinylcyclohexene diepoxide (VCD) a chemical that induces menopause in mice 

(35), can be used to explore the effects of estrogen in post-ischemic hindlimb recovery in 

both WT and Cx40-/- mice. Evaluation of female mice separately from male as well as 
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rendering female mice menopausal will likely elucidate the gender- and 

estrogen/androgen ratio-dependent effects on vascular remodeling in both WT and 

Cx40-/- mice.  
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Introduction
Gap junction channels are composed of one or more of the 21
members of the connexin (Cx) gene family (Sohl and Willecke,
2004). These channels and proteins are thought to support
coordinated tissue function in three ways. First, by forming gap
junction channels, connexins support intercellular diffusion of the
electrical and chemical signals (Harris, 2001), which are the
foundation of syncitial tissue behavior. Second, by forming
functional hemichannels (connexons) that mediate transmembrane
diffusion of small signaling molecules, connexins support paracrine
and autocrine responses, especially during cellular responses to
injury and disease (Goodenough and Paul, 2003). Finally, through
interactions with other intracellular proteins, connexins regulate
and are regulated by intracellular signaling cascades (Kardami et
al., 2007). Nearly all cells express multiple connexin isoforms
(Sohl and Willecke, 2004). Not surprisingly, all isoforms share
some functional parameters, for example, they all form electrically
conductive channels, but other functions are often isoform specific.
As such, each connexin isoform is thought to contribute to cell and
tissue function in a connexin-specific manner (Kardami et al.,
2007), a view supported by the unique phenotypes characteristic
of animals with connexin-isoform-specific deletions or substitutions
(Kruger et al., 2000; Scherer et al., 1998; Simon et al., 1997).
Indeed, such studies emphasize the unique contributions of
connexins to embryonic and post-natal development, cell and tissue
homeostasis and response to injury and disease (Alcolea et al.,
2004; Plum et al., 2000; Reaume et al., 1995; White, 2002).

Multiple members of the connexin gene family have been
demonstrated to exert growth-regulatory effects (Kardami et al.,
2007). The mechanisms underlying connexin-mediated growth
regulation are both specific to the connexin isoform, reflecting the
unique permselective properties of the channels formed by each
connexin or the specific protein partners with which each connexin
interacts, and specific to the cell type, reflecting the unique

metabolic and signaling milieu of different cell types. Of the 21
members of the connexin gene family, growth regulation mediated
by Cx43 has received the most attention because this protein is
expressed by a diverse array of cell types. In some of these cell
types, growth suppression by Cx43 appeared to require formation
of functional gap junction channels, whereas in (most) other cell
types such channel function appeared unnecessary. In the latter cell
types, the C-terminal (CT) domain of Cx43 was both necessary
and sufficient for growth suppression (Johnstone et al., 2010;
Zhang et al., 2003a; Zhang et al., 2003b). Whether channel function
is necessary or not, it appears that specific serine and tyrosine
residues in the CT domain must be available for phosphorylation
for Cx43 to exert its growth regulatory effects (Dang et al., 2006;
Doble et al., 2004; Solan and Lampe, 2009). This latter observation
highlights the significance of interactions between connexins and
growth-factor-activated kinases. Importantly, in cell types where
Cx43 had no obvious growth suppressive effect (Burt et al., 2008;
Kardami et al., 2007), other connexins were effective at suppressing
cell growth, thus highlighting the connexin- and cell-specificity of
growth suppression, as well as raising the interesting possibility
that one beneficial consequence of coexpressing multiple connexins
might be to increase the strategies available to cells to regulate
growth.

Recently, we reported that Cx37, unlike either Cx40 or Cx43,
suppressed the proliferation of rat insulinoma (Rin) cells (Burt et
al., 2008). Although the mechanisms underlying this effect of Cx37
are currently unknown, our previous studies showed that Cx37
significantly prolonged all phases of the cell cycle, increasing cell
cycle time by approximately fourfold (Burt et al., 2008). Serum
deprivation of Cx37-expressing Rin cells resulted in an
accumulation of cells at the G1–S check point, an effect not seen
in serum-deprived Cx-deficient Rin cells or Cx43-expressing Rin
cells. Although much of the expressed Cx37 was cytosolic, some
localized to appositional membrane to form functional gap junction

Summary
Connexin 37 (Cx37) profoundly suppresses the proliferation of rat insulinoma (Rin) cells by unknown mechanisms. To determine
whether a functional pore domain is necessary for Cx37-mediated growth suppression, we introduced a mutation that converted
threonine 154 into alanine (T154A). Like other connexins mutated at the homologous site, Cx37-T154A localized to appositional
membrane but failed to form functional channels and exerted a dominant-negative effect on coexpressed wild-type Cx37 or Cx43.
Unlike the wild-type protein, Cx37-T154A did not suppress the proliferation of Rin cells and did not, with serum deprivation, result
in cell cycle arrest. Furthermore, progression through the cell cycle was unaffected by expression of Cx37-T154A. These results
indicate that a pore-forming domain that is able to form functional channels is essential for the anti-proliferative, cell-cycle arrest and
serum-sensitivity effects of Cx37, and furthermore that the normally localized C-terminal domain is not sufficient for these effects of
Cx37.

Key words: Gap junction, Connexin 37, Cell cycle
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channels, raising the question of whether channel function was
incidental to or necessary for the growth suppressive effects of
Cx37.

Here, we aimed to determine whether a functional channel-
forming pore domain was necessary for the anti-proliferative effects
of Cx37 in Rin cells. Beahm and colleagues demonstrated that
Cx26, Cx43 and Cx50 when mutated at a highly conserved
threonine (T135 in Cx26, T154 in Cx43, T157 in Cx50) in the third
transmembrane domain formed non-functional gap junctions that
were indistinguishable from those formed by the wild-type proteins
(Beahm et al., 2006). They demonstrated further that the mutated
protein exerted a dominant-negative effect on channel function
when coexpressed with wild-type protein. The corresponding
threonine residue in Cx37 is T154, which in the current study we
have mutated to an alanine residue to determine whether a
functional pore is necessary for the growth suppressive effects of
Cx37 in Rin cells. We demonstrate that Cx37-T154A, like similarly
mutated Cx43, Cx26 and Cx50, localized at appositional membrane
to form non-functional gap junctions and exerted a dominant-
negative effect on Cx43-mediated dye coupling and Cx37-mediated
electrical coupling. However, Cx37-T154A did not suppress the
proliferation of Rin cells nor did it support accumulation of cells
in G1 upon serum deprivation. These results suggest that a
functional pore domain is necessary and that the CT domain is
insufficient for growth suppression by Cx37 in Rin cells.

Results
To determine whether channel function is necessary for the growth
suppressive function of Cx37, we needed a mutation that would
render the channel non-functional but preserve other properties of
the Cx37 protein, including localization to appositional membrane
so it can interact with the same array of proteins as the wild-type
Cx37 and exert dominant-negative properties. Previously published
work (Beahm et al., 2006) has suggested that T154 (supplementary
material Fig. S1), which is conserved across the alpha and beta
connexins, might satisfy these criteria. Therefore, we mutated
Cx37-T154 to alanine and stably transfected iRin cells with the
mutated sequence to establish cell lines comparable to the iRin37
cell lines already in hand. Six clonal cell lines were evaluated for
doxycycline-induced expression of Cx37-T154A (supplementary
material Fig. S2A), and two of these cell lines, with relatively high
(iRin37-T154A-3C3) or low (iRin37-T154A-3E4) levels of Cx37-
T154A expression, were selected for further study. Each clone
expressed Cx37-T154A upon induction with doxycycline in a dose-
dependent manner, with substantial expression observed at 24
hours with 2 and 4 g/ml doxycycline and maximal expression at
all doxycycline doses at 48 hours (supplementary material Fig.
S2B, data from the 3C3 clone is shown). Cx37-T154A expression
in the 3C3 clone (after 24 hours in 2 g/ml doxycycline) was
comparable (1.3�10–3 pmole Cx37-T154A per g total cell protein)
to that observed in the iRin37F clone that was characterized
previously (supplementary material Fig. S2C,D).

Three approaches were used to determine whether Cx37-T154A
localized to appositional membrane to form gap junction plaques.
First, we determined whether Cx37-T154A isolated into the Triton-
X-100-insoluble fraction of Rin cell protein (Larson et al., 2000;
Musil and Goodenough, 1991). Fig. 1A shows that Cx37-T154A,
like Cx37, was readily detected in the Triton-X-100-insoluble
fraction isolated from both the 3C3 and 3E4 (high and low
expressing) iRin37-T154A clones, consistent with the mutant
protein participating in plaque formation. Second, we used
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immunocytochemistry and confocal microscopy to determine the
localization of Cx37 in Rin cells stably expressing Cx37 wild-type
or the T154A mutant, and in connexin-deficient MDCK cells
transiently transfected to express either Cx37 wild-type or T154A.
Both the wild-type and mutant proteins localized to appositional
membranes in both cell types (Fig. 1B–E), consistent with
comparable gap junction plaque formation by both proteins. Finally,
because Cx37 was previously demonstrated to form functional
heteromeric channels with Cx43 (Brink et al., 1997), we
determined, using reciprocal co-immunoprecipitation techniques,
whether Cx37-T154A would co-immunoprecipitate with Cx43
when coexpressed with this protein in MDCK43 cells. To verify
that MDCK43 cells did not express Cx37, total protein was isolated
from these cells, immunoprecipitated with either anti-Cx37 or anti-
Cx43 antibody, and the immunoprecipitates blotted for these
proteins. Cx37 was not detected in the MDCK43 cells
(supplementary material Fig. S3). MDCK43 cells were then
transiently transfected with Cx37 or Cx37-T154A, and total protein
was isolated under non-denaturing conditions 24 hours later. As
shown in Fig. 2A,B, Cx37 (wild-type and T154A) and Cx43 were

Fig. 1. Cx37-T154A, like Cx37, appears in the Triton-X-100-insoluble
fraction of cellular protein and forms plaques at points of cell contact.
(A)Western blot of whole-cell (WC) and Triton-insoluble (TX) fractions of
cellular homogenates of iRin37 (non-induced: 37wt –; induced: 37wt +) or
induced iRin37-T154A-3C3 or -3E4 cells (37-T154A-3E4; 37-T154A-3C3).
Both proteins appear in the Triton-insoluble fraction, as well as the whole-cell
homogenate. Each lane is loaded with 30g of protein, with the exception of
37wt+ WC and TX lanes, which contain 18.69 and 24.77g. (B,C)Confocal
images of induced iRin37 (B) and iRin37-T154A-3C3 (C) cells
immunostained for Cx37 (green) and surface proteins (red) reveal significant
Cx37 expression and formation of plaques at cell–cell appositions
(arrowheads). (D,E)Confocal images of MDCK cells transfected with Cx37
(D) or Cx37-T154A (E) revealed intracellular and appositional Cx37. The
localization of wild-type and mutant proteins is comparable in both cell types.
Scale bars: 10m. The optical section thickness was 0.56m.

Jo
ur

na
l o

f C
el

l S
ci

en
ce

61



both detected in samples derived from coexpressing cells,
irrespective of the immunoprecipitating antibody. Total protein
isolated from cells expressing only Cx43 or Cx37 and mixed after
isolation showed no evidence of co-immunoprecipitation (Fig. 2C).
Taken together, these results indicate that Cx37-T154A, like Cx37,
oligomerizes and traffics to the plasma membrane where it forms
gap junctions in regions of cell–cell contact.

We next determined whether Cx37-T154A-expressing cells were
electrically coupled. Using dual whole-cell voltage clamp
techniques, both the incidence (number of pairs exhibiting coupling)
and extent of electrical coupling (mean junctional conductance for
all pairs) were measured in iRin37 and iRin37-T154A-3C3 cells.
As shown in Fig. 3A, the mean junctional conductance in iRin37
cell pairs was 1.6±0.56 nS (n19), whereas no coupling could be
detected in iRin37-T154A cell pairs (n18). This result suggests
that Cx37-T154A, like the homologous mutant forms of Cx43,
Cx26 and Cx50, does not form functional channels despite
formation of apparently normal plaques. As a further test of the
non-functionality of Cx37-T154A, we transfected the iRin37 and
iRin37-T154A-3C3 cells with Cx43 and used dual whole-cell
voltage clamp to determine the incidence and extent of electrical
coupling. As shown in Fig. 3A, introduction of Cx43 to iRin37
cells increased the incidence of electrical coupling from 53 to 80%
(4 of 5 pairs) and the extent of coupling from 1.6±0.56 nS to
8.9±3.8 nS (the variability in coupling levels presumably reflects
variable levels of Cx43 expression in the transiently transfected
cells). By contrast, introduction of Cx43 into iRin37-T154A-3C3
cells increased the incidence of coupling from 0 to only 22% (2 of
9 pairs) and the extent of coupling from 0 to 1.2±0.9 nS (that any
coupling is detected likely reflects the formation of some
homomeric–homotypic Cx43 channels in the transiently transfected
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cells). To determine the effects of wild-type and mutant Cx37 in a
setting where Cx43 expression levels were more consistent from
cell pair to cell pair, we examined dye coupling in MDCK43 cells
and MDCK43 cells transiently transfected with either Cx37 or
Cx37-T154A. Dye coupling was determined using the small
negatively charged dye Alexa Fluor 350, as this dye permeates
Cx43 junctions quite readily but Cx37 junctions less well (Weber
et al., 2004). All MDCK43 cell pairs (n6) were dye-coupled (Fig.
3B). By contrast, dye coupling was observed in only 50% of
MDCK43 cells coexpressing Cx37 (n6) and was not observed in
MDCK43 cells coexpressing Cx37-T154A (n6), even allowing
20 minutes for detectable coupling to occur (Fig. 3B). Together,
these electrical and dye coupling results suggest that Cx37-T154A
forms heteromeric channels with Cx43 and exerts a dominant-
negative effect on Cx43 channel function. These data strongly
suggest that Cx37-T154A, like connexins 26, 43 and 50 mutated
at the homologous site, does not form a functional channel and
exerts a dominant-negative effect on channel function when
coexpressed with the wild-type connexins with which it
oligomerizes. 

We next determined whether expression of Cx37-T154A slowed
the proliferation of Rin cells to the same extent as Cx37. As shown
in Fig. 4, expression of Cx37-T154A in the two different clones
did not delay or slow cell proliferation in the same manner as wild-
type Cx37. Moreover, the induced iRin37-T154A cells of both
clones (3C3, n4; 3E4, n3) proliferated comparably to the
connexin-deficient parental iRin cell line (n11) (each experiment
was performed in triplicate). Periods of exponential growth (linear
regions on a semi-logarithmic plot) were determined for each of
these data sets (Fig. 4, insets). Cell cycle time was calculated for
periods of exponential growth as (t2– t1)*(log(2)/log(q2/q1)) (where

Fig. 2. Cx37 and Cx43 co-immunoprecipitate only when coexpressed. Total protein isolated under non-denaturing conditions from MDCK43 cells coexpressing
Cx43 and either Cx37 wild-type (37-wt) or Cx37-T154A (37-T154A) was immunoprecipitated with an antibody against Cx37 (A) or an antibody against Cx43 (B),
and the immunoprecipitate (IP) was probed with antibody for either Cx43 (upper blots, IB43) or Cx37 (lower blots, IB37). Irrespective of the immunoprecipitating
antibody, immunoprecipitates contained both connexins, indicating interaction of these connexins when coexpressed. Each pair of lanes in A and B derive from the
same blot, with molecular-mass-markers shown on the right-hand side of each blot and the positions of the bands corresponding to IgG (IGG, dash), Cx43 (solid
arrowhead) and Cx37 (open arrowhead) indicated. In contrast to these coexpression results, Cx37 and Cx43 did not co-immunoprecipitate when total protein from
MDCK43 cells was mixed after isolation with total protein isolated from iRin37 cells (C). These samples were from the same blots shown in B, thus the same
molecular-mass-marker lanes apply to both B and C. Note in these mixed samples that Cx43 is not detected when the mixed sample was immunoprecipitated with
Cx37 antibody (C: upper left) and Cx37 is not detected when the mixed sample was immunoprecipitated with Cx43 antibody (C: lower right).
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t is time and q is number of cells) using a 3- or 6-day window of
analysis (combined mean reported) as previously described (Burt
et al., 2008). For Cx37-expressing cells, cell cycle time was between
8 and 9 days before the transition point at day 12 and ~2.5 days
after this time point (Fig. 5). For Cx-deficient and Cx37-T154A-
expressing cells, cell cycle time was ~1.5 days before the transition
at day 12. These data demonstrate that, unlike the effects of Cx37,
Cx37-T154A expression did not lead to an increase in cell cycle
time, which strongly suggests that a pore domain capable of
functioning is crucial to growth suppression by Cx37 and that the
CT-domain is not sufficient for growth suppression.

In addition to increasing doubling time, we showed previously
that Cx37 expression also conferred onto Rin cells sensitivity to
serum deprivation (Burt et al., 2008). Consequently, we next
determined whether Cx37-T154A expression also conferred serum
sensitivity, which would indicate that the CT-domain might be
sufficient and the functional pore domain unnecessary for this
effect of Cx37. Rin 1046, iRin, and iRin37-T154A cells were
deprived (or not) of serum for 72 hours, with doxycycline added
during the last 24 hours (to induce Cx37-T154A expression). Cells
were then harvested, labeled with propidium iodide and subjected
to FACS analysis. As expected, serum deprivation had a minimal
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effect on the cell cycle distribution of Cx-deficient Rin cells,
demonstrating their relative insensitivity to serum (Table 1). Cx37
expression resulted in a significant increase in the percentage of
cells in G1 and decrease in the percentage in S phase. Cx37-T154A
expression resulted in a small decrease in the percentage of cells
in G1 and increase in the percentage in S phase. When the data
from the two clones expressing Cx37-T154A are combined, the
percentage of cells in G1 is significantly decreased and the
percentage in S phase significantly increased. Thus, it appears that
Cx37-T154A confers serum sensitivity on the iRin cells, but the
effect is opposite to that of the wild-type protein wherein both pore
and CT domains are functional.

To determine whether progression through the cell cycle after
release from serum deprivation might differ between Cx37- and
Cx37-T154A-expressing Rin cells, cell cycle distribution as a
function of time after release was examined for Rin1046, iRin37
and the iRin-37-T154A cell lines. The differential effect of serum
deprivation on the cell cycle distribution of Cx37- compared with
Cx37-T154A-expressing cells is evident at the zero hour time-
point (Fig. 6) and throughout the first 24 hours. iRin37 cells
proceeded from G1 to S phase by 48 hours after serum restoration;
by contrast, cell cycle progression following release from serum
deprivation in the Rin1046 and iRin37-T154A cell lines required
only 24 hours (Fig. 6), suggesting Cx37-T154A had little effect on
cell cycle progression compared with the effect of Cx37, which
delayed arrival at S phase by an additional 24 hours.

Discussion
Gap junctions and their comprising proteins, the connexins, have
long been recognized to act as tumor suppressors, although their
mechanism(s) of action in this regard remain blurred (Kardami et
al., 2007; King and Bertram, 2005). Initially, their shared ability to
form intercellular channels was thought to be central to their
growth-suppressive properties. However, it is now clear that gap-
junction-mediated growth suppression can occur by channel-
dependent or -independent mechanisms, depending on the cell
type and the expressed connexin. Whether channel dependent or
independent, the connexin-specificity of growth suppression
indicates that these proteins differentially influence the complex
array of proteins required for cell cycle progression and growth.
We had demonstrated previously that Cx37, but not Cx43 or Cx40,
exerted growth suppressive effects when expressed in Rin cells
(Burt et al., 2008). Cx37-mediated growth suppression involved
prolongation of all phases of the cell cycle with a significant
accumulation of cells in the G1 phase, particularly when the cells
were also deprived of serum. We hypothesized that Cx37 channel
function would not be required for growth suppression by Cx37
for two reasons: first, because neither Cx43 nor Cx40 exerted a
growth suppressive effect in Rin cells, despite forming functional
channels with similar (Cx40) or less selective (Cx43) properties,
and second, because Cx43 can suppress growth in a channel-
independent and CT domain-dependent manner in a diverse array
of cell types (Fu et al., 2004; Gellhaus et al., 2004; Johnstone et
al., 2010; Kardami et al., 2007; Zhang et al., 2003a; Zhang et al.,
2003b). We show here that, contrary to this expectation, Cx37-
mediated growth suppression relies on the channel being able to
adopt an open channel configuration and, further, that the presence
of an otherwise normal Cx37 protein is not sufficient to mediate
growth suppression.

Cx43, Cx26 and Cx50 mutated at the site homologous to T154
in Cx37 form gap junction plaques that appear normal, but the

Fig. 3. Cx37-T154A forms a non-functional channel and exerts dominant-
negative activity when coexpressed with Cx43. (A)iRin cells expressing
Cx37 (37-wt) were electrically coupled in 53% of cases (n19), whereas iRin
cells expressing Cx37-T154A (37-T154A) were never detectably coupled, not
even with a single channel (n18). Introduction of Cx43 into the iRin37 cells
by transient transfection (37-wt + 43) increased the extent of electrical
coupling by ~sixfold and the incidence of electrical coupling by 27%.
Introduction of Cx43 into the iRin37-T154A cells (3C3 clone) also increased
the incidence of electrical coupling (by 22%) and the extent of electrical
coupling. (B)The incidence of Alexa Fluor 350 dye coupling in MDCK43
cells (43) is reduced by transient introduction of Cx37 (43 + 37-wt) and
eliminated by transient introduction of Cx37-T154A (43 + 37-T154A),
consistent with formation of heteromeric channels and a dominant-negative
effect of the Cx37-T154A (n6 for each group; gray indicates the percentage
of cell pairs that were dye coupled).

Jo
ur

na
l o

f C
el

l S
ci

en
ce

63



channels are non-functional and the protein exerts a dominant-
negative effect on coexpressed wild-type protein (Beahm et al.,
2006). Using multiple approaches, we have demonstrated that
Cx37-T154A forms a similarly non-functional gap junction channel
and plaque. Both wild-type Cx37 and Cx37-T154A were found in
the Triton-insoluble fraction of Rin cells, consistent with plaque
formation. Immunocytochemistry and confocal microscopy
revealed punctate labeling at points of cell–cell apposition for both
the wild-type and mutant protein in both Rin and MDCK cells. In
cells coexpressing Cx43 and either Cx37 or Cx37-T154A,
reciprocal co-immunoprecipitation experiments revealed
heteromerization of the coexpressed proteins. Finally, we could
find no evidence that Cx37-T154A formed even one functional
gap junction channel; and Cx37-T154A exerted a dominant-
negative effect on coexpressed Cx43, as demonstrated using dye
and electrical coupling techniques. Thus, as expected, the Cx37-
T154A mutant protein appears to properly assemble connexons
that traffic to the membrane and ultimately form gap junction
channels and plaques, which appear normal, at points of cell–cell
contact, but the channels fail to adopt an open configuration.

Despite the similarity in assembly and localization of wild-type
Cx37 and Cx37-T154A, the mutant protein fails to exert a growth
suppressive effect on Rin cell proliferation. Whereas doubling time
in iRin37 cells increased from 2 to 9 days upon induction of Cx37
expression, doubling time in iRin37-T154A cells was unaffected
by induction of connexin expression. Furthermore, unlike the
effects of Cx37, no phase of the cell cycle was prolonged and no
accumulation of cells in G1 occurred upon induction of Cx37-
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T154A expression, whether or not the cells were also deprived of
serum. Cell cycle progression following release from serum
deprivation was also unaffected by Cx37-T154A expression. These
data strongly suggest that a functional channel, or at least the
ability to adopt an open configuration, is required for Cx37-
mediated growth suppression. Furthermore, the data indicate that
the normal localization of a wild-type CT domain is not sufficient
to mediate growth suppression.

That a functional pore domain is required for Cx37-mediated
growth suppression raises the question of how a functional channel
can modify the behavior of the machinery responsible for cell
cycle progression. Clearly, one possible explanation is that Cx37
gap junction channels mediate intercellular exchange of some
substance that inhibits cell cycle progression in coupled cells.
Because neither Cx43 nor Cx40 similarly inhibited cell cycle
progression in Rin cells (Burt et al., 2008), this same substance
cannot be exchanged by these channel types. Although the
permselective properties of Cx37 channels differ from both Cx43
and Cx40 channels (Ek-Vitorin and Burt, 2005; Weber et al., 2004),
no permeants for which there might be a transjunctional diffusional
gradient have been identified that would be expected to slow all
phases of the cell cycle and promote G1 arrest. A second possibility
is that Cx37 hemichannels mediate transmembrane exchange of
such a substance. Three observations support this second possibility.
First, gradients for numerous signaling molecules (e.g. calcium,
ATP and chalones) exist across the plasma membrane. Thus, if the
hemichannel opens, both influx and efflux of such molecules could
occur and in both cases activate signaling cascades (through surface

Fig. 4. Proliferation of iRin cells is suppressed by expression of Cx37 but not Cx37-T154A. (A,B)Like the iRin parental cells (�), the iRin37-T154A-3C3 and
3E4 cells grow comparably in the presence and absence of the inducer doxycycline [compare � (3C3) and � (3E4) curves in B with those in A]. By contrast,
induction of Cx37 expression in the iRin37 cells delayed proliferation considerably (compare the � curves in B with those in A). Insets in both panels show the
logarithm of cell number plotted versus time for the same data; note exponential growth (linear on logarithmic scale) between day 3 and day 9 for all induced and
non-induced cell lines.
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receptors and intracellular mediators) that could modulate
simultaneously multiple elements of the cell cycle machinery.
Second, the Cx37 hemichannel is active in at least some cell types
under physiological conditions (Wong et al., 2006). And third,
Cx37 exerts its growth suppressive effect at low cell densities
where cell–cell contact, and consequently gap junction channel
formation, is infrequent. A third possibility for how a functional
Cx37 channel might influence the cell cycle machinery is that the
closed configuration of Cx37, or at least the configuration of Cx37-
T154A, precludes or favors interaction of Cx37 with a crucial cell
cycle regulatory element. This latter possibility is particularly
interesting to consider in the context of the proteins comprising the
gap junction proteome (Laird, 2010) and whether these interacting
proteins rely on specific configurations of the channel protein.

Connexins participate in multiple types of protein–protein
interactions, many of which are already known to influence channel
function. Most of the data on how such interactions influence gap
junction channel gating derive from studies of Cx43, Cx32 or
Cx26, but given similarities in connexin, connexon and gap junction
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structure it is generally assumed that other members of the connexin
family will follow a common set of rules. It appears that both the
N-terminal (NT) and CT domains of connexins are able to
participate in channel gating (Kyle et al., 2008; Liu et al., 1993;
Maeda et al., 2009; Paulauskas et al., 2009; Sorgen et al., 2004).
Gating is proposed to involve interactions with self [NT–NT
(Maeda et al., 2009); CT–CT (Sorgen et al., 2004)] or with the
cytoplasmic loop (CL) domain [e.g. CT–CL (Liu et al., 1993)].
The CT also interacts with a variety of other proteins [e.g. kinases,
phosphatases, scaffolding and cytoskeletal proteins and transcription
factors (for a review, see Laird, 2010)], but it is not clear whether
these interactions influence gating or whether they rely on a specific
conformation of the protein (e.g. open or closed channels). Although
connexins mutated at the T154 site form gap junction plaques that
are normal in appearance, it is not clear whether the interactions
with other cytosolic proteins are preserved or whether the tertiary
structure and, consequently, plaque stability is comparable to that
of the wild type (Ambrosi et al., 2010). This issue is further
complicated by the absence of a clear understanding of gating
stoichiometry – for example, can a gap junction channel (or
hemichannel) be closed by a single CT interacting with the CL, or
is interaction of all six CTs required (Bao et al., 2007)?

In the case of Cx37, comparatively little is known about its
binding partners and their possible effects on channel and growth
suppressive function. The CT confers some pH-dependent gating
sensitivity (Stergiopoulos et al., 1999), consistent with CT–CL
interaction. Cx37 also interacts with Cx43 to form functional
heteromeric channels whose modified gating properties (Brink et
al., 1997) are also consistent with possible CT–CL interactions.
As described for other connexins, the structure of the NT of Cx37
(and probable NT–NT interaction) is also crucial for channel
function (Kyle et al., 2008). Cx37 is a phosphoprotein (Larson et
al., 2000; Traub et al., 1998); consensus sequence analysis of the
CT predicts this protein has a high probability of being
phosphorylated by growth related kinases, a prediction confirmed
by in vitro phosphorylation experiments and kinase-blocking
studies (J.M.B., unpublished data). Differential phosphorylation

Table 1. Serum deprivation affects cell-cycle distribution oppositely in Cx37-T154A- compared with Cx37-expressing Rin cells. 

Cell line Serum percentage Cells in G1 phase (%) Cells in S phase (%) 
(sample size) (P-value a) (P-valuea)

iRin 10% (n4) 73.0±1.7 19.1±0.7 
0% (n5) 70.9±1.0 23.8±1.0 (0.004)

iRin-T154A; 3C3 10% (n3) 68.0±1.4 (0.04) 23.0±1.5 (n.s.) 
0% (n5) 65.1±1.9 (0.02) 26.2±1.6 (n.s.)

iRin-T154A; 3E4 10% (n3) 69.4±2.0 (n.s.) 23.6±3.9 (n.s.) 
0% (n5) 62.1±0.7 (0.04) (0.001) 29.8±2.7; n.s.

iRin-T154A; combined 10% (n6) 68.7±1.1 (0.05) 23.3 ±1.7 (0.05) 
0% (n10) 63.6±1.0 (0.003) (0.001) 28.0 ±1.5 (0.05) (0.03)

iRin-37b 10% (n10) 75.8±1.5 (n.s.) 15.7±0.7 (0.006) 
0% (n10) 82.6±1.0 (0.001) (0.001) 11.0±0.9 (0.001) (0.001)

Rin 1046 10% (n6) 74.8± 0.6 16.3±0.8 (0.02) 
0% (n9) 75.4±2.0 16.4±2.0 (0.007)

Rin43b 10% (n3) 64.9±3.9 (n.s.) 25.3±1.8 (n.s.)
0% (n3) 55.8±7 (n.s.) 33.1±3.0 (n.s.)

a P-value compares data with similarly treated iRin cells; n.s.; not significant.
b Data from Burt et al., 2008.
Results are mean ± s.e.m. Values in bold indicate there was a significant difference between cells of the same cell line maintained in 0% versus those in 10%

serum; P-value given in superscript.

Fig. 5. Doubling time is not increased by Cx37-T154A expression. The
doubling time for induced and non-induced cells was calculated for all periods
of exponential growth (see Fig. 4, insets), day 3 to day 9 for all cell lines, as
well as from day 12 to day 21 for induced iRin37 cells (hatched bars). Cx37-
T154A expression did not result in increased doubling time at low cell
densities.
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of these sites might explain the variety of open state conductances
displayed by Cx37 in Rin cells (Burt et al., 2008; Kumari et al.,
2001; Larson et al., 2000; Reed et al., 1993), and represent sites
for control of growth related functions (Morel et al., 2010). Cx37
might also interact with elements of signaling cascades activated
by cytokines and growth factors, such as endothelial nitric oxide
synthase (eNOS) (Pfenniger et al., 2010). None of the currently
identified members of the Cx37 interactome provide an obvious
explanation for how expression of functional Cx37 can prolong
the durations of all phases of the cell cycle and confer, onto an
otherwise insensitive cell type, sensitivity to serum deprivation
and G1–S growth arrest. Thus, despite the sufficiency of the CT
domains of other connexins in conferring their growth suppressive
effects, our data show that the CT of Cx37 is not sufficient for
growth suppression in Rin cells. Moreover, despite the potential
for its interaction with other entities involved in growth regulation,
it remains unclear as to whether the CT domain is even necessary
for Cx37-mediated growth suppression and, if so, whether its

phosphorylation might modulate its effects on cell cycle
progression and growth.

In summary, our data indicate that growth suppression of Rin
cells by Cx37 requires that Cx37 form channels that are able to
adopt an open configuration; the closed channel, even though it
localizes comparably to the wild-type channel and has a normal CT
domain, does not suppress proliferation of Rin cells. Future studies
will need to address whether the CT domain is necessary for growth
suppression, which seems likely, but our data clearly indicate that
the CT domain is not sufficient to mediate growth suppression. It
will also be interesting to determine whether the hemichannel is
growth suppressive and, if so, whether permeants leaving or entering
through the channel are crucial to Cx37-mediated growth suppression.

Materials and Methods
Antibodies and reagents
All general chemicals, unless otherwise noted, were purchased from Sigma–Aldrich.
Anti-Cx37 antibody [Cx37-18264 (Simon et al., 2006)] was used for both
immunoblots and immunocytochemistry. Anti-Cx43 antibody was from Sigma
(C6219); Cy3-conjugated anti-rabbit-IgG (Jackson ImmunoResearch) was used as
the secondary antibody in immunocytochemistry; horseradish peroxidase (HRP)-
conjugated secondary antibodies (Amersham) and enhanced chemiluminescence
strategies were used in immunoblotting (SuperSignal West Dura and Femto Systems
mixed at 2:1 ratio; Pierce). Cy5-conjugated streptavidin was from Jackson
ImmunoResearch.

Cell culture and expression vectors
Communication-deficient Rin cells [Rin1046-38 (Clark et al., 1990; Gazdar et al.,
1980)] obtained from R. Lynch (University of Arizona) were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) or 10% FetalPlex (FP)
(both from Gemini Bioproducts, Sacramento, CA) and antibiotics (300 g/ml
penicillin and 500 g/ml streptomycin) at 37°C in a humidified, 5% CO2 incubator.
This RPMI medium was further supplemented with 300 g/ml of G418 (GIBCO-
Invitrogen) and 100 g/ml hygromycin, as appropriate, for culturing iRin cells,
which constitutively express rTetR (Tet-On; Clontech, Mountain View, CA), iRin37
cells, which inducibly express Cx37, and iRin37-T154A cells, which inducibly
express Cx37-T154A. Connexin-deficient MDCK cells and MDCK43 cells [MDCK
and MDCK43 (A2 clone) were obtained from Paul Lampe (Solan and Lampe,
2007)] were cultured in DMEM supplemented with 10% FBS and 200 g/ml
hygromycin, as appropriate, and maintained at 37°C in a humidified, 5% CO2
incubator.

Generation of mutant connexins
The T154A mutation was introduced into pTRE2h-mCx37 (Burt et al., 2008) using
the QuikChange Site-Directed Mutagenesis kit (Stratagene, San Diego, CA) and
oligonucleotide primers: 5�-GCGCTCATGGGTGCCTATGTGGTCAG-3� and 5�-
CTGACCACATAGGCACCCATGAGCGC-3� (Operon Biotechnologies, Huntsville,
AL) following the manufacturer’s instructions and the correct sequence confirmed
(Genomic Analysis and Technology Core at University of Arizona). iRin cells were
stably transfected with the resulting pTRE2h-mCx37-T154A plasmid using
Lipofectamine (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Stably transfected cells were selected in 100 g/ml hygromycin and
dilution subcloned. Cx37-T154A was also cloned into pcDNA3.1 hygromycin vector
(pcDNA3.1h-mCx37-T154A) using the QuikChange Site-Directed Mutagenesis kit
with the above oligonucleotide plasmids. pcDNA3.1h-mCx37-T154A was used for
transient transfection of MDCK and MDCK43 cells.

Immunoblotting
Total cell protein and Triton X-100-insoluble protein were isolated as previously
described (Burt et al., 2008) and their protein content determined using the BCA
assay (Pierce Chemical). Samples (15–30 g total protein, 25–30 g triton insoluble
protein) were electrophoresed on 12% SDS-PAGE gels (Bio-Rad) and transferred
onto nitrocellulose. Blots were blocked with 5% NFDM and expressed connexins
detected using Kodak Imagestation 2000.

Dual whole-cell voltage clamping
iRin37 and iRin37-T154A cells were plated at low density on coverslips and in some
cases transfected with plasmids encoding GFP and mCx43. After 24 hours, cells
were treated for 24 hours with doxycycline (2 g/ml). Coverslips were mounted in
a custom-made chamber and the cells bathed in external solution containing (in
mM): 142.5 NaCl, 4 KCl, 1 MgCl2, 5 glucose, 2 sodium pyruvate, 10 HEPES, 15
CsCl, 10 TEA-Cl, 1 BaCl2, and 1 CaCl2, pH 7.2 and osmolarity of 330 mosM
(external solution). Junctional conductance was determined as previously described
(Burt et al., 2008; Kurjiaka et al., 1998) using dual whole-cell voltage-clamp
techniques and patch pipets containing (in mM) 124 KCl, 14 CsCl, 9 HEPES, 9

Fig. 6. Cell cycle position of Cx37-T154A-expressing iRin cells was
unaffected by serum deprivation, and cell cycle progression was unaffected
with serum restoration. Cx37-T154A-expressing cells did not accumulate in
G1 as a consequence of serum deprivation (time 0 on plot). The timecourse of
cell cycle progression following release from serum deprivation did not differ
between Cx37-T154A-expressing iRin and Cx-deficient iRin cells, with G1 and
S phase normalizing at 24 hours (n5 for each of iRin, 3C3 and 3E4 cell lines).
By contrast, Cx37-expressing cells (n10) accumulated in G1 during the serum
deprivation period and required 48 hours to emerge from G1. Asterisks denote
time points where Cx37-expressing cells differed significantly (P<0.05) from
one or both of the Cx37-T154A-expressing cell lines. Where error bars are not
obvious, they are less than the size of the data point.
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EGTA, 0.5 CaCl2, 5 glucose, 9 TEA-Cl, 3 MgCl2, and 5 disodium ATP, pH 7.2 and
osmolarity of 326 mosM (internal solution). Transjunctional voltages as large as 25
mV, sufficient to detect Cx37-comprised channels without inducing their closure,
were applied to reveal the activity of single channels when present.

Immunocytochemistry
Cx37 was stained and localized relative to the plasma membrane in Rin cells after
labeling proteins in the membrane with a lysine-biotinylation reagent. iRin37 and
iRin37-T154A cells were plated at low density onto glass coverslips and 24 hours
later treated for 24 hours with doxycycline. MDCK parental cells were plated at low
density onto glass coverslips and 24 hours later transfected with either pcDNA3.1h-
mCx37 or pcDNA3.1h-mCx37-T154A. Twenty-four hours after induction (iRin) or
transfection (MDCK), coverslips with Rin cells were washed with Dulbecco’s
phosphate buffered saline containing divalent cations (D-PBS) and then treated for
1 hour at 4°C with 1 mM NHS-SS-Biotin in D-PBS (Thermo Fisher Scientific,
Waltham MA) to label surface proteins. Excess biotin was quenched by washing
with 100 mM glycine in D-PBS. Cells (Rin and MDCK) were then fixed in 100%
methanol (–20°C, 5 minutes), exposed to 0.2% Triton X-100 in divalent cation free
PBS (DCF-PBS) for 30 minutes, rinsed with DCF-PBS, washed with 0.5 M NH4Cl
for 15 minutes, rinsed with DCF-PBS and finally exposed to blocking reagent (4%
fish skin gelatin, 1% normal goat serum, and 0.1% Triton X-100 in PBS) for 1 hour
at room temperature. For immunofluorescent detection of cell membrane and
connexin expression, cells were incubated with primary antibody (1–2 hours, room
temperature) followed by secondary antibody (1 hour, room temperature) with
intervening washes with 0.1% Triton X-100 in DCF-PBS. Cy3-conjugated secondary
antibody (diluted 1:200 in blocking reagent) was used to detect Cx37 and Cy5-
conjugated Streptavidin (diluted 1:250 in blocking reagent) was used to detect biotin
labeled membrane proteins in the Rin cells. Labeling was then visualized using a
Zeiss LSM510meta-NLO confocal/multiphoton fluorescence microscope and 514
nm laser wavelength for Cy3 or 633 nm for Cy5 detection.

Co-immunoprecipitation
MDCK43 cells were transiently transfected [using lipofectamine (Invitrogen)] with
either mCx37 or mCx37-T154A (using the pcDNA3.1-hygromycin vector). After
24–48 hours, total protein was isolated using non-denaturing buffer [1% Triton X-
100, 50 mM Tris-HCl, pH 7.4, 300 mM NaCl, 5 mM EDTA, 0.02% (w/v) NaN3 and
protease inhibitors freshly added: 5 mM NaF, 0.025 mM Na3VO4, 2 mM
phenylmethyl sulfonyl fluoride (PMSF), and 1 tablet PIC/50 ml (Roche Diagnostics)],
DNA sheared and the sample centrifuged for 25 minutes at 16,000 g at 4°C.
Supernatant was pre-cleared by incubating with protein-A–Sepharose beads (Pierce
Chemical) and either anti-Cx37 or -Cx43 antibody was added to the sample. After
1–2 hours incubation at 4°C, protein-A3 Sepharose beads were added and the mixture
mixed overnight at 4°C. The beads were harvested, washed, resuspended in sample
buffer and heated, and the supernatant immunoblotted for detection of Cx37 and
Cx43. In control experiments, total protein samples isolated (under non-denaturing
conditions) from cell lines that expressed only Cx37 or Cx43 were mixed after
isolation but before immunoprecipitation. Lack of cross reactivity of both Cx43 and
Cx37 antibodies was confirmed by western blotting, method described above, using
Cx37-GST and Cx43-GST as the sample protein or protein isolated from cells
expressing only one of the full length proteins.

Dye injection studies
MDCK43 cells were plated at low density onto glass coverslips and transfected with
GFP (pMAX-GFP, Amaxa) or GFP and either Cx37 (pcDNA3.1-mCx37) or Cx37-
T154A (pcDNA3.1-mCx37-T154A). 24 to 48 hours after transfection a coverslip
was mounted in a custom-made chamber and cells bathed in external solution. Pairs
of GFP expressing cells were identified (Olympus IMT2), and one cell of each pair
was injected with a solution containing Alexa Fluor 350 (2 mM) and Rhodamine-
labeled dextran (0.4 mM). Each injected cell pair was scored as positive or negative
(dye detected or not in non-injected cell) for Alexa Fluor 350 dye coupling 20
minutes after injection. Data from cell pairs wherein Rhodamine-labeled dextran
was detected in the non-injected cell (indicative of a cytoplasmic bridge rather than
a gap junction connecting the cells) were discarded. 

Proliferation
Proliferation assays were performed (with FP supplemented medium) on cells plated
at low density in seven six-well plates (~3,125 cells/cm2). At 24 hours after plating
(day 0), doxycycline (2 g/ml) was added to the medium in half of the wells in each
plate. Over the ensuing 21 days, medium (with or without doxycycline) was refreshed
every 2 days, and cells from one plate were harvested (using trypsin) for counting
(hemocytometer) every third day.

Serum deprivation and cell cycle analysis
To assess the effects of serum (FP) deprivation on progression through the cell cycle,
Rin 1046, iRin37 and iRin37-T154A 3C3 and 3E4 cells were plated (106 cells per
10-cm plate) and maintained in standard culture medium for 24 hours prior to
replacing the medium with serum-free medium (controls continue in serum containing
medium). After 48 hour, doxycycline (2 g/ml) was added to all plates. After an
additional 24 hours in the serum-free medium containing doxycycline, cells were

either harvested for cell cycle analysis or released from serum deprivation by
restoration of medium containing 10% FP and doxycycline. Cells released from
serum deprivation were harvested and analyzed for cell cycle position 4, 10, 24, 48,
72 and 96 hours after serum restoration. Results from serum-deprived cells were
compared with those from cells never deprived of serum.

Statistics
Statistical comparisons of all data were performed using unpaired, two-tailed Student’s
t-tests. Significant differences were taken as P<0.05. Error bars represent mean ±
s.e.m.
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Supplemental Material 
 
Fig. S1. Position of threonine 154 in third transmembrane domain of Cx37. 
 
Fig. S2. Doxycycline-induced (2 µg/ml) expression in six clonal Cx37-T154A cells lines (A). 
Arrowhead marks position of 37 kDa Cx37 GST fusion protein. In (B) the doxycycline-dose and 
time dependence of Cx37-T154A expression was tested for the iRin37-T154A-3C3 clone. 
Numbers in the lanes represent the dose of doxycycline (1, 2 or 4 µg/ml) with the lane labeled 2-
TX representing the triton X-100 insoluble fraction (from cells induced with 2 µg/ml) compared 
to whole cell homogenates for the rest of the lanes. (C, D) The expression levels of Cx37-T154A 
in the 3C3 clone and of Cx37 in the iRin37F clone were quantified by comparison to picomolar 
amounts of Cx37-GST fusion protein (first three lanes of C). The densities of the 37-GST 
standards were plotted (closed circles), fit by linear regression, and used to determine the 
amounts of Cx37 in the iRin37 and iRin37-T154A-3C3 clone (D). Note the nearly equal levels of 
expression in the T154A-3C3 clone (open square) and the 37F clone (inverted open triangle).  
 
Fig. S3. Cx43, but not Cx37, is immunoprecipitated from Cx43 MDCK43 cells. Total protein 
isolated from MDCK43 cells was immunoprecipitated with either Cx37 or Cx43 antibody (IP 37, 
IP 43 respectively) and the immunoprecipitate probed for Cx43 and Cx37 (IB 43, IB37, 
respectively). Cx37 was not detected under any circumstance, Cx43 was detected only when 
Cx43 antibody was used to obtain the immunoprecipitate. Positions of IGG, Cx43 and Cx37 
bands is indicated on the right, molecular mass markers (MWM) is on the left. 
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Abstract Although a functional pore domain is required

for connexin 37 (Cx37)–mediated suppression of rat insu-

linoma (Rin) cell proliferation, it is unknown whether

functional hemichannels would be sufficient or if Cx37 gap

junction channels are required for growth suppression. To

test this possibility, we targeted extracellular loop cysteines

for mutation, expecting that the mutated protein would

retain hemichannel, but not gap junction channel, func-

tionality. Cysteines at positions 61 and 65 in the first

extracellular loop of Cx37 were mutated to alanine and the

mutant protein (Cx37-C61,65A) expressed in Rin cells.

Although the resulting iRin37-C61,65A cells expressed the

mutant protein comparably to Cx37 wild-type (Cx37-WT)–

expressing Rin cells (iRin37), Cx37-C61,65A expression

did not suppress the proliferation of Rin cells. As expected,

iRin37-C61,65A cells did not form functional gap junction

channels. However, functional hemichannels also could not

be detected in iRin37-C61,65A cells by either dye uptake

or electrophysiological approaches. Thus, failure of Cx37-

C61,65A to suppress the proliferation of Rin cells is con-

sistent with previous data demonstrating the importance of

channel functionality to Cx37’s growth-suppressive func-

tion. Moreover, failure of the Cx37-C61,65A hemichannel

to function, even in low external calcium, emphasizes the

importance of extracellular loop cysteines not only in

hemichannel docking but also in determining the ability of

the hemichannel to adopt a closed configuration that can

open in response to triggers, such as low external calcium,

effective at opening Cx37-WT hemichannels.

Keywords Gap junction � Connexin � Hemichannel �
Growth suppression � Insulinoma � Cx37

Introduction

Connexins, the protein products of the gap junction gene

family, facilitate coordinated cell and tissue function by

influencing and mediating intracellular, transmembrane

and intercellular signaling. Intracellular signaling via con-

nexins involves their interaction with a diverse array of

proteins, the consequence of which can be regulated

connexin function as well as regulation of intracellular

signaling cascades (Kardami et al. 2007). The transmem-

brane signaling function of connexins is mediated by

hemichannels (connexons). Hemichannels comprise a

hexamer of connexin monomers that, when these channels

are open, mediate transmembrane diffusion of ions and

small molecules (Goodenough and Paul 2003). The inter-

cellular signaling function of connexins is mediated by gap

junction channels, which are formed when two hemi-

channels from neighboring cells dock to form an intercel-

lular channel that connects the cytosols of those cells.

These gap junction channels support the diffusive

exchange of ions and small molecules (Harris 2001).

Although each connexin isoform is likely able to partici-

pate in intracellular, transmembrane and intercellular sig-

naling, isoform-specific differences in their regulation as

well as the signaling they mediate suggest the possible cell-

and tissue-specific benefits of coexpressing multiple

connexin isoforms (Sohl and Willecke 2004). Indeed,

based on phenotypic differences in animals with connexin

isoform deletion or substitution (Plum et al. 2000; Scherer

et al. 1998; Simon et al. 1997), it is clear that connexins

serve to facilitate the coordinated function of cells and the
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tissues they comprise in both a cell type and connexin

isoform specific manner (Kardami et al. 2007).

Isoform and cell type specific growth suppression by

connexins is well documented (e.g., Kardami et al. 2007;

King and Bertram 2005), although the precise mechanisms

underlying growth suppression by any given connexin are

less clear. For example, connexin 37 (Cx37), but not Cx40

or Cx43, suppresses the proliferation of rat insulinoma

(Rin) cells (Burt et al. 2008). A mutant form of Cx37

(Cx37-T154A) that does not form functional channels but

retains the capacity to localize properly and form gap

junction plaques, fails to suppress Rin cell proliferation,

indicating that the capacity of Cx37 to form functional

channels is necessary and the normal localization of the

carboxyl terminus is insufficient for Cx37-mediated growth

suppression of this cell type (Good et al. 2011). Since the

T154A site likely renders both hemichannel and gap

junction channel nonfunctional (Beahm et al. 2006), these

studies leave unresolved which channel type is necessary

for Cx37-mediated growth suppression.

Although the formation of gap junction channels

depends upon the structural integrity of the extracellular

loops, the formation of hemichannels does not (Foote et al.

1998). These loops share a high degree of sequence

homology across connexin isoforms (Dahl et al. 1992;

Nakagawa et al. 2010), with the six cysteines conserved in

all gap junction–competent connexin isoforms (Sonntag

et al. 2009). These cysteines are essential to the formation

of functional gap junction channels, likely through

interloop disulfide bond formation (Foote et al. 1998; Dahl

et al. 1991, 1992). Specifically, disulfide bond formation

between cysteines in the first and second extracellular

loops, which occurs in a site- and position-specific manner,

probably stabilizes the conformation of the extracellular

domain such that proper docking of two hemichannels can

occur (Foote et al. 1998). In Cx32, mutation of a single

cysteine to serine was sufficient to prevent gap junction

channel formation and function (Dahl et al. 1992). Bao and

colleagues (2004) and more recently Tong and colleagues

(2007) demonstrated that Cx43 with all six extracellular

loop cysteines mutated to alanines fails to form functional

gap junction channels but retains hemichannel function as

determined by dye uptake. Together, these studies suggest

that cells expressing a connexin with one or more of the

cysteines in the extracellular loops mutated to alanine

would be unable to form functional gap junction channels

but would be able to form functional hemichannels.

In the current study we examined the functional con-

sequences of mutating cysteine residues 61 and 65 in Cx37

to alanine (Cx37-C61,65A) on both the growth-suppressive

and channel functions of Cx37. We demonstrate that Cx37-

C61,65A does not suppress the proliferation of Rin cells,

despite localizing to appositional and nonappositional

membranes in a manner comparable to wild-type Cx37

(Cx37-WT) and Cx37-T154A. However, contrary to expec-

tation, Cx37-C61,65A does not form functional hemichan-

nels (or gap junction channels). Thus, consistent with

previous data, the current results demonstrate that the

growth-suppressive properties of Cx37 depend on the

capacity of the protein to adopt a conformation able to

support channel function.

Materials and Methods

Antibodies and Reagents

Reagents were purchased from Sigma-Aldrich (St. Louis,

MO), except where noted. Anti-Cx37 antibody [aCx37-

18264 (Simon et al. 2006)] was used for immunoblots and

immunofluorescence. Secondary antibodies to anti-Cx37

antibody were horseradish peroxidase (HRP) conjugated to

goat anti-rabbit antibodies (Amersham, Arlington Heights,

IL) for immunoblotting and Cy3-conjugated anti-rabbit-

IgG (Jackson ImmunoResearch, West Grove, PA) for

immunofluorescence.

Mutant Connexin and Expression Vectors

Using the QuikChange Site-Directed Mutagenesis kit

(Stratagene, San Diego, CA), the C61,65A mutation was

introduced into the pTRE2h-mCx37 plasmid (Burt et al.

2008) using the following oligonucleotide primers (Operon

Biotechnologies, Huntsville, AL): 50-GCCCAGCCGGGC

GCCACCAACGTCGCCTATGACCAGGC-30 and 50-CG

GGTCGGCCCGCGGTGGTTGCAGCGGATACTGGTCC

G-30. Sequence was confirmed by the Genomic Analysis

and Technology Core at the University of Arizona. The

Cx37-WT and Cx37-C61,65A sequences were subcloned

into the pcDNA3.1h vector

Cell Culture and Expression Vectors

iRin cells (Burt et al. 2008), cultured in RPMI 1640

medium supplemented with 10 % Fetal Plex (Gemini

Bioproducts, Sacramento, CA), 300 lg/ml penicillin,

500 lg/ml streptomycin and 300 lg/ml G418 (GIBCO

Invitrogen, Grand Island, NY), were transfected with the

pTRE2h-mCx37-C61,65A plasmid using Lipofectamine

(Invitrogen, Carlsbad, CA) and stably expressing cells

selected by culturing in the same RPMI medium but also

containing 100 lg/ml hygromycin. Clonal cell lines

(iRin37-C61,65A) were isolated by dilution cloning.

Connexin-deficient MDCK cells [obtained from Paul

Lampe (Solan and Lampe 2007)] were transiently trans-

fected with either the Cx37WT or the Cx37-C61,65A
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sequence using the pcDNA3.1h vector. Cells were cultured

in DMEM supplemented with 10 % Gem Cell Fetal Bovine

Serum (Gemini Bioproducts). All cells were maintained at

37 �C in a humidified, 5 % CO2 incubator.

Immunoblotting

Whole-cell protein was isolated as previously described

(Burt et al. 2008), and protein concentration was determined

using the BCA Assay (Pierce, Rockford, IL). Samples (50 lg

of total protein) were loaded onto 12 % SDS-PAGE gels

(Bio-Rad, Richmond, CA), electrophoresed and then trans-

ferred to nitrocellulose using the Trans-Blot Turbo Transfer

System (Bio-Rad). Blots were blocked using 5 % nonfat

dried milk. Enhanced chemiluminescence strategies, with

SuperSignal West Dura and Femto Systems (mixed at a 2:1

ratio; Thermo Scientific, Waltham, MA), were used to

visualize (Kodak Imagestation 2000; Kodak, Rochester,

NY) connexin expression. Cx37 expression levels were

quantified as previously described (Burt et al. 2001) by

comparing sample band intensity to a standard curve gen-

erated with GST-Cx37 fusion protein (residues 233–329).

This fusion protein runs as three distinct bands; their col-

lective intensities were used to generate the standard curve.

Immunofluorescence

Cx37 localization was determined as previously described

(Good et al. 2011). Briefly, iRin37 and iRin37-C61,65A

cells, plated on glass coverslips and induced (2 lg/ml

doxycycline) to express Cx37, were rinsed with divalent

cation containing phosphate-buffered saline (PBS) and

treated with 1 mM Sulfo-NHS-SS-Biotin (Thermo Scien-

tific) to label lysine residues in the extracellular portions of

membrane proteins. Excess biotin was quenched with 100

mM glycine in PBS, and the cells were fixed in cold

methanol and treated with 0.2 % Triton X-100 followed by

0.5 M NH4Cl, each for 15 min. Cells were then rinsed with

divalent cation-free PBS (DCF-PBS), blocked (in 4 % fish

skin gelatin, 1 % normal goat serum and 0.1 % Triton

X-100 in DCF-PBS) and exposed to primary antibody for

2 h. After rinsing, secondary antibodies were applied (Cy3-

conjugated, diluted 1:200 in blocking reagent for Cx37;

Cy5-conjugated streptavidin, diluted 1:250 in blocking

reagent, for detection of biotinylated surface proteins).

Labeled proteins were visualized with a Zeiss (Thornwood,

NY) LSM510meta-NLO confocal/multiphoton fluorescence

microscope (lasers set at 514 nm for Cy3 and 633 nm for

Cy5 detection).

MDCK cells, plated at low density, were transfected

with pcDNA3.1h-mCx37 or pcDNA3.1h-mCx37-C61,65A

using Lipofectamine and 24 h later processed as described

for labeling and visualization of Cx37.

Immunoprecipitation of Surface Biotinylated Proteins

Subconfluent cells induced to express Cx37 were rinsed

with either PBS or DCF-PBS and treated with 10 mM

dithiothreitol (DTT) in PBS or DCF-PBS for 20 min at

room temperature. Cells in DCF-PBS were rinsed with

EGTA-supplemented (5 mM) external solution [in mM:

142.5 NaCl, 4 KCl, 1 MgCl2, 5 glucose, 2 sodium pyruvate,

10 HEPES, 15 CsCl, 10 TEACl, 1 CaCl2 (pH 7.2), 320

mOsM] and rinsed again with DCF-PBS. These cells and

those not exposed to low-Ca2? washes (in PBS) were then

incubated in 0.5 mg/ml maleimide-PEG2-biotin (Thermo

Scientific) in PBS or DCF-PBS, as appropriate, for 1 h at

4 �C on a rotator. After quenching excess biotin with

100 mM glycine (in PBS or DCF-PBS), cell protein was

harvested with immunoprecipitation (IP) buffer [containing

150 mM NaCl, 10 mM Tris HCl, 1 % Triton X-100, 1 %

Na deoxycholate, 0.1 % SDS and a protease inhibitor

cocktail tablet (catalog no. 11836153001, Roche, India-

napolis, IN; pH 6.8), pH 7.4]. Streptavidin-coupled resin

(Thermo Scientific) preequilibrated in IP buffer was added

to harvested cell protein and incubated overnight at 4 �C.

The mixture was centrifuged (2,5009g for 15 s at 4 �C)

and the resin washed three times with cold IP buffer and

once with PBS. Resin-coupled proteins were then resus-

pended in sample buffer (100 mM Tris, 4 % SDS, 10 %

glycerol, 5 mM NaF, 0.25 mM Na3VO4, 2 mM PMSF and

0.02 % bromophenol blue with added protease inhibi-

tor cocktail, pH 6.8), boiled, vortexed and centrifuged

(15,0009g for 1 min); and the immunoprecipitated proteins

were electrophoretically separated [25 ll per sample, 12 %

SDS-PAGE gels (Bio-Rad)] and immunoblotted for Cx37

expression, as described above.

Proliferation

As previously described (Burt et al. 2008; Good et al.

2011), iRin37 or iRin37-C61,65A cells were plated at an

initial density of 3 9 104/well in six-well plates. 24 h after

plating (day zero of proliferation curve), cells were

induced (dox?) or not (dox–) with 2 lg/ml doxycycline.

Medium was refreshed every 48 h (with or without added

doxycycline, as appropriate). Triplicate wells were har-

vested and counted (Cellometer Auto T4; Nexcelom

Bioscience, Lawrence, MA) every 3 days over a 21-day

period.

Dye-Uptake Studies

iRin37 or iRin37-C61,65A clone 1C3 cells were plated at

low density and induced or not for 24–48 h. Cells were

rinsed with medium, external solution and external solution

containing 5 mM EGTA. Two rings [made from the tops of
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14-ml BD Falcon (Franklin Lakes, NJ) tubes] were adhered

to the dish with Vaseline, creating two wells; dye was

added to each well, and the dish was placed on ice

and protected from ambient light. The dye solution con-

tained 1.25 mg/ml N,N,N-trimethyl-2-[methyl-(7-nitro-2,1,

3-benzoxadiol-4-yl)amino]ethanaminium (NBD-M-TMA)

(Bednarczyk et al. 2000) and 0.125 mg/ml tetramethyl-

rhodamine dextran (rhodamine, molecular weight 3,000;

Molecular Probes, Eugene, OR) added to Ca-free external

solution supplemented or not with 5 mM EGTA. Dye and

the rings were removed after a 15-min dye-uptake period,

and cells were rinsed with culture medium followed by

external solution. Cells were imaged with an Olympus

(Tokyo, Japan) IX71 or BX50WI fluorescence microscope;

differential interference contrast (DIC) and fluorescence

images of multiple fields within each ringed area of cells

were acquired [CoolSnap ES camera (Photometrics, Tuc-

son, AZ) and V?? software (Digital Optics, Auckland,

New Zealand); 41001HQ filter for imaging NBD-M-TMA

and U-MWIGA3 filter for imaging rhodamine (both from

Olympus)]. Each set of images was scored for NBD-M-

TMA-positive and rhodamine-dextran-negative cells and

the total number of cells. Multiple fields were imaged for

each well. Totals from each field within a well were

combined to calculate a percent NBD-M-TMA-positive

value. We performed t-tests on the dox? versus dox-

groups.

Electrophysiology

iRin parental, iRin37 or iRin37-C61,65A cells were plated

onto glass coverslips at low densities such that single cells

and cell pairs predominated. One hour after plating doxy-

cycline (2 lg/ml) was added or not to the cells, and

24–48 h later junctional (cell pairs) or membrane (single

cells) conductance was evaluated. Coverslips were placed

in a custom-made chamber and bathed in external solution.

Patch pipettes were fabricated as previously described

(Burt et al. 2008; Ek-Vitorı́n and Burt 2005) and back-filled

with internal solution (in mM: 124 KCl, 14 CsCl, 9

HEPES, 9 EGTA, 0.5 CaCl2, 5 glucose, 9 TEACl, 3

MgCl2, 5 Na2ATP).

Junctional and single gap junction channel conductances

were measured as previously described (Burt et al. 2008;

Ek-Vitorı́n and Burt 2005), using either discontinuous

single electrode voltage clamp (NPI SEC-05LX) or tradi-

tional patch-clamp (Axopatch 1D) amplifiers. In either

case, transjunctional voltages (Vj) of 25–50 mV (non-

pulsed cell held at 0 mV, while the pulsed cell was

clamped to the indicated membrane potential) were applied

to reveal the activity of Cx37 gap junction channels.

Hemichannel data were collected in single whole-cell

voltage-clamp configuration; depolarizing or hyperpolarizing

voltage ramps (between ?50 or ?100 and -100 mV, 7 s) or

square pulses of variable magnitude and duration were

applied. Ramps were run every 15–20 s over a period of

5–40 min. Typically, steady transmembrane potentials were

continuously applied (10–40 min), with only short interrup-

tions to evince the baseline. The longer recordings were per-

formed while exchanging the external solution (at least twice

the chamber volume over 1–2 min); thus, any event appearing

while lowering external calcium was likely captured.

Results

To determine whether functional hemichannels would be

sufficient to support Cx37-mediated growth suppression,

we mutated two of the three cysteines in the first extra-

cellular loop of Cx37 to alanines, with the expectation that

the mutant protein would be unable to form functional gap

junction channels but retain its ability to form func-

tional hemichannels. Three hygromycin-resistant iRin37-

C61,65A subclones (1B3, 1C3 and 1D2) were selected for

further study. Cx37 expression levels in these subclones

were comparable to that observed in iRin37 cells (Fig. 1A).

Since we previously demonstrated that channel function

was necessary for Cx37-mediated growth suppression, we

next determined, using two approaches, whether the Cx37-

C61,65A protein localized to the plasma membrane in a

manner comparable to Cx37-WT. First, immunofluores-

cence and confocal microscopy were used to examine the

localization of WT and mutant Cx37 in both iRin cells and

transiently transfected MDCK cells. iRin37 and iRin37-

C61,65A clone 1C3 and 1D2 cells (Fig. 1B, panels a, b and

c, respectively) induced for 24 h with 2 lg/ml doxycycline

revealed Cx37 expression in the cytoplasm and as punctate

and diffuse labeling at appositional and nonappositional

plasma membranes (arrows). Similarly, Cx-deficient

MDCK cells transiently transfected to express Cx37-WT or

Cx37-C61,65A (Fig. 1B, panels d and e, respectively)

expressed Cx37 in the cytoplasm and both appositional and

nonappositional plasma membrane. Second, biotin-coupled

maleimide was used to label reactive cysteines exposed (by

DTT treatment in the presence or absence of extracellular

calcium) on the extracellular surface of Cx37-WT- and

Cx37-C61,65A-expressing cells. Biotinylated protein was

immunoprecipitated from total protein with streptavidin-

conjugated resin and Cx37 protein detected by immuno-

blotting. Cx37 was detected with this strategy in both the

WT and mutant-expressing cell lines (Fig. 1C), indicating

that both the WT and Cx37-C61,65A proteins were present

in the plasma membrane. Together, the immunofluores-

cence and biotinylation results indicated that both proteins

(mutant and WT) localize to and insert into the plasma

membrane.
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Next, we determined whether expression of the Cx37-

C61,65A protein altered the proliferative properties of iRin

cells. The noninduced cells of all cell lines proliferated

comparably (Fig. 2A). When iRin37 cells were induced to

express Cx37-WT, proliferation over the 21-day period

was significantly suppressed (Fig. 2B). In contrast, induced

Fig. 1 Expression and localization of Cx37-C61,65A and Cx37-WT

are comparable. A Western blots of GST-37CT loaded in different

amounts (left) and total protein isolated from iRin37 and three clones

(1B3, 1C3 and 1D2) of iRin37-C61,65A cells (right). iRin cells were

induced for 24 h with 2 lg/ml doxycycline, whole-cell protein was

isolated and 50 lg of total cell protein was loaded for each sample.

Expression levels for each cell line, determined by comparing band

intensities of the samples to the standard curve generated using

GST-37CT, were 3.7, 4.5 and 5.1 pmol/mg of total cell protein for

clones 1B3, 1C3 and 1D2, respectively, and 4.5 pmol/mg protein for

iRin37 cells. B Confocal images of Cx37 (green) localization with

biotinylated membrane proteins (red) in induced iRin37 (37-WT) (a),

iRin37-C61,65A 1C3 (37-C61,65A 1C3) (b) and iRin37-C61,65A

1D2 (37-C61,65A 1D2) (c) cells showing the presence of punctate

labeling at appositional and nonappositional membranes (arrows).

Confocal images of Cx37 (green) localization in MDCK cells

transiently transfected to express Cx37-WT (MDCK 37-WT) (d) or

Cx37-C61,65A (MDCK 37-C61,65A) (e) also showing the presence

of punctate labeling at appositional and nonappositional membranes

(arrows). Scale bars = 10 lm. C Western blot of membrane

localized Cx37 isolated from Cx37-WT or -C61,65A expressing iRin

cells. Induced iRin37 (WT) and iRin37-C61,65A clones 1B3, 1C3

and 1D2 were DTT- and maleimide-biotin-treated and harvested, and

protein was immunoprecipitated with streptavidin and immunoblotted

with anti-Cx37 antibody. Solutions either contained or lacked

calcium. Detected Cx37 indicates membrane insertion of this protein.

Differences in band intensity in part reflect different cell densities in

initial samples. Loaded 25 ll of each sample
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expression of Cx37-C61,65A had no effect on Rin cell

proliferation (Fig. 2B), even in the 1D2 clone with the

highest level of expression. These results are similar to

those obtained with the Cx37-T154A mutant (Good et al.

2011), which eliminates Cx37’s growth-suppressive prop-

erties and, demonstrably, junctional channel formation. We

therefore questioned whether Cx37-C61,65A formed

functional hemichannels.

Initially, we determined whether the Cx37-C61,65A

protein formed functional hemichannels using a dye-uptake

strategy. Cx37 gap junction channels are cation-selective

and readily permeated by the small cationic dye NBD-

M-TMA? (Ek-Vitorı́n and Burt 2005), so this dye was

selected to determine whether Cx37-C61,65A hemichan-

nels would mediate dye uptake. A gap junction channel–

impermeant dye (3,000-dalton rhodamine-labeled dextran)

was included in all uptake experiments so that damaged

cells (positive for rhodamine) would not be mistakenly

counted as positive for hemichannel-mediated dye uptake.

After washing Cx37-WT-expressing iRin cells with an

EGTA–low-Ca2? solution and performing the dye-uptake

experiment in a low-[Ca2?] dye solution, many more

induced iRin37 cells were positive for NBD-M-TMA? than

noninduced cells (compare panels a, b and c in Fig. 3B to

panels d, e and f). Data from multiple experiments (quan-

tified in Fig. 3A) showed that approximately 43 ± 4 % of

Cx37-WT-expressing iRin cells (n = 8 wells) were positive

for NBD-M-TMA? uptake and negative for rhodamine-

dextran, a value significantly (p \ 0.001) larger than the

10 ± 4 % observed for noninduced cells (n = 7 wells).

Repetition of these procedures on induced versus nonin-

duced iRin37-C61,65A cells (clone 1C3) revealed no sig-

nificant differences in dye-positive cells (compare panels g,

h and i in Fig. 3B to panels j, k and l). Of induced iRin-

Cx37-C61,65A cells (n = 10 wells), 6 ± 1 % were NBD-M-

TMA? positive compared to 6 ± 2 % of noninduced cells

(n = 9 wells) (Fig. 3A). These results suggest that Cx37-

C61,65A does not form a functional hemichannel; however,

the dye-uptake approach is insensitive to the activity of dye-

impermeant channels and to activity of individual channels,

so we next turned to electrophysiological approaches.

To facilitate recognition of possible Cx37-C61,65A

channel events, we first characterized the channels present

in iRin parental cells and the channels formed by Cx37-WT.

Parental iRin cells do not form functional gap junctions

(data not shown). Using dual whole-cell voltage-clamp

methods, the mean macroscopic conductance observed for

induced iRin37 cells was 4 ± 1 nS (n = 13, including two

cell pairs that showed no measurable coupling) (Fig. 4A).

This level of coupling is comparable to previously reported

data for this cell line (Burt et al. 2008; Good et al. 2011). In

contrast, no electrical coupling could be detected in either

induced (n = 19) or noninduced (n = 9) iRin37-C61,65A-

expressing cells (Fig. 4A)—all values were below 0.3 nS

and not different from system noise levels. Large-conduc-

tance single-channel events were observed in iRin37 cell

pairs with naturally low coupling levels (Fig. 4B). In

solutions containing 1 mM Ca2? (Fig. 4B), gap junction

channel events were between 250 and 350 pS and dwell

times at any conductance level were very brief (flickering

activity). In contrast, when in low [Ca2?]0 (Fig. 4C) chan-

nel conductances were larger, residual states evident and

dwell times longer. As expected, comparable junctional

channel activity was not seen in iRin37-C61,65A-express-

ing cell pairs (n = 19), indicating that this mutant does not

form functional gap junction channels.

Based on the behavior of the Cx37-WT gap junction

channel, hemichannel conductances were expected to be

Fig. 2 Proliferation of Rin cells is suppressed by expression of Cx37-

WT but not Cx37-C61,65A. A Proliferation was comparable between

iRinCx37-WT and the three clones of iRinCx37-C61,65A when

connexin expression was not induced. In contrast, proliferation of

induced iRinCx37-WT cells (filled circles, B) was suppressed

compared to the iRin clones with induced expression of Cx37-

C61,65A. Four growth curves (with or without dox) were performed

for each cell line except the iRin37-C61,65A-1C3 clone, for which

five experiments were performed. Where error bars are not obvious,

they are smaller than the size of the data point
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quite large (500–700 pS, double the gap junction channel’s

conductance). Most voltage ramps performed on single

Cx37-WT-expressing cells under normal external calcium

conditions revealed no evidence of channel activity, but

some showed activity at voltages incompatible with

activity of Cx37-WT hemichannels, Vm [ ±70 mV; the

presence of these channels was confirmed and their

amplitude (75–100 pS) documented with square pulses of

Vm [ ±70 mV (data not shown). Channels similar to these

were also frequently observed in iRin parental cells (not

Fig. 3 Cx37-C61,65A does not

form hemichannels able to

mediate dye uptake. A The

percent of cells positive for

NBD-M-TMA uptake and

negative for rhodamine dextran

was compared to determine

hemichannel function. In cells

induced to express Cx37-WT,

dye uptake was significantly

more frequent (*p \ 0.001)

than in noninduced cells or cells

induced to express Cx37-

C61,65A. B Representative

images of DIC (arrows indicate

isolated cells or cell clusters),

NBD-M-TMA and rhodamine

dextran fields for iRin37

induced (a–c) and noninduced

(d–f), iRin37-C61,65A 1C3

induced (g–i) and noninduced

(j–l). Scale bar = 20 lm,

applies to all images
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transfected with any connexins) (Fig. 5A, B) and in

both induced and noninduced iRin37-C61,65A cells

(Fig. 5E, F). Thus, these events are unlikely to represent

Cx37 hemichannel activity. On occasion (one in seven

tested cells), voltage ramps performed in normal [Ca2?]0

on Cx37-WT-expressing cells revealed, transiently, activity

in a Vm range (±20–50 mV) compatible with the opening

of Cx37-WT hemichannels (Fig. 5C). Accordingly, in

Cx37-WT-expressing cells, large-conductance (C300 pS)

transitions were observed during application of small Vm

pulses (Fig. 5D) (one cell out of four tested, two successive

pulses of many applied over more than 20 min in normal

calcium). No similar activity was observed during either

voltage ramps (n = 28 cells, Fig. 5E) or application of

square pulses (n = 7 cells, recording from 10 to [25 min

long; Fig. 5F) performed on Cx37-C61,65A mutant–

expressing cells.

Since dye-uptake studies were successful only when the

cells were washed with an EGTA-containing solution, we

examined both Cx37-WT- and Cx37-C61,65A-expressing

cells for electrophysiological evidence of hemichannel

activity following a similar protocol. Hemichannel open-

ings were transiently seen in two out of ten successive

ramps implemented immediately following the lowering of

external calcium with EGTA-containing solution in a

Cx37-WT-expressing cell (Fig. 6A). In three out of six

additional cells, similar, although shorter, duration open-

ings were documented 5–20 min after lowering [Ca2?]0

(not shown). Hemichannel transitions of Cx37-WT were

also seen under these low-[Ca2?]0 conditions during

application of small Vm square pulses (channels transiently

present within the first 5 min after lowering [Ca2?]0 in two

of four cells; 20- to 30-min recordings; Fig. 6B). In con-

trast, comparable hemichannel activity was not observed in

Cx37-C61,65A-expressing cells during application of

ramps (six cells, 25- to 50-min records) or square

pulses (five cells, 30- to 45-min records) in low [Ca2?]0

(Fig. 6C, D). Together the electrophysiology data strongly

suggest either that Cx37-C61,65A does not form a func-

tional hemichannel or that its open probability is suffi-

ciently low under the conditions of our measurements that

we could not detect it.

Discussion

Connexins form channels that serve (at least) two functions,

transmembrane and intercellular signaling. In both cases the

channels mediate the diffusive flux of ions and small mol-

ecules down their electrochemical gradients. While channel

function is the best-described function of connexins, it is

increasingly clear that the carboxy terminus of these pro-

teins, through interaction with an array of intracellular

proteins, also participates in cellular functions in a channel-

independent manner. Several connexins have been dem-

onstrated to participate in tumor suppression via both

channel-dependent and channel-independent mechanisms

(Kardami et al. 2007; King and Bertram 2005). We previ-

ously demonstrated that in Rin cells Cx37, but not Cx40 or

Cx43, suppresses cell proliferation by prolonging all phases

of the cell cycle, G1 most prominently (Burt et al. 2008). To

understand which properties of Cx37 are central to its

growth-suppressive action, we first explored whether

channel function was necessary for Cx37-mediated growth

suppression. Since Cx40 and Cx43 form channels with a

similar or less selective permeability profile than Cx37

(Ek-Vitorı́n and Burt 2005; Weber et al. 2004), we expected

Fig. 4 Cx37-C61,65A does not form functional gap junction chan-

nels. A iRin cell pairs induced to express Cx37-WT (37-WT dox?)

were variably coupled, with gj commonly between 1 and 5 nS. In

contrast, induced and noninduced iRin37-C61,65A cells were not

detectably coupled (data from 1C3 and 1D2 clones). Notice that all of

the iRin37-C61,65A cell pairs evaluated, whether induced or

noninduced, had gj values \0.3 nS, which is not different from

electrical noise at these recording settings. B, C Single-channel events

from iRin37 dox? recorded in external solutions containing either

normal (B) or low (C) calcium, as described in the dye-uptake

protocol. Notice that channel flickering decreased upon introduction

of low external calcium so that transitions corresponding to *300 pS

and substates corresponding to *80 pS were readily apparent.

Downward black and gray arrows indicate the start and end of the

voltage pulse, respectively
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Fig. 5 Whole-cell voltage-clamp recordings obtained in normal

external calcium concentration conditions. A, C, E Plots showing

two exemplary traces of voltage ramps applied to parental iRin (not

transfected with any Cx37) (A), iRin37 (C) and iRin37-C61,65A

(E) cells bathed in solutions with normal external calcium content. In

(C) the two representative traces were from a series of ten ramps from

an iRin37 cell that showed current inactivation at high voltage values.

B, F Transitions of membrane current (corresponding to 85–100 pS)

appeared with square Vm pulses in iRin (B) and iRin37-C61,65A

(F) induced (top trace) and noninduced (bottom trace) cells. Note that

these current transitions are barely distinguishable from the noise at

Vm = -30 mV (B, bottom trace); however, transitions of similar

conductance were also observed at Vm = -70 mV. D Transitions of

membrane current from single cells expressing Cx37-WT during

±30-mV square pulses in normal external calcium. Notice that

recording is noisier at positive values; while these are contiguous

recordings, transitions appear larger ([400 pS) at negative voltages.

B, D, F All-points histograms are shown at the right of each trace,

baseline is denoted by dashed lines and current levels by dotted lines,

numbers on the left correspond to ‘‘between lines’’ conductance

differences and numbers next to the histogram peaks indicate the

cumulative conductance from the chosen zero current level; upward-

pointing arrows indicate the distance (in pS) and direction of the true

(zero current) baseline, when not displayed; vertical/horizontal
calibration bars correspond to 10 pA and 1 s, respectively
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that channel function would not be necessary for Cx37-

mediated growth suppression. Contrary to expectation,

Cx37-T154A, which forms a nonfunctional gap junction

channel, was not growth-suppressive, suggesting that chan-

nel functionality is necessary for Cx37-mediated growth

suppression in Rin cells (Good et al. 2011). Although we did

not test this mutant for hemichannel function, mutation of the

corresponding highly conserved site in Cx50 renders both the

hemichannel and gap junction channel nonfunctional (Bea-

hm et al. 2006); thus, it is probable that Cx37-T154A

hemichannels are also nonfunctional. Thus, the Cx37-T154A

study did not permit us to discern whether functionality of

hemichannels, gap junction channels or both is necessary for

Cx37-mediated growth suppression.

In the current study we attempted to address the suffi-

ciency of hemichannels in Cx37-mediated growth suppres-

sion, expecting that functional hemichannels would be

sufficient and functional gap junction channels unnecessary

for Cx37-mediated growth suppression. Three observations

lead to this hypothesis. First, Cx37-WT-expressing Rin cells

are growth-suppressed at all tested plating densities, even

densities where cell–cell contact and, therefore, gap junction

formation are rare (Burt et al. 2008). Second, Cx37 hemi-

channels appear to be functional under physiological con-

ditions, at least in some cell types (Wong et al. 2006). Third,

transmembrane gradients for ions and small molecules (e.g.,

calcium and ATP) are always present, whereas intercellular

gradients are only transiently present because gap junction

channels, by mediating diffusive exchange, tend to neutral-

ize these gradients. Thus, opening of Cx37-WT hemichan-

nels could mediate efflux or influx of critical signaling

molecules that directly or indirectly regulate intracellular

signaling processes involved in cell cycle progression.

To address whether Cx37 hemichannels might be suf-

ficient to explain Cx37-mediated growth suppression, we

created a mutant that we expected would support

Fig. 6 Whole-cell voltage-clamp recordings obtained under condi-

tions of low extracellular calcium concentration. A, C Plots showing

one or two exemplary traces of ramps from iRin37 (A) and iRin37-

C61,65A (C) cells. iRin37 cells (A) in low external calcium

conditions show clear evidence of channel transitions in the Vm

range of -20 to -60 mV (observed in two out of ten ramps, one

shown), while Cx37-C61,65A-expressing cells (c) show no evidence

of channel activity in any ramps in the Vm range -20 to -60 mV (see

text for further details). B Transitions of membrane current (corre-

sponding to conductances \400 pS) from single cells expressing

Cx37-WT during -30 mV square pulses in low external calcium.

Notice that most events appear to be smaller than observed in normal

calcium, perhaps revealing more transitions to and from a substate.

D Current transitions of Cx37-C61,65A-expressing cells. Notice

transitions correspond to events of less than 100 pS. Traces are

labeled as in Fig. 5 B, D and F
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hemichannel activity comparable to that displayed by

Cx37-WT but not support gap junction channel formation.

Available evidence suggested that mutation of one or more

of the six highly conserved cysteines located in the extra-

cellular loops of connexins would disable gap junction

channel formation while preserving hemichannel func-

tionality (Foote et al. 1998; Dahl et al. 1991, 1992; Bao

et al. 2004; Tong et al. 2007). Consequently, we mutated

the second and third cysteines in the first extracellular loop

of Cx37 to alanines and stably transfected the encoding

sequence into iRin cells, thereby creating the iRin37-

C61,65A cell lines. Cx37 expression, localization to and

insertion into the plasma membrane were comparable in

iRin37-C61,65A and iRin37 cells. However, unlike the

wild-type protein, the Cx37-C61,65A protein did not sup-

press the proliferation of iRin cells.

Failure of Cx37-C61,65A to growth-suppress prompted

us to check whether the mutated protein formed functional

hemichannels but nonfunctional gap junction channels.

Cells expressing Cx37-C61,65A were never observed to

take up NBD-M-TMA?, a dye previously shown to readily

permeate Cx37-WT gap junction channels (Ek-Vitorı́n and

Burt 2005) and shown here to be taken up by iRin37 cells

only when induced to express Cx37-WT protein and

exposed to low-[Ca2?]0 conditions. In addition, using

whole-cell voltage-clamp techniques, we detected func-

tional Cx37-WT hemichannels and gap junction channels

in both normal and low-[Ca2?]0 conditions but were unable

to detect functional Cx37-C61,65A hemichannels or gap

junction channels under comparable recording conditions.

Thus, the failure of Cx37-C61,65A to suppress prolifera-

tion of Rin cells is entirely consistent with our previous

studies demonstrating that channel functionality is neces-

sary and proper localization of a normal carboxy terminus

insufficient for Cx37-mediated growth suppression.

Failure of Cx37-C61,65A to form functional hemi-

channels suggests either that disruption of disulfide bond

formation in the extracellular loops prevents the channel

from adopting a (closed) configuration that can be triggered

to open (by docking, exposure to low [Ca2?]0, mechanical

stimulus or even phosphorylation-dependent regulation) or

that the open configuration is blocked by the extracellular

loops due to mutations there. Arguing against the possi-

bility of channel block is the complete absence of hemi-

channel events and dye uptake in cells expressing the

mutant protein, even when ‘‘triggered’’ to open by expo-

sure to low-[Ca2?]0 conditions. Bao and colleagues (2004)

and Tong and colleagues (2007) reported that Cx43 with all

six cysteines in the extracellular loops mutated to alanine

forms functional hemichannels with Ca2?-sensitive open

probability characteristics. Assuming similar behavior of

other connexins, these observations collectively suggest

that docking of hemichannels to form functional gap

junction channels is blocked by mutation of even one

cysteine in the extracellular loops (Dahl et al. 1992; Foote

et al. 1998); and our data suggest that mutation of fewer

than all six cysteines results in hemichannels that are

closed and unable to be triggered open.

We expected the current study to distinguish whether

Cx37 hemichannel activity, not gap junction channel

activity, was sufficient to explain Cx37-mediated growth

suppression of Rin cells and instead provide further evi-

dence that an open channel configuration must be possible

for growth suppression by Cx37 (Burt et al. 2008; Good

et al. 2011). It remains unclear what, if anything, permeates

the hemichannel/gap junction channel to influence cell

cycle progression. Potentially germane to this issue, how-

ever, is the observation that the wild-type hemichannel

opens in the presence of extracellular calcium ions, albeit

with only modest probability. However, since culture

medium contains ‘‘normal’’ levels of calcium and Cx37 is

growth-suppressive at cell densities where gap junction

channel formation is rare (Burt et al. 2008), hemichannels

able to open could allow the influx (or efflux) of signaling

molecules with a growth-regulatory effect.

In summary, we have demonstrated that mutation of the

second and third cysteines in the first extracellular loop of

Cx37 to alanines results in a protein that is no longer growth-

suppressive to Rin cells. The absence of a growth-suppressive

function is consistent with previous observations in which the

capacity to form a functional channel was demonstrated as

necessary for the growth-suppressive action of Cx37. Our

data further suggest that disulfide bond formation between the

extracellular loops is critical to the hemichannel’s ability to

adopt a conformation able to be triggered open as well as its

ability to dock with another hemichannel to form a gap

junction channel. Alternate (or additional) mutation sites will

be necessary to create a Cx37 protein able to form functional

hemichannels but unable to form functional gap junction

channels. Thus, it remains to be determined whether trans-

membrane (hemichannel) or intercellular (gap junction

channel) signaling, or both, is necessary for Cx37-mediated

growth suppression and whether channel-independent prop-

erties of Cx37 might also be necessary.
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Background: Growth suppression by connexins 
can involve intercellular, transmembrane or 
intracellular signaling. 
Results: Determinants of connexin 37 (Cx37) 
transmembrane signaling, channel assembly and 
function were identified.  
Conclusion: Cx37 mutants lacking only 
intercellular signaling capacity fail to suppress 
cancer cell proliferation. 
Significance: The uniquely potent growth 
suppression by Cx37 involves a protein 
conformation able to support intercellular, 
transmembrane and intracellular signaling. 
 
ABSTRACT 

Connexin (Cx) 37 suppresses vascular 
and cancer cell proliferation. The carboxyl 
terminus (CT) and a channel able to function 
are necessary, and neither by itself is 
sufficient, for Cx37 to mediate growth 
suppression. Cx37 supports transmembrane 
and intercellular signaling by forming 
functional hemichannels (HCs) and gap 
junction channels (GJCs), respectively. Here 
we determined whether Cx37 with HC, but 
not GJC, functionality would suppress 
proliferation of rat insulinoma (Rin) cells 
comparably to wild-type Cx37 (Cx37-WT). 
We mutated extracellular loop (ECL) 
residues hypothesized to compromise HC 

docking but not HC function (six cysteines 
mutated to alanine, C6A; N55I; Q58L). All 
three mutants trafficked to the plasma 
membrane and formed protein plaques 
comparably to Cx37-WT. None of the 
mutants formed functional GJCs and Cx37-
C6A did not form functional HCs. Cx37-N55I 
and -Q58L formed HCs with behavior and 
permeation properties similar to Cx37-WT 
(especially Q58L), but none of the mutants 
suppressed Rin cell proliferation. The data 
indicate that determinants of Cx37 HC 
function differ from other Cxs and that HC 
function with associated HC-supported 
protein-protein interactions are not sufficient 
for Cx37 to suppress Rin cell proliferation. 
Together with previously published data, 
these results suggest that Cx37 suppresses 
Rin cell proliferation only when in a specific 
conformation achieved by interaction of the 
carboxyl terminus with a Cx37 pore-forming 
domain able to open as a GJC. 
  
INTRODUCTION 

Connexins (Cxs), the family of gene 
products comprising gap junction channels 
(GJCs), have been well documented as 
regulators of coordinated tissue function, 
including controlled growth. The 21 known 
members of this gene family, co-expressed in 
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distinct combinations, work together to support 
cellular functions in an isoform- and tissue-
specific manner (1). The Cxs share a common 
topology consisting of four transmembrane 
domains with amino and carboxyl termini 
located intracellularly. Six Cxs oligomerize to 
form a hemichannel (HC) that can support 
transmembrane signaling; HCs in neighboring 
cells can dock to form GJCs that support 
intercellular signaling (2, 3). Cxs thus facilitate 
coordinated tissue function using both these 
channel types (2, 3). In addition, Cxs regulate 
and are regulated by multiple intracellular 
signaling cascades through protein-protein 
interactions with the carboxyl terminus (CT) (4).  

Cxs have been strongly linked to regulation 
of cell proliferation (for review see: (4-6)). We 
have demonstrated that Cx37, but not Cx40 or 
Cx43, suppresses the proliferation of rat 
insulinoma (Rin) cells, extending the time spent 
in each phase of the cell cycle (7). Cx37 also 
contributes to controlled growth in vivo; when 
deleted from the genome of mice, collateral 
vasculogenesis as well as injury-induced 
angiogenesis are significantly enhanced (8). This 
growth suppressive function requires that Cx37 
be full length and able to form functional 
channels (9, 10); neither channel functionality 
nor the carboxyl terminal domain by themselves 
is sufficient for Cx37 to mediate growth 
suppression of Rin cells. Whether the channel 
type required for Cx37-mediated growth 
suppression is the HC or GJC remains uncertain. 
Since Cx37 suppresses Rin cell proliferation at 
at low plating densities where cell-cell contact 
and consequently GJC formation are rare (7, 11), 
and because Cx37-HCs are active in normal as 
well as low external [Ca2+] (11), consistent with 
their activity possibly contributing to growth 
suppression, we hypothesized that functional 
Cx37-HCs would be sufficient, and functional 
GJCs unnecessary, for Cx37-mediated 
suppression of Rin cell proliferation. 

To test this hypothesis we needed a mutation 
that would prevent docking of otherwise 
functional HCs. Available data from Cx26 (12, 
13) suggested that mutation of any one of the six 
highly conserved cysteines in the extracellular 
loops (ECLs) might be sufficient to prevent 
docking of HCs to form GJCs; data from Cx43 
affirmed the importance of ECL cysteines in HC 

docking and showed they were not necessary for 
HC function (14) (15). Based on these data we 
tested Cx37-C61,65A (cysteines 61 and 65 in 
the first ECL mutated to alanine) for its ability to 
form functional HCs, but not functional GJCs. 
That functional HCs were not observed with two 
of six cysteines mutated suggested that 
determinants of Cx37 HC function differed from 
Cx26 and possibly from Cx43 as well. 

Consequently, in the current study we tested 
the hypothesis that Cx37 would, like Cx43, form 
functional HCs, but not functional GJCs, when 
all six cysteines in the ECLs were mutated to 
alanine. However, recognizing that Cx37 might 
differ from both Cx26 and Cx43 in the ECL 
structural requirements for HC function, we also 
tested sites suggested by structural studies to be 
involved in HC docking but not necessarily ECL 
structure, asparagines 55 (N55) and glutamine 
58 (Q58) (16). These latter residues in the first 
ECL are highly conserved across the Cx family 
of proteins, and were proposed as responsible 
for HC docking to form GJCs. Specifically, it 
was suggested that N55 forms a hydrogen bond 
with leucine at position 56 (L56) in the opposite 
protomer and Q58 forms symmetrical hydrogen 
bonds with the Q58 residue in the opposite 
protomer (16). These hydrogen bonds were 
proposed to stabilize the docking of connexons 
in GJC formation (16-18). Thus, we 
hypothesized that structurally conservative 
substitutions for asparagine and glutamine at 
these sites would compromise the ability of 
Cx37 to form functional GJCs but preserve HC 
functionality. Therefore, we mutated N55 to 
isoleucine (Cx37-N55I) and Q58 to leucine 
(Cx37-Q58L).  

Thus, in the current study we created the 
Cx37-C6A, Cx37-N55I and Cx37-Q58L 
mutants, to assess the structural determinants of 
Cx37 HC function and, with any that exhibited 
HC activity, to determine whether such activity 
would be sufficient for Cx37 to suppress the 
proliferation of Rin cells. Each mutant was 
tested for GJC, HC and growth suppressive 
function. We show that all three mutants were 
devoid of GJC function. Cx37-C6A did not 
exhibit HC activity comparable to Cx37-WT, 
suggesting that the determinants of Cx37 HC 
function differ from both Cx43 and Cx26. Cx37-
N55I and Cx37-Q58L formed HCs with 
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conductance, permeation and open probability 
characteristics in Ca2+ containing and Ca2+-free 
solutions indistinguishable from Cx37-WT HCs. 
Despite these functional similarities, none of 
these ECL mutants suppressed proliferation of 
Rin cells. These results indicate that 1) the 
determinants of Cx37 HC function differ from 
both Cx26 and Cx43, and 2) despite the presence 
of the full-length carboxyl terminal regulatory 
domain, Cx37 HC function is not sufficient to 
successfully suppress Rin cell proliferation.  
 
EXPERIMENTAL PROCEDURES 

Antibodies and Reagents – Reagents were 
purchased from Sigma-Aldrich (Saint Louis, 
MO, USA), except where noted. Anti-Cx37 
antibody [αCx37-18264 (19)] was used with 
horseradish peroxidase (HRP) conjugated anti-
rabbit secondary antibodies (Amersham; 
Pittsburgh, PA, USA) for immunoblotting or 
with Cy3-conjugated anti-rabbit-IgG (Jackson 
ImmunoResearch; West Grove, PA, USA) 
secondary antibodies for immunocytochemistry. 

 
Mutant Connexin and Expression Vectors 

– Using the QuikChange Site-Directed 
Mutagenesis kit (Stratagene, San Diego, CA, 
USA), the C6A mutations were sequentially 
introduced into the pTRE2h-mCx37 plasmid (7) 
using the following oligonucleotide primers (and 
their respective reverse primers) (Operon 
Biotechnologies, Huntsville, AL, USA): C54A: 
5’AGCAGTCTGATTTTGAGGCTAACACAG
CCCAGCCGG-3’; C61,65A: 5’-GCCCAGCCG 
GGCGCCACCAACGTCGCCTATGACCAGG
C-3’; C187A: 5’-GCCGGTGTTTGTGGCCC 
AGCGTGCGCCC-3’; C192A: 5’-CCAGCGTG 
CGCCCGCCCCCCACATCGTG-3’; C198A: 5-
CCCCACATCGTGGACGCCTATGTCTCTCG
ACC-3’. Similarly the N55I and Q58L 
mutations were introduced using the following 
primers (and their respective reverse primers) 
(Operon Biotechnologies, Huntsville, AL): 
N55I: 5’-GATTTTGAGTGTATCACAGCCC 
AGCCGG-3’; Q58L: 5’-GAGTGTAACACAG 
CCTTACCGGGCTGCACCAAC-3’). 
Sequences were confirmed by the Genomic 
Analysis and Technology Core at the University 
of Arizona. 

 

Cell Culture and Expression Vectors – All 
cells were maintained at 37̊C in a humidified, 
5% CO2 incubator. iRin37 cells (7) were 
cultured in Rin media (RPMI 1640 media with 
10% Fetal Plex (Gemini Bioproducts, 
Sacramento, CA, USA), 300 µg/mL penicillin, 
500 µg/mL streptomycin, 300 µg/mL G418 
(GIBCO Invitrogen; Carlsbad, CA, USA), and 
100 µg/mL hygromycin). iRin cells (7) were 
transfected using Lipofectamine (Invitrogen, 
Carlsbad, CA) with pTRE2h-mCx37-C6A, -
N55I, or –Q58L plasmid, following the 
manufacturers instructions. Stably expressing 
cells were selected for by the addition of 100 
µg/mL hygromycin and subsequently dilution 
cloned.  

 
Immunoblotting – Whole cell and Triton X-

100 insoluble protein were isolated as previously 
described (9) and protein concentration 
determined using the BCA Assay (Pierce 
Chemical, Rockford IL USA). Protein samples 
were loaded onto 12% SDS-PAGE precast gels 
(Bio-Rad; Hercules, CA, USA), electrophoresed, 
and then transferred onto nitrocellulose using the 
Trans-Blot Turbo Transfer System (Bio-Rad). 
All blots were blocked with 5% non-fat dry milk 
followed by addition of Cx37 primary antibody 
(1:5000) and HRP conjugated secondary 
antibody (1:5000). Enhanced 
chemiluminescence strategies, with SuperSignal 
West Dura System (Thermo Scientific; 
Waltham, MA, USA), were used to visualize 
Cx37 expression (Kodak Imagestation 2000, 
Rochester, NY, USA). Cx37 expression level 
was quantified as previously described (11) by 
comparing sample intensity to a standard curve 
developed from known amounts of Cx37-GST 
fusion protein (residues 233-329) run in separate 
lanes of the same gel. 

 
Immunofluorescence – Cellular localization 

of Cx37 was determined as previously described 
(9, 11). Briefly, iRin37-WT, iRin37-C6A, 
iRin37-N55I, and iRin37-Q58L cells, plated on 
glass coverslips and induced, or not, (2 µg/mL 
doxycycline) to express Cx37, were treated with 
1mM Sulfo-NHS-SS-Biotin (Thermo Scientific) 
to label lysine residues in the extracellular 
portions of membrane proteins. Cells were fixed 
in cold methanol, treated with 0.2% Triton X-

 at U
niversity of A

rizona L
ibrary on Septem

ber 16, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

89

http://www.jbc.org/


100 for 30 minutes followed by 0.5 M NH4Cl 
for 15 minutes. Cells were then rinsed, blocked 
(in 4% fish skin gelatin, 1% normal goat serum, 
and 0.1% Triton X-100 in DCF-PBS), and 
exposed to primary antibody for 2 hrs. After 
rinsing, secondary antibodies were applied 
[Cy3-conjugated, diluted 1:200 in blocking 
reagent for Cx37; Cy5-conjugated Streptavidin, 
diluted 1:250 in blocking reagent, for detection 
of biotinylated surface proteins]. ToPro3 (Life 
Technologies; Grand Island, NY, USA; 1:1000 
of 1mM stock) was added to iRin37-C6A, -N55I, 
and -Q58L cells to visualize nuclei following 
post-secondary antibody rinses. Labeled proteins 
were visualized with a Zeiss LSM510meta-NLO 
confocal/multiphoton fluorescence microscope 
(lasers set at 514 nm for Cy3 and 633 nm for 
Cy5 and ToPro3 detection).   

 
Electrophysiology – Electrophysiology 

studies were performed as previously described 
(11). Briefly, Cx37-WT, -C6A, -N55I, or -Q58L 
cells were plated at low density onto glass 
coverslips, induced with doxycycline for 24 to 
48 hours, placed in a custom-made chamber, and 
bathed in external solution (containing 
(mmol/L): 142.5 NaCl, 4 KCl, 1 MgCl2, 5 
glucose, 2 sodium pyruvate, 10 HEPES, 15 
CsCl, and 10 TEACl) with normal [Ca2+]o (1 
mM CaCl2) at room temperature. Patch pipettes 
were fabricated as previously described (7, 20) 
and back filled with internal solution (in 
mMol/L: 124 KCl, 14 CsCl, 9 HEPES, 9 EGTA, 
0.5 CaCl2, 5 glucose, 9 TEACl, 3 MgCl2, 5 
disodium ATP]. Cell pairs were used for 
evaluation of GJC conductance and single cells 
for HC conductance using discontinuous, single 
electrode, voltage clamp (NPI SEC-05LX) 
amplifiers (Tamm, Germany). Junctional 
conductance was evaluated using transjunctional 
voltages of 10 to 50 mV to reveal Cx37 GJC 
activity. HC activity was evaluated using square 
pulses of ±30 mV for variable lengths with only 
short interruptions to evince the baseline. Longer 
recordings for HC activity were performed while 
exchanging the external solution with 5 mM 
EGTA-containing external solution (at least 
twice the chamber volume over 1 to 2 minutes) 
to reduce [Ca2+]o. 

 

Dye Uptake Studies – Dye uptake 
experiments were completed as previously 
described (11). Briefly, Cx37-WT, -C6A, -N55I, 
or -Q58L cells were plated at low density and 
induced with doxycycline for 24 to 48 hours 
(dox+) or not induced (dox-). All cells were 
rinsed with culture medium followed by external 
solution with normal [Ca2+]o (1 mM CaCl2) and 
then low [Ca2+]o (1 mM CaCl2, 5 mM EGTA). 
Dye solution was then added to each well for 15 
minutes while plates were kept on ice and 
protected from light. Dye solution contained 
1.25 mg/mL N,N,N-trimethyl-2-[methyl-(7-
nitro-2,1,3-benzoxadiol-4-yl)amino] 
ethanaminium (NBD) (21) and 0.125 mg/mL 
Tetramethylrhodamine dextran (Rhodamine) 
(molecular weight 3,000: Molecular Probes; 
Grand Island, NY, USA) dissolved in external 
solution with no added CaCl2. After 15 minutes 
of exposure to dye, cells were rinsed with 
culture medium and normal [Ca2+]o external 
solution, and then immediately imaged with an 
Olympus IX71 fluorescence microscope (Center 
Valley, PA, USA). Differential interference 
contrast (DIC), NBD (41001HQ filter, 
Olympus), and Rhodamine-dextran (U-
MWIGA3, Olympus) images were acquired 
using a CoolSnap ES camera (Photometrics; 
Tucson, AZ, USA) and V++ software (Digital 
Optics; Auckland, New Zealand). Each field 
imaged was scored for number of NBD 
positive/Rhodamine-dextran negative cells and 
total number of cells within the visualized fields 
(Cell clusters of 2 or more were counted as 1 
cell). Four fields for each experiment were 
combined and the percent NBD positive cells 
calculated. T-tests were performed to evaluate 
differences between non-induced and induced 
cells, significance at p<0.05.  

 
Proliferation – As previously described (7) 

iRin37-WT, iRin37-C6A, iRin37-N55I, or 
iRin37-Q58L cells were seeded at 3x104 
cells/well into 6 well plates. Cx37 expression 
was induced with doxycycline (+dox) or not (-
dox) 24 hours after initial plating. All 
experimental conditions were run in triplicate 
and each experiment run at least three times. 
Medium, with or without doxycycline, was 
refreshed every 48hrs and cells were harvested 
and counted every 3 days over a 15 day period. 
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Doubling Time was calculated using the 
following calculation and as previously 
described (7): doubling time = (t2 – t1) * 
(log(2)/log(q2/q1)), where t is time and q is 
number of cells. 
 
RESULTS 
 Expression (Fig. 1A) of each mutant and 
Cx37-WT was quantified by comparison to a 
standard curve generated using known amounts 
of Cx37-GST fusion protein (7, 9). Expression 
levels were comparable in the mutant and WT 
expressing cell lines (in fmol/µg total protein: 
Cx37-WT 6.57; Cx37-C6A 8.70; Cx37-N55I 
5.80; Cx37-Q58L 5.66). Cx37 WT and mutant 
proteins were found in the Triton X insoluble 
protein fraction (Fig. 1A), suggestive of their 
ability to form protein plaques (22). 
Additionally, each Cx37 mutant protein 
colocalized with a biotinylated cell surface 
marker, forming apparent plaques in the surface 
membranes of doxycycline-induced cells (Fig. 
1B). The non-induced cells did not show any 
evidence of Cx37 expression (Q58L dox- shown 
as representative). Collectively, these data 
suggest that all three mutant proteins and Cx37-
WT were expressed at similar levels and 
localized to the plasma membrane where they 
formed apparent plaques in surface and 
appositional membranes (22, 23). 
 Whereas Cx37-WT expressing cells were 
routinely electrically coupled (junctional 
conductance, gj = 3.7 ± 0.78 nS (n=25)), none of 
the Cx37 mutant expressing iRin cells were 
coupled. For each mutant, gj was not different 
from non-expressing cells: Cx37-C6A 0.042 ± 
0.008 nS (n=19); Cx37-N55I 0.053 ± 0.013 nS 
(n=13); Cx37-Q58L 0.05 ± 0.011 nS, (n=20); 
non-induced Cx37-Q58L cells 0.024 ± 0.017 nS 
(n=8). This result suggests that, as expected, 
none of these mutants was able to form a 
functional GJCh.  
 HC function was explored with voltage steps 
of varying duration to ± 30 mV. HC activity was 
observed in 11 of 24 Cx37-WT cells using this 
protocol. Distinct ~500 pS events were relatively 
common in both normal and low [Ca2+]o 
conditions (Fig. 2A,B). In addition, indistinct 
activity was observed, corresponding to an 
approximate 200 pS conductance state, that was 
difficult to distinguish from noise except that the 

amplitude of the activity diminished transiently 
upon switching to low [Ca2+]o (Fig. 2B). In order 
for HC permeation to play a role in growth 
suppression, these channels have to function in 
the presence of normal extracellular [Ca2+]. 
Although we previously showed such activity, 
here we examined two long-duration records for 
differences in open probability in low vs. normal 
[Ca2+]o. As summarized in Table 1, no obvious 
increase in Po was observed upon reduction of 
[Ca2+]o in two Cx37-WT expressing cells.  
 As in Cx37-WT expressing cells, distinct 
500 pS HC events as well as indistinct HC 
activity (~200 pS conductance) were observed in 
cells expressing Cx37-N55I (Fig. 2C,D; 5 of 19 
cells) and -Q58L (Fig. 2E,F; 14 of 40 cells). Po 
for Q58L was similar to Po for Cx37-WT, and 
for both mutants Po was unaffected by reduction 
of [Ca2+]o (Table 1). In contrast to the N55I and 
Q58L mutations, the Cx37-C6A cells lacked 
clearly defined, ~500 pS HC events at ± 30 mV 
(Fig. 2G-J), none were observed in the 33 
studied cells (11.5 h of record analyzed). In 5 of 
these cells, pulses to +30 mV lasting a total of 
15.8 and 42.7 minutes in normal and low 
[Ca2+]o, respectively, revealed no distinct events 
(pulses to -30 mV lasting 21 and 18.7 min, 
respectively, were also examined with no 
observed events) (Table 1). Indistinct activity at 
~200 pS that did not differ between normal and 
low [Ca2+]o was routinely observed in these 
Cx37-C6A expressing cells, consistent with 
instability of channel conformation under both 
[Ca2+]o conditions. Together, these data show 
that only the N55I and Q58L mutations 
preserved distinct transitions similar in 
amplitude to those displayed by Cx37-WT, and 
only the Q58L mutant had a similar Po.  
 To determine whether mutant and WT HCs 
were similarly permeable to large, charged 
molecules, we evaluated HC-mediated uptake of 
NBD. Fig. 3A shows representative images of 
HC-mediated dye uptake in each of the induced 
cell lines and in non-induced Cx37-WT cells. 
Fig. 3B,C summarizes data from all cell lines 
and experiments. The number of NBD-positive 
iRin37-C6A cells did not differ between 
expressing and non-expressing cells, indicating a 
lack of dye-permeable HCs. In contrast, both 
Cx37-N55I and -Q58L expressing cells showed 
a significantly higher percentage of NBD 
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positive cells than their respective non-
expressing counterparts, similar to Cx37-WT 
(Fig. 3B). Using a one-way ANOVA with 
Tukey’s post hoc test we evaluated induced cell 
lines for possible differences; this test attributes 
any observed difference to the mutation, not to 
any combination of other differences that might 
exist between these cell lines (expression level, 
localization, regulation). There were no 
significant differences between the dye-uptake 
values for Cx37-WT, Cx37-N55I and Cx37-
Q58L expressing cells; however, Cx37-C6A 
expressing cells were significantly less likely to 
take up dye than Cx37-WT expressing cells. The 
range for dye positive relative total  cells in all 
the individual fields counted (Fig. 3C) revealed 
overlapping ranges for WT, N55I, and Q58L 
expressing cells, providing further indication of 
the lack of difference between these mutants and 
Cx37-WT.  
 Finally, we determined whether proliferation 
of the iRin37-C6A, -N55I or -Q58L cells was 
suppressed upon induction of Cx37 expression. 
Since Cx37-C6A did not form functional GJCs 
nor Cx37-HCs with properties similar to Cx37-
WT, we expected that this mutant would not 
suppress proliferation of Rin cells, and it didn’t. 
However, since Cx37-N55I and –Q58L formed 
functional HCs whose activity could not be 
distinguished from Cx37-WT HCs, these 
mutants were expected to suppress proliferation. 
Surprisingly, neither of these mutants exerted an 
antiproliferative effect (Fig. 4) despite their 
similar HC properties. Indeed, the doubling time 
for all three of the mutants was not different 
from that of their respective non-expressing 
counterparts (Table 2). These data therefore 
indicate that HC function and the 
transmembrane signaling HCs support are not 
sufficient for Cx37 to suppress Rin cell 
proliferation. 
 
DISCUSSION 
 In previous studies exploring the mechanism 
of Cx37-mediated suppression of proliferation, 
we showed that Cx37 with mutations that 
rendered its channels non-functional (Cx37-
T154A and Cx37-C61,65A) or removed the CT 
(Cx37-273tr*V5) failed to suppress proliferation 
of Rin cells (9-11), demonstrating that both a 
functional pore-forming domain and CT are 

necessary, and neither is sufficient without the 
other, for Cx37 to suppress cell cycle 
progression and proliferation (Fig. 5). The 
function of both HCs and GJCs (11, 24) is 
prevented by the T154A and C61,65A 
mutations. In an effort to discern whether full 
length Cx37 with HC function, but not GJC 
function, would be sufficient to mediate 
suppression of proliferation, we mutated highly 
conserved residues in the ECLs of Cxs that 
structural and functional data indicated would 
support HC function but not docking to form 
GJC (12-16).  
 Three mutants were selected for study: 
Cx37-C6A, because Cx43 similarly mutated is 
unable to form functional GJCs but retains 
functional HCs (14, 15), and Cx37-N55I and 
Cx37-Q58L, because structural data stemming 
from Cx26 suggest these sites are involved in 
HC docking (16-18). We verified that all three 
mutants were expressed at comparable levels (7, 
9, 11) and properly targeted to the plasma 
membrane where they formed apparent plaques; 
as expected, all three mutants failed to form 
functional GJCs. Cx37-C6A failed to form stably 
open HCs, but Cx37-N55I and Cx37-Q58L 
exhibited HC events  comparable to Cx37-WT 
in conductivity and NBD-permeability, with 
Cx37-Q58L demonstrating an open probability 
similar to Cx37-WT in both normal and low 
[Ca2+]o conditions. Although Cx37-N55I and 
Cx37-Q58L displayed WT-like HC activity, 
neither Cx37 mutant suppressed Rin cell 
proliferation comparably to Cx37-WT, thereby 
demonstrating that functional HCs in 
conjunction with a full length CT is not 
sufficient for Cx37 to suppress Rin cell 
proliferation.  
 Cx-mediated regulation of cell proliferation 
can occur by channel-dependent and channel-
independent mechanisms (4, 25). Previously 
published data indicated that channel 
functionality and the carboxyl terminal domain 
are both necessary for growth suppression by 
Cx37 (7, 9, 10). These and current data indicate 
that neither a functional channel (HC nor 
combination of HC and GJC) nor the properly 
localized full length CT is sufficient for Cx37-
mediated suppression of proliferation (7, 9-11, 
26). The necessity of all and sufficiency of none 
of the possible mechanisms for Cx mediated 
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growth suppression suggest a combination of 
these mechanisms underlies growth suppression 
by Cx37. Together the available data suggest a 
simple alternative model for the growth 
suppression by Cx37: a specific conformation of 
the Cx37 CT is required for growth suppression, 
a conformation that is permissive both to its 
interaction with cell cycle regulatory proteins as 
well as the pore domain of a Cx37 protein able 
to form functional GJCs. This model derives 
strong support from Cx43*37CT. Channel data 
from this chimera suggest that the Cx37 CT does 
not interact with the cytoplasmic loop (CL) of 
Cx43 (26); subsequent NMR studies confirmed 
a lack of interaction between a GST-Cx37 fusion 
protein and the Cx43 CL (10). That this chimera 
does not suppress Rin cell proliferation despite 
having a functional channel and the CT of Cx37 
suggests that the conformation of the CT 
necessary for its interaction with cell cycle 
regulatory proteins is adopted only when the CT 
can interact with its own pore-forming domain. 
This “conformation-dependent-mechanism” of 
growth suppression might be regarded as a 
hybrid of channel-independent and dependent 
mechanisms in that it involves interactions of the 
CT with non-Cx regulatory proteins (widely 
regarded as channel independent), but those 
interactions occur only when the CT is properly 
configured by a Cx37 pore-forming domain able 
to form a functional GJC. If this “conformation-
dependent-mechanism” were to explain Cx37-
mediated growth suppression, the corollary 
would be that Cx37-T154A, -C6A, -C61,65A, -
N55I, -Q58L, and Cx43*37CT all fail to 
suppress proliferation because they do not 
support adoption of the proper conformation by 
the CT and, therefore, do not support interaction 
with the cell cycle regulatory proteins required 
for growth suppression. This is an intriguing 
possibility because the conformation of the CT 
and its consequent interactions with other 
regulatory proteins would then be expected to be 
regulated in a phosphorylation dependent 
manner, as suggested by the work of others (27-
29). 

In addition to showing that Cx37 HC 
function is not sufficient to suppress the growth 
of Rin cells, the studies presented herein also 
demonstrate that the determinants of HC 
assembly and function differ between Cx26, 

Cx43 and Cx37. The structural stability of the 
ECLs has been shown to impact oligomerization 
(30), docking (12, 13, 16-18), and both HC and 
GJC function (14, 15). For Cx26, disulfide 
bonds formed between ECL cysteines in the ER 
are essential for oligomerization, subsequent 
connexon trafficking to the plasma membrane, 
and HC docking to form GJCs (12). Less clear is 
whether these disulfide bonds are required for 
HC function once oligomerized, as reconstituted 
Cx26 HCs are functional in the presence of 10 
mM DTT (31), which might be expected to 
break those bonds. For Cx43, ECL stability in 
the ER is conferred by association with 
chaperone proteins that guide Cx monomers to 
the trans-Golgi network (32), where disulfide 
bonds between ECL cysteines form and 
oligomerization occurs (30). However, disulfide 
bond formation in Cx43 is not necessary for 
trafficking to the plasma membrane nor HC 
function, only for HC docking to form GJC (14, 
15). Cx37 appears to display properties of both 
these Cxs. Like Cx26, Cx37 oligomerizes in the 
ER (33), but unlike Cx26 disulfide bond 
formation between ECL cysteines is not 
necessary for oligomerization (14, 15); if 
chaperone proteins interact with Cx37 ECLs 
they clearly don’t interfere with oligomerization 
in the ER, like they do for Cx43 (32). In 
contrast, like Cx43, Cx37 traffics to the cell 
surface with and without disulfide bond 
formation between ECL cysteines; however, 
unlike Cx43, Cx37 without ECL cysteines is 
unable to form obviously functional HCs. That 
Cx37 behaves differently than either Cx26 or 
Cx43 is perhaps not surprising given the many 
functional differences between these proteins 
(conductance, selectivity (20, 34), HC function 
in normal [Ca2+]o, potent growth suppression 
(7)), but certainly our data and those of others 
show that structure-function behaviors of Cx37 
are not readily predicted by structure-function 
relationships determined for other Cxs, even 
another alpha Cx, Cx43 (33).  

In summary, our data show that the 
determinants of Cx37 HC function differ from 
both Cx26 and Cx43. Further, our data show that 
Cx37 mutants that form functional HCs with 
WT-like permeation and open probability 
characteristics and retain a full-length carboxyl 
terminal domain, but lack functional GJCs, are 
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not growth suppressive when expressed in Rin 
cells. Taken together with previously published 
data (7, 9-11), these results suggest that Cx37-
suppresses Rin cell proliferation only when it 
adopts a specific conformation achieved by 
interaction of the carboxyl terminal domain with 

a Cx37 pore-forming domain able to function as 
a GJC. It is likely that this conformation 
uniquely supports interaction of the CT with cell 
cycle regulatory proteins that effect growth 
suppression. The identity of these regulatory 
proteins remains to be discovered.   
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FIGURE LEGENDS 
 
FIGURE 1. Expression and localization of Cx37 are comparable in Cx37-WT, -C6A, -N55I, and -Q58L 
iRin cells. (A) Cx37 was detected in both the whole cell and  Triton X insoluble protein fractions of iRin 
cells expressing Cx37-WT, -C6A, -N55I, -Q58L; 50 µg of total protein was loaded for each cell type. 37-
GST (GST-rCx37CT229-333) lane shows positive control for antibody detection; note that the 37-GST 
fusion protein typically migrates as multiple bands (this lane was contrast enhanced for better band 
visibility) (7, 9). Position of the 30 and 40 kDa molecular mass markers are shown in the MM (mass 
marker) lane. (B) Immunocytochemistry revealed localization of WT and mutant Cx37 (green) at 
appositional and non-appositional membranes (arrowheads). Red staining corresponds to biotinylated 
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proteins on the extracellular surface of the plasma membrane and to ToPro3 labeled nuclei in the C6A, 
N55I and Q58L images (some ToPro3 labeled nuclei are evident in unattached cells above the plane of 
focus). Yellow staining corresponds to Cx37 localized to the plasma membrane. Scale Bars: 10 µm. 
 
FIGURE 2. HC activity displayed by Cx37-WT, -N55I, and -Q58L, but not -C6A, expressing cells is 
similar. Distinct HC events with amplitudes of ~500 pS were observed in normal (left column) and low 
[Ca2+]o (right column) in iRin cells expressing Cx37-WT (A, B),  Cx37-N55I (C,D) and Cx37-Q58L (E, 
F), but not Cx37-C6A (G-J). Non-distinct activity centered at the ~200 pS conductance level was evident 
in WT and all mutant expressing cells, but was diminished in low [Ca2+]o only in WT, N55I and Q58L 
cells. Calibration bars (vertical/horizontal): 10 pA/ 1.0 s. 
 
FIGURE 3. Cx37-WT, -N55I, and -Q58L HCs mediate NBD dye uptake, Cx37-C6A HCs do not. (A) 
Representative DIC and NBD-fluorescence images for each cell line induced to express the indicated 
form of Cx37 or the non-induced Cx37-WT cells. White: NBD uptake; Rhodamine images not shown as 
no cells contained this dye. Scale Bar, 100 µm, applies to all frames. (B) NBD uptake was greater in cells 
induced (compared to non-induced) to express Cx37-WT, -N55I and -Q58L, but not Cx37-C6A. Cells 
counted in non-induced and induced conditions (dox- /dox+): Cx37-WT 366/323 (N = 4); -C6A 499/537 
(N = 7); -N55I 678/688 (N = 5); -Q58L 660/949 (N = 7). Error Bars: SEM. * indicates significant 
difference between dox+ (Cx37 expressing) and dox- (non-expressing) cells within the same cell line. NS 
indicates no significant difference between dox+ and dox- cells. (C) Ratio of dye-positive to total cell 
number in each of the images obtained from induced Cx37-WT, -N55I and -Q58L expressing cells.    
 
FIGURE 4. Expression of Cx37-C6A, -N55I, or -Q58L fails to suppress the proliferation of iRin cells.  
Increase in cell number over 15 days was evaluated in iRin cells induced (red filled symbols) or not 
(white filled symbols) to express Cx37-WT, -C6A, -N55I or Q58L. Proliferation was suppressed only in 
Cx37-WT expressing cells. N = 3 for all groups, each experiment performed in triplicate. Error Bars: 
SEM. 
 
FIGURE 5. Connexin functions necessary for suppression of Rin cell proliferation. Growth suppressive 
function of Cx37-WT could require functional (black checks) GJCs, HCs, or CT, or a combination of 
these properties. The CT could influence growth through regulatory effects on channel function as well as 
via channel independent mechanisms, such as through interactions with growth regulatory proteins. 
Truncated Cx37 (Cx37-∆273) forms functional GJCs and HCs, but without its CT (red X) fails to 
suppress the proliferation of Rin cells (10). Cx37-T154A (9), Cx37-C61,65A (11), and Cx37-C6A 
(present data) all retain their full length CT but none forms functional GJCs or HCs and all fail to 
suppress growth, indicating the necessity of channel function for growth suppression. Cx37-N55I and 
Cx37-Q58L fail to form functional GJCs, but retain functional HCs and their full length CT, but 
nevertheless fail to suppress proliferation. Cx43 (purple checks) forms functional GJCs and HCs, 
although the properties of these channels differ from Cx37, and has a full length CT with a different 
primary amino acid sequence from Cx37, but fails to suppress Rin cell proliferation (7). Rin cell 
proliferation is not suppressed by the Cx43*37CT chimera despite the presence of the Cx37-CT and 
formation of functional GJCs, albeit with unique properties (gray checks) (10, 26). NA: not available. 
Together these results indicate that Cx37 exerts a growth suppressive effect only when it is capable of all 
three functions, intercellular, transmembrane and intracellular signaling, specifically those supported by 
the Cx37 sequence. 
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TABLE 1. Open probability (PO) for Cx37 expressing Rin cells were similar in normal and low [Ca2+]o. 
PO values were derived from the same cell first in normal then low [Ca2+]o. The indicated recording times 
(in seconds) represent the cumulative time at +30 mV for each in each [Ca2+]o condition.  n.a. signifies 
none apparent.   
 
 

Cx37 Po - Normal [Ca2+]o 
(time) 

Po - Low [Ca2+]o 
 (time) 

-WT 0.050 (538) 
0.051 (590) 

0.051 (772) 
0.193 (736) 

-N55I 
  
 

0.020 (173) 
0.017 (750) 
0.020 (749) 

0.012 (765) 
0.006 (1122) 
0.001 (1124) 

-Q58L 
  

0.055 (758) 
0.073 (624) 

0.016 (464) 
0.048 (880) 

-C6A    n.a. (948)  n.a. (2561) 
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TABLE 2. Doubling time of Rin cells induced or not to express Cx37-WT or Cx37 mutants. Only Cx37-
WT altered Rin cell proliferation. Values represent the mean ± SEM; n=3 for each cell type; * indicates 
significant difference between dox + (induced) vs. dox - (non-induced) condition (T-test; p<0.05). 
  
 
 Cx37 dox + dox – 

-WT 8.52 ± 2.40 * 1.64 ± 0.02 
-N55I 2.24 ± 0.15  2.12 ± 0.09 
-Q58L 2.25 ± 0.10 2.43 ± 0.31 
-C6A    2.35 ± 0.19 2.42 ± 0.35 
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Figure 1 
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Figure 3 
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Figure 4 
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