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ABSTRACT 

Gap junctions are intercellular channels that permit passage of electrical and 

chemical signals between neighbouring cells. Vascular endothelium typically 

co-expresses Cx37 and Cx40, but may downregulate its expression of Cx37 

(and upregulate Cx43) in response to changes in flow. The specific regulatory 

roles mediated by vascular endothelial connexins, and the consequences of 

altered connexin expression, remain unclear. In this study, we hypothesized 

that Cx37 and Cx40 regulate distinct vascular responses. We further 

hypothesize that Cx37 is predominantly involved in vascular growth control, 

whereas vascular growth is not affected by ablation of Cx40 expression. We 

show herein that Cx37, but not Cx40 or Cx43, suppresses growth of a highly-

proliferative cancer cell line by inducing G1 cell cycle accumulation. We 

further show that Cx37-deficient mice, lacking Cx37’s putative growth 

inhibitory effect on the vasculature, exhibit a more extensive native and post-

ischemic collateral circulation, and greater ischemia-induced microvascular 

density. In addition, Cx37-/- mice demonstrate a functional improvement in 

recovery over wild-type animals in two models of hindlimb ischemia. By 

contrast, Cx40-/- mice fail to recover distal limb flow following unilateral 

hindlimb ischemia, resulting in necrosis. Long-term angiotensin II antagonism 

normalized post-ischemic hindlimb bloodflow, reduced macrophage 

infiltration, and delayed (but did not reverse) the necrotic phenotype of these 

animals. In summary, we show a distinct role for each of the endothelial 

connexins, Cx37 and Cx40, in regulating post-ischemic vascular responses.   
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CHAPTER ONE  

BACKGROUND & INTRODUCTION 

Gap junctions are plaques of intercellular channels formed by the docking of 

two hexameric connexon hemichannels to produce a central pore connecting 

apposing cells (Figure 1). Each channel permits the passage of small electrical 

and chemical signals <1kDa in size; this function is critically responsible for 

coordinated activity in many tissues, including in the cardiovascular system. In 

the heart, for example, coupling of nodal cells and cardiomyocytes by gap 

junctions mediates cardiac action potential propagation. In the vasculature, 

endothelial-endothelial and endothelial-medial gap junctions are believed to 

conduct vasomotor responses necessary for dynamic flow regulation.(9; 25; 94; 

97) Undocked hemichannels may also permit transmembrane passage of 

permeable solutes and signaling molecules, although the relative contribution of 

hemichannels to in vivo intracellular regulatory mechanisms remains unclear. 

Based on their relatively large pore size and low solute selectivity, hemichannels 

likely remain closed under normal conditions to prevent cytosolic leak of 

necessary solutes and ions. However, modest depolarization to membrane 

potentials that might be observed under physiological and/or pathological 

conditions is capable of opening hemichannels,(112) suggesting that periodic 

opening of these channels may occur regularly or under certain stimulatory 

conditions. For example, transmembrane movement of ATP via Cx37 

hemichannels is suggested to limit macrophage adhesion, discouraging 

atherosclerotic plaque formation.(123) In addition to their classic role as 

mediators of intercellular and transmembrane communication, gap junctions 
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also appear to regulate cellular proliferation by channel-dependent and/or -

independent mechanisms.  

Connexins, constituent proteins of gap junction channels, are conserved in all 

vertebrates, with homologous isoforms shared across zebrafish, chick, mouse 

and human genomes.(22) Currently, 21 different connexins have been 

identified in humans, and each isoform displays a unique tissue expression 

profile. Different connexin isoforms are identified by the prefix “Cx” followed 

by a number referring to its predicted molecular weight in kDa (e.g. Cx37, 

Cx40, Cx43). Connexin isoforms are further organized into α-, ß- and γ- 

subgroups based on orthology. It is widely believed that heteromeric (more 

than one connexin isoform combining into a single connexon) gap junction 

channels rarely form between connexins of different subgroups,(71) although 

this hypothesis remains to be fully tested.  

1.1 Structure of Connexons and Connexins 

Connexin proteins consist of four transmembrane-spanning (TM1-4) regions, 

two extracellular (E1-2) loops, and cytoplasmic N-terminal (NT), loop (CL) 

and C-terminal (CT) domains (Figure 1). Electron microscopy of crystallized 

truncated Cx43 gap junction channels reveals a barrel-shaped central pore, 

containing two 15Å-wide narrowings – one located within each hemichannel – 

that restricts permeant size.(116) During hemichannel docking, the highly-

conserved E1-2 domains of each connexon interact with and bind to one 

another to form the extracellular channel wall. Charged residues within the E1 

loop appear to dictate preference of the channel for positive or negative 

charges. For example, replacement of the Cx46 E1 domain with comparable 
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sequence from Cx32 (a connexin that forms moderately anion-selective 

channels) renders typically cation-selective Cx46 channels selective for 

anions.(113)  

Recent publication of a Cx26 crystal structure showed that TM3 also lines the 

channel pore(85), although earlier studies using substituted cysteine accessibility 

method (SCAM) analysis of Cx46 identified pore-lining residues in TM1 of 

Cx46 hemichannels.(68) Whether these inconsistencies represent 

conformational differences associated with connexin isoform, or with 

differences in hemichannel vs. gap junction channel structure, remains unclear.  

Regulation of gap junction channel activity is believed to predominantly involve 

the cytoplasmic N-terminal (NT), loop (CL), and C-terminal (CT) connexin 

domains. The recent Cx26 crystal structure showed the N-terminus of this 

connexin interacting with the internal channel pore, suggesting that this domain 

may regulate channel opening by stochastic binding to a pore-lining moiety.(85) 

In support of this channel-regulatory activity of the NT domain, Kyle et al. 

generated a series of N-terminal truncation mutants lacking both channel and 

hemichannel activity.(70) Point mutation of residues 12 and 13 located within 

the NT of Cx40 and Cx43 eliminated voltage-gated channel activity in 

homomeric and heteromeric channels.(44) In addition, other residues in the 

NT appear to mediate connexon oligomerization and protein trafficking,(71) 

implicating this domain in multiple levels of gap junction channel regulation.  

The published crystal structure of Cx26 was performed on a connexin with an 

unusually short CT;(85) consequently, no crystal structure information is 

currently available for the connexin CT. Studies of the CT’s role in gap junction 
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channel regulation have been largely limited to mutation experiments that 

demonstrate the importance of individual residues or short consecutive 

sequences. The connexin CT is thought to play a primarily regulatory role 

because the primary sequence of this domain is highly variable across connexin 

isoforms and, in most connexins, is rich in putative regulatory domains. NMR 

analysis of soluble and membrane-bound Cx43 C-terminus revealed a 

predominantly disorganized structure that alters its conformation when 

associated with known CTbinding partners.(108) Thus, the connexin CT 

domain may regulate channel activity by interacting with, and being modified 

by, a broad array of regulatory proteins including kinases, phosphatases, and 

ubiquitin ligases.(30) Specifically, most connexin isoforms possess C-termini 

rich in serine and threonine residues putatively targeted by common 

serine/threonine kinases; phosphorylation of the C-terminus at several of these 

residues has been confirmed in Cx43.(74; 80) That connexin isoforms vary so 

widely in the primary sequence of their CT’s suggest that different connexins 

may be differentially post-translationally modified, participate in isoform-

specific protein-protein interactions, and/or regulate distinct downstream 

signaling mechanisms, even when these different connexin isoforms are co-

expressed in the same tissue. However, few studies have been published that 

specifically compare the regulatory roles of co-expressed connexins. 

1.2 Regulation of Channel Activity 

Over 21 different connexin have been identified in humans,(22) yet it remains 

unclear why multiple connexin isoforms have been maintained in the vertebrate 

genome over the course of evolution. One possible explanation is that the co-
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expression of multiple connexin isoforms allows for the formation of distinct 

populations of gap junction channels within a single tissue, and that these 

distinct channel populations might be differentially regulated relative to one 

another.  

Theoretically, co-expression of two connexin isoforms produces at least three 

populations of gap junction channels: two populations of homomeric channels, 

each consisting of a single connexin; and, a population of heteromeric channels 

containing a mixture of both connexins. Each of these channel populations 

would be predicted to differ in the presence and availability of connexin 

isoform-specific cytoplasmic regulatory domains, suggesting that homomeric 

and heteromeric channel populations might participate in distinct upstream and 

downstream regulatory mechanisms.  

Different connexin isoforms also form homomeric channels with differing 

channel behaviours associated with variability in the primary sequence of their 

pore-lining domains, which suggest that channels consisting of distinct 

connexin isoforms may be differentially permeable to intercellular signaling 

molecules. Cx43 homomeric channels are primarily size-selective rather than 

charge-selective, functionally resembling a simple aqueous pore.(54) By 

contrast, Cx37 and Cx40 are significantly cation-selective ((55) and preliminary 

studies) and demonstrate a more than ten-fold preference for positively-

charged dyes, while Cx32 is moderately anion-selective(90). Connexin isoforms 

also differ in their single channel conductance when in the full-open state, and 

in the presence or absence of channel sub-states.  
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Non-homologous domains of the connexin protein, such as the CT or NT, are 

likely involved in regulation of channel behavior. Ek-Vitorin et al.(33) 

compared electrical and chemical conductances of Cx43 gap junction channels 

– measures that together form the basis of a channel’s “permselectivity” – and 

discovered that they did not produce a linear relationship. This observation 

suggests that electrical and chemical permeability may be differentially 

regulated, such that gap junction plaques may consist of a heterogeneous 

population of: 1) both dye-permeable and ion-permeable channels; and 2) ion-

permeable but dye-impermeable channels.(54) This model further suggests that 

individual channels within a single plaque may be differentially regulated based 

on connexin composition or access to the C-terminus by cytoplasmic binding 

partners and post-translational regulators.(55) 

Two independent gating mechanisms are classically hypothesized to regulate 

gap junction or hemichannel opening.(112) One gating mechanism, termed 

“loop gating” or “slow gating”, is proposed to reside at the TM1/E1 residues 

of single or docked hemichannels, and may function primarily to limit 

undocked hemichannel opening. “Slow gating” of gap junction channels or 

hemichannels occurs by transition from a closed state (γclosed) to a fully open 

state (γopen) via intermediate sub-states (γsub),(112) and appears to involve a 

series of conformational movements of each of the six Cx E1 domains to 

progressively restrict pore size.(118) In addition, extracellular divalent cations 

promote hemichannel closure by inducing binding of metal ions to extracellular 

loop cysteine side-chains to block the channel pore.(118) Whether this 

mechanism also regulates intercellular gap junction channel activity, where 
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access to the putative metal ion binding site is limited on the extracellular side 

by the presence of a second docked hemichannel, remains unclear.  

A second gap junction gating mechanism, which involves interaction of 

cytoplasmic domains with the pore, was hypothesized following studies of pH-

sensitive gap junction channel behavior. This gating mechanism is termed “Vj 

gating” for its sensitivity to changes in transjunctional voltage, and “fast gating” 

because of the relative speed (vs. the “slow gating” mechanism) with which 

channel gating occurs. In 1977, Turin et al.(114) showed that treatment of 

Xenopus oocytes with extracellular CO2 to reduce pH to ~6.2 reversibly 

eliminates electrical coupling. The pH at which channel closure occurred 

differed between connexin isoforms, and relied on the presence of an intact or 

soluble C-terminus (82; 88) and the H95 residue of the cytoplasmic loop(32). 

Based on these data, a ball-and-chain model of channel gating was proposed 

such that the C-terminus stochastically interacts with the cytoplasmic loop to 

obstruct channel opening. Spray and Burt(109) proposed that under acidic 

conditions, proton titration of histidine residues on the cytoplasmic loop might 

alter the binding affinity of this domain for the C-terminus, promoting channel 

closure. By extension, post-translational modification of the C-terminus, and 

specifically the putative “plug” moiety thought to reside therein, may also 

regulate channel gating by altering CT-CL binding affinity.  

A third gating mechanism involving the NT has recently been proposed by 

Maeda et al.’s Cx26 crystal structure,(85) which showed the NT forming a plug 

that likely restricts solute movement through the channel pore. Mutation 

studies of the NT support a role for this domain in regulating channel 
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gating.(70) However, it remains unclear whether the NT “plug” conformation 

presented by Maeda et al. occurs natively and in all connexin isoforms, and/or 

whether this conformation represents a unique gating mechanism. 

Alternatively, this conformation might also routinely occur as part of the 

postulated “fast” or “slow” gating mechanisms discussed above.  

1.3 Connexin Post-Translational Modification and Binding Partners 

Connexins are thought to be targeted by post-translational modifiers to regulate 

protein stability, trafficking, and channel activity. Many of the studies that 

address protein-level regulation of connexin activity have focused on the 

targeting and phosphorylation of these proteins by common intercellular 

kinases. Western blot visualization of isolated connexins typically produces 

phosphatase-sensitive multiple banding,(73) suggesting that connexins are 

dynamically regulated by kinases under physiological conditions. Consensus site 

scanning of the primary sequence of the C-terminus has identified several 

putative targets for post-translational modification by common 

serine/threonine and tyrosine kinases, including PKC, PKA, MAPK and 

Src.(21; 46; 72) The effects of phosphorylation on gap junctions and their 

component connexins are varied, and include regulation of trafficking, 

assembly, degradation, and channel gating.(73) The connexin CT is also 

targeted by other forms of post-translational modification that regulate 

connexin and gap junction channel activity. For example, binding and 

ubiquitination of the Cx43 CT by the ubquitin ligase Nedd4 has been reported 

to induce gap junction turnover and connexin degradation.(78) 
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In addition to its regulation of channel activity (as discussed in the previous 

section), the connexin CT may also directly regulate intracellular pathways via 

protein-protein binding interactions. Hunter et al.(58) identified a PDZ binding 

domain in the last twenty residues of the Cx43 C-terminus that interacts with 

ZO-1. Loss of Cx43/ZO-1 interaction appears to prevent gap junction channel 

turnover, indicating that plaque size is regulated by binding of individual 

channels to the cytoskeleton via ZO-1.(59) In addition, studies of the epicardial 

border zones of myocardial infarction suggest that Cx43/ZO-1 interactions 

tether Cx43 to the cytoskeleton to ensure appropriate gap junction localization 

in cardiac myocytes.(66) Interestingly, expression of a small peptide consisting 

exclusively of the Cx43 PDZ binding domain enhances wound healing. This 

finding suggests that full-length Cx43 is not merely regulated by ZO-1, but also 

itself regulates ZO-1-dependent repair mechanisms.(49) Binding partners have 

also been proposed to interact with other connexin isoforms, including 

endothelial nitric oxide synthase (eNOS)(93), NOV,(43) and 14-3-3σ 

(preliminary studies), however the physiological implications of these 

interactions remains unclear.  

In summary, the overview of published literature presented thus far suggest 

that, in addition to (or as a consequence of) mediating regulated intercellular 

communication, connexins may play regulatory roles that enhance or limit 

disparate cellular functions, such as cell growth. 

1.4 Gap Junctions and Growth Control 

The growth regulatory properties of gap junctions were first proposed by 

Loewenstein and Kanno in 1966, who described a loss of gap junction 
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intercellular communication (GJIC) in liver cancer cells derived from rat.(84) 

Coupled with the observation that non-transformed cells in culture typically 

proliferate only in the absence of contact with neighbours, these findings 

suggested to Loewenstein that GJIC is necessary to establish a gradient of 

soluble growth regulatory signals that limit cell growth in the coupled cells of 

normal tissue.(83) This model further implies that loss of GJIC in tumour 

samples, as observed by Loewenstein and other groups (67; 84), may reflect a 

necessary loss of cell-cell growth inhibition that occurs as a hallmark of cancer 

progression.(35; 51)  

In addition to the frequent observation that GJIC is lost in most cancers, 

connexins are often down-regulated or mutated in tumour samples.(67) 

Reintroduction of Cx43 or Cx26 into human mammary carcinomas slowed cell 

growth in culture, and restored the ability of these cells to differentiate.(56) 

Thus, connexins appear to regulate mechanisms responsible for the transition 

between normal and transformed cells. 

Connexin-mediated cell growth control may be isoform-specific. Dubina et 

al.(29) studied several human samples of colon sporadic adenocarcinoma, and 

found frequent frame-shift mutations in Cx43 that altered the sequence of the 

Cx43 C-terminus. Interestingly, in none of the samples did the authors detect a 

mutation in Cx32, a co-expressed connexin isoform, suggesting that growth 

control is uniquely regulated by Cx43 in these cells.(29)  

Several mechanisms have been proposed that describe how Cx43 might 

regulate cell growth. First, Johnstone et al. recently determined that transfection 

of Cx43 into HeLa cells induces G1 arrest in a communication-independent 
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fashion.(62) Second, Cx43 expression in cultured cardiomyoctes reduces rates 

of DNA synthesis by a mechanism requiring phosphorylation of S262 on the 

Cx43 CT, suggesting that prolonged S phase may be involved in gap junction-

mediated growth suppression.(27) Third, Sin et al. reported that the Cx43 CT 

binds to CCN, a growth regulatory protein, stabilizing CCN expression. 

Increased presence of CCN inhibited breast tumour cell growth, and promoted 

pseudopodia formation to facilitate cell migration.(107) Fourth, Cx43 has also 

been found to interact with tubulin, suggesting it may interfere with 

chromosome separation during mitosis.(63) Finally, tumour growth may also be 

limited by activation of cell death mechanisms: expression of certain connexin 

isoforms has been shown to alternatively protect from,(2) or induce,(40) 

communication of pro-apoptotic signals in cultured cancer cells.  

In reconciliation of the evidence for these many proposed, and distinct, 

mechanisms of Cx43-mediated regulation of cell growth we suggest that cell 

type – and specifically, the presence or absence of regulatory binding partners – 

may be critical for connexins to exert a growth suppressive effect.  

1.5 Connexins in the Vasculature 

Connexins are expressed in nearly every tissue of the body, and most cell types 

co-express multiple connexin isoforms where their functions may differ. In the 

vasculature, endothelial cells (EC) typically co-express Cx37 and Cx40 under 

laminar flow conditions, whereas Cx43 is found predominantly in smooth 

muscle cells (SMC). Cultured microvascular endothelial cells have been shown 

by different groups to express Cx37, Cx40, and/or Cx43 individually or in 

combination.(34; 87; 96) In addition, Simon et al. observed that expression of 
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the non-ablated endothelial connexin is reduced in Cx40 or Cx37 single-

knockout animals suggesting that post-transcriptional expression of these two 

connexins may be co-regulated.(103)  

Differential localization of Cx37 relative to Cx40 suggests that these connexins 

may be responsible for isoform-specific functions in the endothelium. Isakson 

et al.(60) used an EC-SMC co-culture system to propose that Cx37 may be 

preferentially excluded from the EC/SMC junction, whereas Cx40 is trafficked 

to both EC/EC and EC/SMC junctions. Endothelial-endothelial gap junctions, 

perhaps consisting of sub-populations of Cx40 and Cx37 homomeric and 

heteromeric channels, may be necessary for the conduction of vasodilatory 

agents, e.g. nitric oxide (NO),(9) to upstream vascular targets, allowing for 

dynamic flow regulation that mediates vasodilatory sensitivity to downstream 

metabolic demand.(94) Interestingly, Figueroa et al.(36) noted that absence of 

Cx40, but not Cx37 is required for conducted vasodilation,(60) despite the 

presence of both connexins at EC-EC contacts.  

In regions of flow disruption and turbulence, as are present surrounding 

vascular ostia or following large vessel coarctation, endothelial Cx37 expression 

decreases and Cx43 expression increases, while endothelial Cx40 expression is 

relatively unchanged.(42) Larson et al. demonstrated that in cultured bovine 

aortic endothelial cells, Cx43 mRNA is highly-expressed in subconfluent cells 

while Cx37 mRNA is minimal. Upon confluence, Cx37 mRNA is activated to 

approximate the levels of Cx43.(77) Thus, vascular endothelial cells are exposed 

to a diverse, and potentially changing, connexin expression profile. Yet, the 
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regulatory roles mediated by expression of each of these connexins on ECs 

remains unclear. 

Double knockout of Cx37 and Cx40 (Cx37-/-/Cx40-/-) produces embryonic 

lethality associated with vascular malformation, which emphasizes the 

importance of these connexins in vascular development and function.(102) 

However, single knockout of either Cx37 or Cx40 does not produce similar 

phenotypes, supporting the hypothesis that these connexins might play unique, 

if partially overlapping, roles in the vasculature. Single knock-out of Cx40 

(Cx40-/-) reduces conduction of vasodilatory signals(25; 37) and enhances the 

inflammatory response.(17) Renal overproduction of renin also produces 

systemic hypertension in these animals.(69)  

By contrast, Cx37-deficient animals (Cx37-/-) suffer reproductive dysfunction, 

(100) however ablation of this connexin produces minimal cardiovascular 

phenotypes in the unchallenged animal. To date, few studies have identified an 

effect of Cx37 deletion on vasodilatory conduction: McKinnon et al. reported a 

requirement for Cx37 in the NO-stimulated reduction in microvascular 

electrical coupling that is typically associated with sepsis-induced conducted 

vasoconstriction,(87) but Figueroa et al. noted that Cx37 was not required for 

acetylcholine-induced conducted vasodilation in isolated vessels.(36) Single 

knock-out of Cx37 reduces intercellular dye transfer in vascular endothelium, 

but to a lesser extent than does single knock-out of Cx40, and this observation 

may be attributable to the concomitant decrease in Cx40 expression observed 

in the vasculature of these animals.(103) In summary, despite the relatively few 

cardiovascular phenotypes observed in unchallenged Cx37-/- animals, the 
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observation that cardiovascular challenges that mimic pathological disease 

states produces a differential outcome in Cx37-/- mice relative to control 

suggests Cx37’s importance in maintaining healthy vasculature.  

1.6 Vascular Gap Junctions and Disease 

Gap junction channels are pH-sensitive and capable of regulating cell growth: 

both functions may be involved in the vascular response to disease and 

ischemic damage. In support of this hypothesis, dysregulation of connexins 

occurs in many cardiovascular disease states, including diabetes, hypertension 

and atherosclerosis.(38; 50; 122)  

Several studies have shown that connexin expression is sensitive to conditions 

associated with vascular disease or damage. As discussed above, Gabriels et al. 

reported that changes in vessel flow profile that enhance turbulence and shear 

stress reduce endothelial Cx37 expression and activate Cx43 expression, while 

leaving Cx40 expression unchanged.(42) Isakson et al. demonstrated a similar 

decrease in endothelial Cx37 expression when whole animals or cultured ECs 

were exposed to oxidized phospholipids, suggesting a role for Cx37 in early 

inflammatory responses associated with atherosclerotic disease.(61) In support 

of this hypothesis, several groups have shown that the polymorphic presence 

of a serine at site 319 of Cx37 is associated with increased incidence of 

coronary artery disease and myocardial infarction.(81; 122) Wong et al.(123) 

demonstrated that Cx37-deficiency enhanced atherosclerotic plaque formation 

in Cx37-/-/ApoE-/- mice by increasing macrophage adhesiveness to vascular 

endothelium. They further presented evidence showing that increased 

macrophage adhesion is due to macrophage, not endothelial, Cx37 deficiency. 



27 
 

One group has also shown changes in medial Cx37 expression during large 

vessel remodeling, although these findings have yet to be replicated by other 

groups.(13; 14) 

Cx40 activity also appears to be regulated by inflammatory stimulation 

associated with atherosclerosis or sepsis. Bolon et al. reported that 

lipopolysaccharide treatment reduces microvascular electrical coupling in a 

Cx40-dependent fashion via a mechanism that involves participation by 

common protein kinases.(7; 8) In addition, Cx40-/- animals are more susceptible 

to atherosclerotic plaque formation when fed a high-fat diet or crossed with 

ApoE-/- animals, potentially due to this connexin’s role in EC-EC 

communication of anti-inflammatory signals to reduce endothelial CD73 

expression and limit macrophage adhesion and invasion.(17)  

Finally, gap junction channel behavior may be altered by microenvironmental 

changes associated with vascular disease. Following vascular obstruction, as 

occurs as a complication of diabetes in the form of peripheral artery disease, 

insufficient blood flow (ischemia) produces downstream hypoxia and 

acidification. As suggested by in vitro studies of gap junction channel pH-

sensitivity,(82; 114) ischemic acidification is likely to induce channel closure, 

which may limit the spread of toxic signals. In addition, sschemic pre-

conditioning – the phenomenon whereby a brief ischemic period protects the 

heart from damage during a subsequent ischemic insult (23) – is enhanced by 

cardiac overexpression of PKCε,(86) a PKC isoform that phosphorylates 

Cx43(28). Post-translational modifications of connexins under ischemic 

conditions may alter affinity of the connexin CT to regulatory binding partners. 
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Kieken et al. showed that coronary artery ligation induces Cx43 lateralization in 

cardiomyocytes populating the border zones surrounding a myocardial 

infarction, where ischemic damage is high.(66) The investigators attributed this 

change in Cx43 localization to a loss of protein tethering following 

disassociation of the Cx43 C-terminus from ZO-1.(108) 

In summary, several studies have shown that connexin expression and/or gap 

junction channel behaviour is altered in damaged or diseased vascular 

endothelium. These data suggest that connexins might regulate mechanisms 

involved in the vascular response to vascular disease or injury, although the 

specific pathways modulated by gap junctions (or their constituent connexins) 

remain unclear. One candidate pathway that may be targeted and regulated by 

connexins is vascular growth control. 

1.7 Mechanisms of Vascular Growth and Remodeling 

Although the vascular endothelium is typically quiescent,(76) under 

physiological (i.e. developmental) and pathological conditions, the vasculature 

is stimulated to grow and remodel by the production of vascular growth factors 

(e.g. VEGF).(31) VEGF, a classic pro-angiogenic factor, is upregulated in 

response to hypoxia and inflammatory cytokines, both of which may occur as a 

result of injury and disease.(31) VEGF induces growth of microvessels by 

promoting EC proliferation and differentiation that causes sprouting of new 

capillaries from existing vessels; this process is termed angiogenesis.(52) 

Additionally, circulating endothelial precursor cells may be recruited to form 

new microvessels de novo.(52) Angiogenesis occurs under physiological 

conditions such as during development, following chronic exercise or as a part 
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of repair mechanisms associated with ischemic damage,(125) but may also 

occur pathologically, as with tumour growth and metastasis.(3) 

Collateral vessels are arterial-arterial connections that typically do not 

experience net flow. Growth and patterning of collateral vessels is believed to 

occur during development and in neo-natal animals; to date, no studies have 

shown an increased collateral number in adult animals compared to neo-nates 

suggesting that additional post-natal collateral formation does not occur.(53) A 

reduction in adult collateral number may result from progressive pruning of 

collateral vessels in the adult vasculature.  

Collateral vessels carry unidirectional flow only under conditions that produce a 

flow gradient down a collateral length. Following vascular obstruction, a flow 

gradient may be established along a collateral vessel that induces net flow in the 

direction of the obstructed, ischemic vascular branch. Flow-mediated outward 

remodeling of the vessel increases wall thickness and lumen diameter to 

support additional blood flow. In addition, remodeled collateral vessels become 

characteristically tortuous. However, it remains unclear whether increased 

collateral tortuosity is specifically induced and regulated, or results merely as a 

byproduct of increased EC proliferation.  

Although vascular EC’s are typically non-proliferative, they are physiologically 

induced to proliferate under specific developmental or disease conditions, 

resulting in large and small vessel growth and remodeling. The role of gap 

junctions, and their component connexins, in coordinating the complex 

signaling pathways stimulated by vascular growth factors to induce remodeling 

of collateral vessels and microvessels remains unclear.  
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1.8 Summary 

Taken together, the published studies discussed in this chapter suggest that 

different connexin isoforms may differentially regulate cellular functions. 

Furthermore, several studies have observed that Cx37 expression, but not Cx40 

expression, is altered under conditions of stimulated EC growth in vivo(42; 76) 

and in vitro(77), which is likely to also occur physiologically during development 

and in response to vascular disease. Thus, we hypothesize in this study that 

Cx37 and Cx40 regulate different endothelial functions in the vasculature, and 

that, of these two vascular connexins, Cx37 is uniquely involved in vascular 

growth control.  
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CHAPTER TWO  

PRESENT STUDY 

2.1 Specific Aims 

In the present study, we hypothesized that Cx37 and Cx40 differ in their 

regulation of vascular endothelial growth. More specifically, we hypothesized 

that Cx37 regulates and limits vascular growth, whereas Cx40 does not. We 

developed the following Specific Aims that draw upon in vitro and in vivo 

experimental approaches to address our overall hypothesis: 

1) Determine the growth regulatory effect(s) of Cx37 or Cx40 expression in 

cultured cells. 

a. Hypothesis: Expression of Cx37 (but not Cx40) will limit cell 

proliferation when expressed in cultured cancer cells  

2) Determine the effect of Cx37-deficiency on the structure of the native 

vasculature and induced vascular remodeling. 

a. Hypothesis: Cx37-knockout mice (Cx37-/-), lacking Cx37’s putative 

growth suppression, will display a more extensive vascular density 

compared to wild-type controls. 

3) Determine the effect of Cx40-deficiency on induced vascular 

remodeling. 

a. Hypothesis: Cx40-knockout mice (Cx40-/-), will not display an 

increased post-ischemic vascular density. 

2.2 Specific Aim 1: Determine the growth regulatory effect(s) of Cx37 or 

Cx40 expression on cultured cells. 
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Vascular endothelial cells, which are normally growth-suppressed, typically co-

express Cxs 37 and 40, and may express Cx43 under disrupted flow 

conditions.(42) Cx43-/- single knockout(124) and Cx37-/-/Cx40-/- double 

knockout animals(102) both suffer cardiovascular malformation, implicating 

these connexins in regulation of vascular growth in the developming animal. In 

addition, Cx43 expression has been shown to suppress growth in other cancer 

cell lines.(56) For this specific aim, we hypothesized that expression of Cx37 

(and possibly Cx43, based on observations that this connexin limits cancer cell 

growth in other models (56)), but not Cx40, will limit cell proliferation when 

expressed in cultured cancer cells. We found that expression of Cx37, but not 

Cx40 or Cx43, limited rat insulinoma (Rin) cell growth in culture by inducing 

G1 accumulation rather than promoting cell quiescence or death. We further 

note that Cx37 expression appears to restore sensitivity of these transformed 

cells to deprivation of extracellular growth signals. The studies associated with 

this Specific Aim have been published (reproduced in Appendix B) and are 

summarized in Chapter Three.    

2.3 Specific Aim 2: Determine the effect of Cx37-deficiency on the 

structure of the native vasculature and induced vascular remodeling. 

Cx37 is strongly expressed in non-proliferating vascular endothelial cells, and 

loses expression in regions where EC proliferation is induced.(42; 76) These 

findings suggest that Cx37 may suppress vascular growth in vivo, and absence of 

this growth-suppressive connexin would consequently result in a hyper-

proliferative vascular phenotype. In support of this hypothesis, we found in the 

studies associated with Specific Aim 1 that Cx37 uniquely regulates growth of 
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a highly-proliferative cancer cell line. Therefore, we hypothesized that Cx37-

knockout mice (Cx37-/-), lacking Cx37’s putative growth suppression, will 

display a more extensive vascular density compared to wild-type controls. We 

found that the native and post-ischemic collateral vasculature is more extensive 

in Cx37-/- animals compared to wild-type, as is the post-ischemic microvascular 

density. We further reported a functional improvement in recovery following 

ischemic damage in Cx37-/- mice relative to wild-type. 

2.4 Specific Aim 3: Determine the effect of Cx40-deficiency on induced 

vascular remodeling. 

Cx37 and Cx40 are co-expressed in normal vascular endothelium, but the 

degree to which they play similar or distinct roles in this tissue remains unclear. 

In Specific Aim 1 and 2, we present evidence suggesting that Cx37 limits 

vascular rowth. Knock-in studies of cardiovascular connexins reveal that Cx45 

is capable of replacing the functions Cx40 in the heart,(1) suggesting partially (if 

not fully) overlapping functions for these connexins. However, a study of 

human colon cancer samples suggest that Cx43, but not co-expressed Cx32, 

regulates cell growth, implying that in situations of co-expressed connexins, 

each connexin may mediate different functions.(29) Assessment of Cx37-/- vs. 

Cx40-/- phenotypes suggest that endothelial Cx40 may function predominantly 

in conducted vasodilation and communication,(26; 37) whereas few such 

communication deficits are observed in the intact Cx37-/- animal.(37; 87)  

In this specific aim, we hypothesized that Cx40-/- mice will not display the 

increased post-ischemic vascular density identified by our studies in Specific 

Aim 2, although the observation by Simon et al. (103) that endothelial Cx37 
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expression is decreased in Cx40-/- mice complicated further predictions of our 

expected results. We report that Cx40-/- animals fail to recover their hindlimbs 

following ischemia. We further show that despite the increased renin-

angiotensin signaling in these Cx40-deficient animals,(69) acute AT1R 

antagonism did not reverse post-ischemic tissue death. Long-term AT1R 

antagonism was capable of delaying inflammatory infiltration and post-ischemic 

limb failure, suggesting that the absence of endothelial Cx40 eliminates EC-EC 

communication of anti-inflammatory signals that promote post-ischemic limb 

survival.   
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CHAPTER THREE 

GROWTH REGULATORY EFFECTS OF VASCULAR  
CONNEXINS ON CULTURED CELLS 

The findings associated with this chapter were published in the American Journal 

of Physiology: Cell Physiology, and are summarized below. The full manuscript is 

reproduced in Appendix B, and should be referenced for the complete 

Materials and Methods and Figures discussed in this section. 

The primary data demonstrating Cx37-mediated growth suppression were 

collected by the primary authors of this manuscript.(11) The author of this 

document contributed additional studies aimed at elucidating candidate 

mechanisms affected by Cx37 expression for the purpose of the Specific Aims 

discussed herein. Thus, the summary of experiments presented in this chapter 

is intended to place the published data in the context of the Specific Aims of 

this project. Consequently, the discussion of the data included herein may differ 

somewhat from that of the published manuscript.  

3.1 Introduction 

The role of gap junctions as agents of tumour suppression is well-documented. 

Loss of GJIC is characteristic for most cancers, including cells derived from 

liver(84) and breast epithelium(56). Decreased intercellular communication in 

these tumour samples is typically associated with loss of connexin expression, 

dysregulated connexin trafficking, or inability to form functional channels.(119) 

Best studied in this regard are Cxs 43 and 32. Targeted deletion of both copies 

of Cx32 or a single copy of Cx43 produces adult mice that suffer increased 
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tumor formation.(67) Transfection of Cx43 into cancer cells modestly 

suppresses cell proliferation in some(56) – but not all – cell lines,(67) suggesting 

that gap junction-mediated growth suppression is cell-type specific, and may 

require the presence of unidentified connexin binding partners. 

Vascular endothelial cells of large arteries typically express Cx37 and Cx40 

under laminar flow conditions,(42) where EC proliferation rates are low(76). 

However, in regions of disrupted flow where cell proliferation increases 100-

fold,(76) Cx37 expression is lost while Cx40 expression is largely 

unchanged.(42) These findings suggest that Cx37, but not Cx40, may regulate 

vascular endothelial growth.  

Double-knockout of vascular Cxs 37 and 40 produces embryonic lethality due 

to vascular malformation,(104) suggesting that both connexins are necessary to 

prevent dysregulation of vascular growth and patterning. However, to date, no 

vascular malformations have been reported in either Cx37-/- or Cx40-/- single-

knockout animals, (100; 101) complicating the model whereby either of these 

connexins might regulate vascular EC growth in the developing animal. 

Growth-related phenotypes are observed in the ovaries of Cx37-/- animals: 

absence of Cx37 at oocyte/granulose gap junctions results in failure of the 

oocyte to grow and mature causing sterility.(99) This phenotype is associated 

with inability of oocytes to progress past the G2/M cell cycle checkpoint.(16) 

By contrast, Cx40-/- mice experience phenotypes associated with loss of 

intercellular communication. In the vasculature, absence of Cx40 reduces 

conduction of vasodilatory responses(25; 37), dye coupling,(103) and electrical 

coupling of the microvasculature following lipopolysaccharide treatment(7; 8). 
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In addition, reduced Cx40-mediated coupling in renin-producing cells of the 

kidney results in excessive renin production and hyperactivity of the renin-

angiotensin system.(120) These findings support a model wherein vascular 

Cx40 is predominantly responsible for mediating intercellular communication 

of vasomotor responses, whereas Cx37 functions primarily to limit vascular EC 

growth by channel-dependent or –independent mechanisms. 

In this chapter, we sought to validate this proposal regarding the specific 

regulatory roles of Cx37 and Cx40 in the vasculature by testing the hypothesis 

that individual expression of Cx37 (or Cx43 based on previously published 

studies), but not Cx40, will suppress cell growth in cultured cancer cells. 

Furthermore, we employed in vitro techniques to identify and characterize 

growth regulatory mechanisms mediated by these connexins. We report that 

Cx37, but not Cx40 or Cx43, suppresses growth in our cellular model, in stark 

contrast to Cx43’s growth-regulatory effect in other cancer cell lines.(56) 

3.2 Summary of Findings 

For this study, we opted to test the effect of Cx37 or Cx40 expression on rat 

inslinoma (Rin) cells, a cell line chosen because they do not detectibly appear to 

express endogenous connexins and are not electrically coupled. Further, Rin 

cells experience a cell cycle time of ~2 days, thus suppression of cell growth 

associated with introduction of a gene construct is readily observed in these 

cells. 

To induce mouse Cx37 expression, we stably transfected parental Rin cells with 

the second exon of the gja4 gene under control of the pTet-On inducible 
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system (Clontech) to produce two subclones of the iRin37 cell line. Upon 

induction with doxycycline, Cx37 was detected in iRin37 cells by 

immunofluorescence in the cytosol and at cell-cell appositions (Appendix B, 

Figure 1A-C), and in whole-cell and Triton X-insoluble fractions by Western 

Blot (Appendix B, Figure 1D). Uninduced iRin37 cells showed no Cx37-

positive signal by either technique, indicating minimal leak of the pTet-On 

system.  Rin cells were also stably transfected with rat Cx40 (Rin40) or rat Cx43 

(Rin43) to produce constitutively expressing Rin cells expressing each 

connexin. In this study, cells expressing mouse Cx37 are compared to those 

expressing rat Cxs 40 and 43. As shown in Table 1, each of these connexins 

are highly conserved across rodent species, thus species-related differences in 

nucleotide and amino acid sequence are unlikely to explain any observed 

differences in cell behaviour. In addition, iRin37, Rin40 and Rin43 cells all 

expressed connexins at comparative amounts and with similar membrane vs. 

cytosolic localization. (Appendix B, Figure 5) 

Two subclones of iRin37, iRin37-F and iRin37-H, were found to differ in level 

of Cx37 expression, however both subclones were similar in incidence (-F 50% 

vs. -H 64%) and extent of coupling (Appendix B, Figure 2A). Single channel 

records from either subclone revealed a typical channel profile for Cx37, with 

full-open states recorded at ~350pS (Appendix B, Figure 2B); this finding did 

not differ between poorly coupled cell pairs and well-coupled pairs treated with 

halothane to reduce coupling. Two substates – 150pS and 100pS – were also 

observed in these cells. 
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iRin37-F and iRin37-H cells were assessed for suppression of cell growth with 

chronic exposure to doxycycline to induce Cx37 expression. Treatment of  –F 

and –H cells with doxycycline significantly suppressed cell growth over 21 days 

compared to doxycycline-treated parental Rin cells, which underwent typical 

exponential growth over this time period (Appendix B, Figure 3). Uninduced 

iRin37 cells of either subclone proliferated like parental Rin cells. Rin40 and 

Rin43 cells were not growth suppressed, regardless of doxycycline exposure, 

indicating that regulation of cell growth is unique to Cx37. Because iRin37-F 

and iRin37-H cells responded comparably upon induction of Cx37 when tested 

for protein expression, electrical coupling, and growth suppression, we elected 

to focus our subsequent studies on the iRin37-F subclone.  

Cx37-mediated inhibition of cell proliferation was not cell density-dependent, 

suggesting that gap junctional coupling was not required for growth 

suppression. In Appendix B, Figure 4, cells were seeded at 312.5 cells/mm2 (a 

density at which cell-cell contact is unlikely), and induced (21d+) or not (21d-) 

to express Cx37 for the 21 day period. Cell proliferation was compared in these 

groups to iRin37 cells that were seeded at the same density, and to cells 

uninduced for 12 days to allow cells to grow to partial confluence, before 

receiving doxycycline for an additional 9 days (12d-,9d+). Growth suppression 

was similar in both 21d+ (with minimal cell-cell contact) and 12d-,9d+ 

(increased cell-cell contact) cells upon addition of doxycycline. As shown 

previously, cells that did not receive doxycycline (21d-) proliferated normally. 

Expression of Cx37 and Cx40 has been shown to enhance apoptosis in 

cultured cells, potentially by intercellular transmission of pro-apoptotic 
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factors.(2) We examined whether induced iRin37 cells experienced increased 

apoptosis compared to uninduced iRin37 cells. We did not consistently see any 

sub-G1 peaks by Flow Activated Cell Sorting (FACS) in propidium iodide-

conjugated induced or uninduced iRin37 cells (Appendix B, Figure 5). These 

findings suggest that Cx37-mediated growth suppression induces cell cycle 

accumulation, rather than increased cell death of proliferating cells. 

Decreased cell proliferation might also be observed if Cx37 promotes exit of 

proliferating cells from the cell cycle into the quiescent state, Go. To test 

whether iRin37 cells remain in the cell cycle upon induction of Cx37 

expression, induced and uninduced cells were probed for expression of 

Proliferating Cell Nuclear Antigen (PCNA), a marker of proliferating cells. 

Both untreated and doxycycline-treated iRin37 cells displayed strong cytosolic 

and nuclear expression of PCNA (Appendix B, Figure 7). Thus, despite our 

observation that Cx37-expressing Rin cells no longer increase in cell number, 

they remain within the cell cycle. 

Proliferating cells typically undergo four phases in preparation for cell division: 

G1, S, G2, and M. Cell cycle checkpoints have been identified between G1/S 

and G2/M phases; cell cycle regulatory proteins typically target these 

checkpoints to prohibit cell cycle progression. Consequently, cells that are 

growth-suppressed due to regulation of a cell cycle checkpoint may experience 

an increase in the relative proportion of cells in the pre-checkpoint cell cycle 

phase, and consequently prolonged phase duration. To determine whether 

expression of Cx37 results in cell cycle accumulation, iRin37 cells induced to 

express Cx37 for 48 hours or 5 days were assessed for cell cycle distribution by 
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FACS. In both groups, a greater proportion of induced iRin37 cells were found 

to be in G1 compared to uninduced cells; only in the 5-day induced group did 

this value achieve significance (Appendix B, Table 1).   

To determine whether overall cell cycle time was altered by Cx37-mediated G1 

accumulation, we assessed the doubling time of doxycycline-treated parental 

Rin cells, and induced and uninduced iRin37 cells, at multiple time periods. 

Doubling time was calculated by comparing cell number at days 9, 12, 15, 18 

and 21 against the same value measured 6 days prior for each timepoint. A 

logarithmic transformation of these cell proliferation counts at each time 

period revealed that induced iRin37 cells experience two distinct phases of 

growth: a slowed growth phase for the first 12-15 days following induction of 

Cx37 expression, followed by a rapid growth phase in days 15-21 (Appendix 

B, Figure 8A-B). Calculated doubling time reflected this observation: doubling 

time for doxycycline-induced iRin37 cells at earlier time periods was 

approximately 9 days, a 4.5-fold increase compared to uninduced iRin37 and 

parental Rin cells (Appendix B, Figure 8C). The doubling time calculated for 

induced iRin37 cells at later time periods was comparable to controls, and the 

doubling time calculated for the period ending on day 15 was intermediate 

between 2 and 9 days, suggesting a transition in these cells from “suppressed” 

to “non-suppressed” cell growth. Despite recovery of cell proliferation in days 

15-21, induced iRin37 cells still expressed Cx37 at day 21 at levels comparable 

to earlier timepoints (Appendix B, Figure 9). These data indicate that Cx37 

expression is capable of limiting cell proliferation within the first 15 days 

following induction, but that Rin cells in culture are capable of overcoming this 

growth suppressive effect with time. 



42 
 

Transformed cells in culture frequently experience a dysregulation of growth 

regulatory mechanisms that normally prevent excessive growth. Cell cycle 

activation and movement through the G1/S checkpoint normally requires the 

presence of growth factors, but this requirement may be absent in Rin cells and 

restored with expression of Cx37. If so, then doxycycline-treated iRin37 cells 

may respond differently to changes in extracellular growth signals relative to 

uninduced iRin37 cells. To test this hypothesis, we serum-deprived iRin37 (and 

parental iRin) cells for 72 hours to eliminate soluble growth factors, and added 

doxycycline in the last 24 hours of serum deprivation to induce Cx37 

expression. After this pre-treatment period, cells were returned to 10% serum-

containing cell culture media and their cell cycle distribution was assessed by 

FACS analysis at 0, 4, 10, 24, 72 and 96 hours. As shown in Appendix B, 

Figure 10, parental iRin cells were largely insensitive to loss of extracellular 

growth stimulation (when compared to non-deprived cells): parental iRin cells 

showed no signs of G1 accumulation at 0 hours and moderate S accumulation 

at 24 hours following release from serum-deprivation. By contrast, iRin37 cells 

experienced a significant increase in G1 accumulation at 0 hours that recovered 

to normal distribution over the next 72-96 hours. These data demonstrate that 

expression of Cx37 in Rin cells likely limits cell proliferation by mediating 

growth factor sensitivity, thereby preventing cells from progressing through the 

G1/S checkpoint of the cell cycle. 

3.3 Significance 

Growth suppression of cancer cells by reintroduction of connexins that restore 

cell-cell coupling is well-characterized,(67) and hypothesized to occur by the 
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passage of intercellular growth-inhibitory signals.(83) In vascular endothelium, 

Cx37 and Cx40 are strongly co-expressed under laminar flow conditions, 

whereas Cx43 expression is increased and Cx37 expression is decreased with 

disruptions of flow(42) that induce a 100-fold increase in EC proliferation.(75) 

Single knockout of Cx43, or double knockout of Cx37 and Cx40, produces 

animals that suffer cardiovascular malformation, suggesting that Cx43 and 

either Cx37 or Cx40 regulate vascular growth.(102)   

In this study, we expressed mouse Cx37, rat Cx40, or rat Cx43 in highly-

proliferative rat insulinoma (Rin) cells, chosen for these studies because they 

are deficient in endogenous connexin expression. We hypothesized that Cx37 

and Cx43, but not Cx40, would limit Rin cell proliferation, however we found 

that only Cx37 expression prevented Rin cell growth over 21 days following 

induction of connexin expression. This difference is unlikely to be attributed to 

the difference between rat and mouse connexins, as a comparison of rat and 

mouse Cx37, Cx40 and Cx43 sequences revealed a high degree of homology 

across rodent species (Table 1). 

In this study, we observed that Cx37, but not Cx43 or Cx40, suppresses Rin 

cell proliferation. Our findings represent the first report of Cx37-mediated 

suppression of cell growth. We further explored potential mechanisms whereby 

Cx37 might regulate cell growth. Loewenstein et al. proposed that intercellular 

coupling permits communication of growth inhibitory signals to limit cell 

proliferation;(83) this model was substantiated by the observation that 

mutations in connexin genes that reduce GJIC are observed in most cancer 

samples,(84) and that reintroduction of connexins into immortalized cells 
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decreases cell proliferation and restores cell differentiation.(56) However, our 

data suggest that, at least in regards to Cx37, intercellular communication may 

not be required to suppress cell growth. We found that cells expressing Cx37 at 

low cell density were growth suppressed to a similar extent as cells allowed to 

proliferate for 12 days prior to doxycycline treatment to encourage cell-cell 

apposition and gap junction formation. Absence of growth suppression at 

lower cell densities suggests that intercellular coupling and transmission of 

growth inhibitory signals are not required for Cx37 to limit Rin cell growth. 

Despite reports that Cx37 heteromeric and homomeric channels are capable of 

permitting passage of pro-apoptotic signals,(2) we saw no evidence that Cx37 

expression induces Rin cell death. We further found that Cx37-expressing iRin 

cells were arrested in G1, and not in G0, following induction by doxycycline 

treatment. Expression of Cx43 in HeLa cells similarly induces G1 arrest,(62) 

suggesting that a similar mechanism for growth regulation may be preserved in 

these two connexin isoforms.  

Preliminary mutation studies have offered additional insight into the 

mechanisms involved in Cx37’s suppression of Rin cell growth. Recently, we 

generated a Cx37-T154A mutation which, like a similar mutation in Cx43 and 

Cx26,(5) produces a channel-dead mutant that localizes to the membrane in 

plaques but does not form functional gap junction channels or hemichannels. 

We also generated a Cx37 truncation mutant, Cx37Δ273, which lacks a 

cytoplasmic C-terminus. Early studies of these mutants reveal that neither is 

capable of suppressing Rin cell growth,(48; 89) suggesting that Cx37 requires 

both a functional channel and an intact C-terminus to slow cell proliferation. In 
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conjunction with the data presented above, these findings support involvement 

of Cx37 hemichannels and binding of soluble binding partners to the Cx37 CT 

in Cx37-mediated growth suppression.  

Preliminary studies with additional site mutants of the Cx37 C-terminus have 

implicated phosphorylation at serines 275 and 321, both located in Cx37’s C-

terminus and putatively targeted by growth-related protein kinases (MAPK, 

PKC, CAMKII). Preliminary RT-PCR microarray experiments were conducted 

to identify potential binding partner candidates for this site; those studies 

identified a several-fold increase in expression of 14-3-3σ, a scaffolding protein, 

in doxycycline-treated iRin37. Involvement of 14-3-3 in gap junction-mediated 

growth suppression is supported by recent reports of 14-3-3 binding to motifs 

in Cx43 at sites centered around serines 373 and 244;(92) as discussed above, 

Cx43 is also capable of regulating cell growth. Consensus site scanning of the 

Cx37 C-terminus revealed a single Mode-1 14-3-3 binding motif (R/K-S-X-pS-

X-P)(121) overlapping a phosphoryl group at serine 321 (Figure 2). We have 

further determined by affinity chromatography that purified 14-3-3σ protein is 

capable of binding to Cx37.  

Based on the data presented in this chapter, and along with additional 

preliminary studies described above, we have generated a theoretical model 

whereby Cx37 might suppress cell growth (Figure 3). We hypothesize that 

transmembrane passage of an unidentified signal (perhaps the influx of Ca2+ or 

the efflux of ATP that subsequently binds to P2X receptors) increases 

intracellular Ca2+ to induce phosphorylation of serine 321 and enhance 14-3-3σ 

expression. Serine 321 appears to be located within consensus sites for both 
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Calmodulin Kinase II (CamKII) [R-X-X-S/T] and for Protein Kinase C (PKC) 

[R/K1-3,X2-0)-S/T-(X2-0,R/K1-3)];(65) both kinases are activated by increased 

intracellular calcium. We propose that serine 321 phosphorylation promotes 

binding of 14-3-3σ binding to the Cx37 C-terminus, potentially sequestering 

14-3-3σ away from growth inhibitory binding partners. We further hypothesize 

that phosphorylation at serine 275 induces modification of a proposed 14-3-3 

regulatory site at Met202-Asp204-His206(121). Consequently, 14-3-3σ is 

released from the Cx37 C-terminus, and binds to growth inhibitory proteins 

such as cdc25 and/or HDAC to suppress cell growth. 

Serine 321 is located two residues downstream from serine 319, where 

polymorphisms that replace this residue with a proline are associated with 

altered incidence of coronary artery disease and myocardial infarction. (19; 81; 

122) Wong et al. recently presented data suggesting that Cx37 hemichannels 

permit transmembrane ATP efflux that regulates monocyte adhesion.(123) The 

investigators further reported that Cx37-S319 polymorphisms increased 

macrophage adhesion when expressed in these cells relative to cells expressing 

Cx37-P319. These data suggest that serine 319 may also be capable of altering 

Cx37 regulatory activity, and might predict that point mutation of serine 319 

might also alter growth suppression in iRin37 cells. Phosphorylation of a serine 

at position 319 is likely to interfere with 14-3-3σ binding at serine 321; loss of 

phosphorylation at residue 319 may cause dysregulation of Cx37/14-3-3σ 

interactions that disturb Cx37-mediated growth suppression. However, 

preliminary studies from our lab do not, at this time, support this prediction. 

Additional studies will be needed to fully resolve the importance of serine 319 

on Cx37-mediated growth suppression of Rin cells. 
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From our studies, it remains unclear whether Cx37’s growth suppressive effect, 

or that of another connexin isoform, remains when that connexin is expressed 

in other normal or cancer cell lines. Absence of Cx37 at the oocyte-granulosa 

boundary, for example, appears to limit oocyte maturation, suggesting that in 

these cells, Cx37 plays a growth-supportive role.(100) In our studies, Cx43 was 

unable to prevent Rin cell proliferation, despite the fact that Cx43 expression 

limits growth of human cancer cell lines.(56) In addition, Cx37 expression in 

human umbilical endothelial vascular cells (HUVECs) does not prevent 

HUVEC proliferation in culture.(117) Taken together, these studies suggest 

that connexin-mediated growth suppression may be cell-type specific, and 

requires the presence or absence of unidentified intracellular signaling 

molecules. These inconsistencies between our findings and those conducted in 

cultured human cells may also reflect a specific difference between human and 

rodent connexins, such that human Cx43, not Cx37, is growth-suppressive. 

Further studies are necessary to resolve these possible explanations. 

In summary, we present in this chapter evidence of specific growth regulatory 

effects mediated by Cx37 on Rin cells. We further demonstrate that Cx37 

regulates cell growth by accumulating cells in the G1 phase of the cell cycle, in 

part by restoring sensitivity of Rin cells to extracellular growth factors. These 

data represent the first evidence of Cx37-mediated regulation of cell 

proliferation. However, it is unknown whether these findings are representative 

of endogenous Cx37 activity in tissues where this connexin is normally 

expressed, such as in vascular endothelium, where the switch between 

quiescence and proliferation critically regulates vascular physiology, remodeling 

and repair.  



48 
 

 

CHAPTER FOUR  

ENHANCED NATIVE AND POST-ISCHEMIC VASCULAR  
DENSITY OF Cx37 KNOCKOUT MICE 

4.1 Introduction 

Vascular endothelial cells typically maintain a quiescent state with low cellular 

turnover rate.(76)  However, in response to specific physiological conditions – 

including during development and in response to high shear, turbulent flow, or 

injury – endothelial cells are targeted by powerful growth stimuli  to overcome 

intrinsic growth inhibition and generate new vessels (angiogenesis) or remodel 

the existing vasculature (arteriogenesis). Endothelial cells undergoing the 

transition between quiescence and cell growth likely receive multiple, and often 

conflicting, growth regulatory signals; communication and integration of these 

signals is required to establish the proliferative fate of these cells. Consequently, 

cell communication proteins may play a vital role in regulating vascular growth 

control, and deletion of such genes may have widespread vascular effects. 

Gap junctions are plaques of intercellular channels that mediate the passage of 

electrical and chemical signals. At present, more than twenty connexins (Cx), 

the component proteins of gap junctions, have been identified in the human 

genome,(22) with each isoform varying in tissue expression profile. In addition, 

Cxs differ in their channel permselective properties and in the primary 

sequence of their cytoplasmic regulatory domains, suggesting that different Cxs 

may play distinct – if possibly overlapping – regulatory roles even if co-

expressed. Under laminar flow conditions, Cx37 and Cx40 are strongly 
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expressed in vascular endothelium, however of these only Cx37’s endothelial 

expression changes in regions of turbulent flow(42) where endothelial turnover 

is increased,(75) suggesting that this connexin may uniquely regulate vascular 

growth. 

In Chapter Three, we reported that induced expression of Cx37 in highly 

proliferative rat insulinoma (Rin) cells induces cell cycle arrest by slowing cell 

cycle time from 2 to 9 days.(11) In addition, with serum starvation Cx37 

expression resulted in G1 arrest, which indicates that Cx37 may suppress cell 

growth in part by altering sensitivity to soluble, extracellular growth factors. No 

such growth inhibitory effects were observed when Rin cells were transfected 

with Cx40 or Cx43,(11) suggesting that growth inhibition by Cx37 may involve 

unique properties of this protein. Previous studies of Cx37-deficient (Cx37-/-) 

mice have not thus far identified any characteristics of dysregulated vascular 

growth, although a predisposition to atherosclerotic plaque formation in Cx37-

/-/ApoE-/- animals has been reported(123). Cx37 deficiency also increases 

susceptibility to injected lipopolysaccharide, reducing intercellular endothelial 

coupling.(105) These reports suggest an interaction between Cx37 and injury-

induced responses. To date, no studies have specifically evaluated the 

vasculature of Cx37-/- mice for possible growth-related developmental 

differences, or challenged the vasculature with growth stimulating conditions. 

Consistent with our observations in vitro, we proposed that endothelial Cx37 

expression inhibits vascular growth, and that deletion of this connexin in Cx37 

knockout mice (Cx37-/-)(100) would result in loss of endothelial growth control 

producing a pro-growth phenotype in the vasculature. Consequently, we 
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hypothesized that Cx37-/- animals would experience a more extensive 

vasculature, both natively and following surgical models that induce 

angiogenesis and vascular remodeling. Our comparison of the native collateral 

circulation in Cx37-/- and WT mice revealed an increase in collateral vessel 

number in the Cx37-deficient mouse. Further, using two models of unilateral 

hindlimb ischemia suited either to examination of proximal collateral vessels or 

distal skeletal muscle angiogenesis, we show enhanced vascular density as a 

consequence of ischemic injury in both cases.  

4.2 Materials and Methods 

Animals 

For this study, 8-12 week old wild-type (WT) and Cx37 knockout (Cx37-/-) 

C57Bl/6 mice were used.(100) Each group contained comparable ratios of 

male and female animals. Animals were allowed access to food and water ad 

libitum, and housed together when possible. All surgical procedures were 

conducted in accordance with the University of Arizona’s Institutional Animal 

Care and Use Committee. 

Pial Collateral Fill 

Animals received an intramuscular injection of 100 USP units heparin, and 

were euthanized by >50mg/kg ketamine and >20mg/kg xylazine. The thoracic 

aorta was cannulated and animals were perfused for 2 minutes with DCF-PBS 

(containing 10-4M sodium nitroprusside and 4mg/L papaverine to maximally 

dilate blood vessels).  Animals were perfused with 25 mg/mL Evans blue to 

mark the pial vasculature. Animals were then perfused with a 1:7 dilution of 

radioopaque yellow microfil (Flow-Tech MV-122) to fill the pial circulation. 
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Subsequent to casting of the microfil, brains were harvested and fixed in 1% 

paraformaldehyde (in DCF-PBS) and counter-stained with 2.5% cresyl violet 

prior to imaging.  

Unilateral Hindlimb Ischemia  

Two models of unilateral hindlimb ischemia were used in this study. For the 

Femoral Artery Ligation (FAL) model (Figure 5A), animals were anesthetized 

(1.5-5% isoflurane in O2), and the epigastric vessel was ligated to preferentially 

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

overlying nerve. Two additional ligations were placed around the femoral artery 

between the epigastric branch and the poplateal, and the intervening vessel was 

severed. The Femoral-Saphenous Artery-Vein Pair Resection (FSAVPR) 

surgical model was performed as previously published.(110) In brief, animals 

were anesthetized as above, and the femoral-saphenous artery-vein pair were 

ligated upstream of the episgastric and midway between the knee and ankle – 

and the intervening lengths of vessel were resected as indicated in Figure 8A. 

Following either surgical model, animals were intraperitoneally injected with 

analgesia (0.1 mg/kg Buprenorphine) immediately and 24h post-surgery, and 

monitored for 14 (FSAVPR) or 21 days (FAL) prior to sacrifice and harvesting 

of tissue. 

Laser Doppler Scanning 

Animals were anesthetized with 1.5-5% isoflurane in O2, depileated, and placed 

prone on a heated block. Laser Doppler scans were collected in triplicate using 

a PIM II Perimed scanner, with threshold set at 5.6V. Limb perfusion was 
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calculated as the mean pixel intensity across three scans measured in a region of 

interest (ROI) encompassing either the surgical or control paw. 

Limb Recovery 

Following induction of hindlimb ischemia, limb appearance and use were 

scored by a blinded investigator according to the parameters described in 

Tables 2 and 3.   

Immunohistochemistry 

Gastrocnemius muscle was dehydrated by progressive alcohol wash and cleared 

with 100% xylene prior to embedding in paraffin. 7 µm-thick sections of each 

sample were mounted on slides, deparaffinized in xylene, and rehydrated by 

progressive alcohol wash. Slides were blocked with 5% H2O2 before incubation 

with Biotinylated GS-1 lectin (1:200), ready-to-use horseradish peroxidase-

conjugated streptavidin, and DAB Chormagen substrate to visualize 

microvessels. Slides were counter-stained with 5% methyl green.  

Hindlimb Collateral Fill 

21 days after FAL, animals received an intramuscular injection of 100 USP 

units heparin and were euthanized by intraperitoneal injection of >50mg/kg 

ketamine and >20mg/kg xylazine. The abdominal aorta was cannulated and 

animals were perfused for 2 minutes with DCF-PBS (containing 10-4 M sodium 

nitroprusside, 4 mg/L papaverine to maximally dilate blood vessels). Animals 

were then perfusion fixed for 10 minutes with 1% paraformaldehyde, prior to 

perfusion of the vasculature with a 1:7 dilution of radioopaque microfil (Flow-

Tech MV-122) to fill arteries and collateral vessels. Hindlimbs were imaged by 

X-ray angiography at 15 times magnification. 
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Analysis of Collateral Characteristics 

X-ray angiograms of the gracilis were analyzed in ImageJ software. A line was 

drawn perpendicular to the midpoint of the femur (line of interest), and gracilis 

vessels that intersected this line were counted. Tortuosity was measured by 

comparing the actual length and the absolute length (in pixels) of each vessel. 

Vessel diameter was determined by measuring the width of each vessel (in 

pixels) in triplicate. Images of the pial circulation were also analyzed in ImageJ 

software. For each brain, a single hemisphere was analyzed. Each collateral 

vessel connecting the middle and anterior cerebral arteries was identified and 

counted.  

 

Statistics 

Non-parametric data were compared using a Wilcoxon log-rank test. Other 

data were compared using a Behrens-Fisher T-test. In all tests, alpha was set to 

0.05. 

4.3 Results 

The purpose of this study was to determine whether vascular development and 

response to injury differed in Cx37 deficient mice, Cx37-/-, in a manner 

consistent with the growth suppressive role for Cx37 identified in Chapter 

Three. We began our studies by determining whether Cx37-/- animals, lacking 

Cx37’s putative growth inhibitory effect, had a more extensive vasculature than 

WT mice, indicative of a loss of developmental vascular growth control. The 

pial circulation has been previously used by other groups to visualize and 

characterize the native collateral circulation.(18) Collateral vessels are typically 
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small and unperfused arteriolar-arteriolar connections that form pre-natally, 

and that acutely vasodilate and ultimately remodel outwards when vascular 

obstructions induce unidirectional flow through these vessels. To determine 

whether Cx37 deletion altered the development of the native collateral 

network, we imaged the pial circulation of WT (Figure 4A) and Cx37-/- animals 

(Figure 4B). We found a ~50% increase in numbers of native collaterals 

connecting the middle and anterior cerebral artery beds compared to WT 

animals (Figure 4C). These data support our overall hypothesis that Cx37 

limits vascular growth in the WT animal, and that loss of Cx37 expression 

produces a more extensive native collateral vasculature in the Cx37-/- mouse. 

To examine whether injury-induced collateral remodeling might be affected by 

Cx37 deletion, we induced vascular remodeling using a well-established model 

of unilateral hindlimb ischemia: femoral artery ligation (FAL).(18) This surgical 

model moderately reduces hindlimb blood flow while keeping gracilis collateral 

vessels intact (Figure 5A). Thus, gracilis collaterals can be reliably visualized 

and characterized following 21 days of remodeling. After ligation of the 

femoral artery, we confirmed induction of ischemia by laser Doppler (Figure 

5B). Laser Doppler scans were collected on days 1, 3, 7, 14 and 21 to assess 

recovery of limb flow. Both WT and Cx37-/- animals experienced a decrease in 

ischemic limb flow 24 h following FAL that recovered over the subsequent 21 

days. As might be expected from our study of pial collaterals in WT and Cx37-/- 

animals, limb perfusion was increased at 24 hours post-FAL time-points in 

Cx37-/- mice compared to WT controls (Figure 5C), suggesting an effect of 

Cx37 deletion on hindlimb collateral number that produces a robust capacity 

for native collaterals to acutely shunt flow around the ligation. We also detected 
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increased limb perfusion in WT animals at days 14 and 21 compared to Cx37-/- 

in this model, perhaps reflecting the increased severity of ischemic insult in 

these animals that preferentially induces distal microvascular angiogenesis; by 

contrast, ischemic insult in Cx37-/- mice may be insufficient to stimulate 

downstream vessel growth, limiting maximal bloodflow at later timepoints. 

Based on the initial and long-term improvements in recovery of limb flow, we 

anticipated that Cx37-/- animals might demonstrate a functional improvement 

in limb recovery following unilateral hindimb ischemia.  Post-ischemic limb 

appearance was monitored using the parameters described in Table 2. Both 

WT and Cx37-/- animals experienced mild discoloration of the surgical limb 

throughout the 14-day recovery period. No differences in limb appearance 

could be detected between WT and Cx37-/- mice (Figure 6A). A similar 

strategy was used to monitor surgical limb use (parameters listed in Table 3). 

As shown in Figure 6B, limb use was impaired in WT mice at day 1, and use 

recovered by day 10. Consistent with our laser Doppler data, median limb use 

scores were significantly less negative for Cx37-/- mice compared to WT at day 

3 and 5. In addition, Cx37-/- recovered full limb use sooner (day 5 vs. day 10) 

than their WT counterparts, suggesting an improvement in these animals in 

both initial collateral vasodilation and subsequent flow-mediated collateral 

remodeling.  

21 days after induction of ischemia by FAL, Cx37-/- and WT animals were 

sacrificed, and gracilis collaterals were visualized and characterized by X-ray 

angiography (Figure 7A) to observe differences in remodeled collaterals. No 

differences could be detected in native hindlimb collateral number using this 
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method (Figure 7B), suggesting that, in contrast to pial imaging, X-rays of the 

hindlimb did not have sufficient resolution to visualize small unremodeled 

collaterals. However, we observed a two-fold increase in the absolute (Figure 

7B), and normalized (Figure 7C), number of gracilis vessels in the 21-day 

remodeled ischemic limbs of Cx37-/- animals compared to WT. This result is 

consistent with our pial data showing an increased number of collaterals in 

Cx37-/- mice, and further suggests that Cx37 may regulate the degree to which 

these collateral vessels outwardly remodel (thereby rendering them more readily 

detected by X-ray angiography). Although statistically significant differences 

between Cx37-/- and WT were not observed in mean hindlimb collateral 

diameter (Figure 7D), a population of larger-diameter vessels are evident in the 

surgical limbs of either genotype verifying that collateral remodeling has 

occurred as a consequence of FAL in these animals. There was a significant 

increase in absolute vessel tortuosity in Cx37-/- mice relative to WT suggesting 

that, in addition to an increase in native collateral number, Cx37-/- animals 

exhibit improvements in post-ischemic collateral remodeling (Figure 7E). This 

represented a 5.2% increase in hindlimb collateral tortuosity in Cx37-/- mice 

relative to WT (Figure 7F). These findings further support a role for Cx37 in 

limiting EC proliferation in collateral vessels. 

Cx37’s growth suppressive effect appears to limit collateral growth under two 

growth stimulatory conditions: development and post-ischemic remodeling. EC 

proliferation is also stimulated in other areas of the vasculature under 

conditions of remodeling; Cx37 may also limit proliferation under these 

settings. We chose to explore whether Cx37 might also limit the angiogenic 

response to ischemic insult. Because limb flow was only moderately reduced in 



57 
 

the FAL model in the Cx37-/- mouse, and was lower than WT during post-

ischemic recovery period when angiogenesis is maximal (days 7-14),(76) we 

adopted a more severe model of unilateral hindlimb ischemia (FSAVPR, 

Figure 8A) that we expected would maximize downstream distal ischemia and 

subsequent microvascular angiogenesis. Following FSAVPR, we again verified 

induction of ischemia by laser Doppler scanning of the surgical and non-

ischemic contralateral control paw. As shown in Figure 8B, FSAVPR 

decreased surgical limb perfusion in WT and Cx37-/- animals at 24h post-

surgery, compared both to the non-ischemic control limb and to pre-surgical 

scans of either paw. To assess recovery of bloodflow following FSAVPR, we 

collected laser Doppler scans at days 0, 1, 3, 7 and 14 for WT and Cx37-/- 

animals (Figure 8C). Consistent with our observations for the FAL model, 

surgical limb blood flow improved over the 14 days following FSAVPR. No 

differences in limb flow could be detected between WT and Cx37-/- mice at any 

timepoint, indicating a profound ischemic effect of vascular ligation in both 

genotypes. The lack of difference in these mice might also reflect technical 

limitations of the laser Doppler technique that render it capable only of 

detecting changes in surface, not skeletal muscle, bloodflow. 

As with the FAL studies, we monitored recovery of limb appearance and use 

14-days following FSAVPR using the parameters described in Tables 2 and 3. 

As shown in Figure 9, the increased severity of the FSAVPR model is evident 

in the fact that limb use and appearance were not normalized in WT animals 

within the 14-day recovery period; by contrast, in the FAL model, WT animals 

recovered full limb use in this same time period.  Interestingly, Cx37-/- animals, 

contrary to WT controls, experienced only a minor discoloration of the surgical 
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limb at day 1 that was absent at subsequent timepoints (Figure 9A). A similar 

trend was observed in median limb use scores (Figure 9B). These data 

demonstrate that, despite the increased severity of the FSAVPR model 

compared to FAL, and our inability to detect differences in surface bloodflow 

between WT and Cx37-/- animals in Figure 8, Cx37-/- mice are capable of 

returning sufficient perfusion to their ischemic hindlimbs to recover full limb 

use and appearance within fourteen days following FSAVPR. These data 

suggest that vascular differences in the Cx37-/- mouse relative to WT, including 

the increased collateral number reported above, render them highly resilient to 

functional limb impairment following FAL and FSAVPR.  

To assess the effect of Cx37 deletion on skeletal muscle angiogenesis, we 

harvested gastrocnemius skeletal muscle from the surgical and control limbs of 

WT and Cx37-/- mice at 14 days following FSAVPR. Cross-sections of this 

tissue were used to assess native (i.e. non-ischemic) and post-ischemic 

microvascular density (Figure 10A). Cx37-/- mice experienced a ~50% increase 

in ischemia-induced microvascular density over that of WT controls and sham-

operated animals of either genotype (Figure 10B). In contrast to our findings 

regarding the native collateral circulation, no differences were observed in 

native microvascular density (Figure 10C). Muscle fiber cross-sectional area 

was assessed in these images to eliminate possible artifacts associated with 

differential muscle atrophy. While ischemia was found to induce a decrease in 

muscle fiber cross-sectional area in the ischemic limbs of WT and Cx37-/- 

animals compared to sham-operated controls (Figure 10D), we observed no 

genotype-related differences in skeletal muscle remodeling that might otherwise 
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explain the ischemia-induced increase in microvessel density uniquely observed 

in Cx37-/- mice.  

4.4 Significance 

Vascular remodeling processes are activated by a broad range of stimuli to 

accomplish different forms of vascular growth and repair as necessary. During 

development, vascular cells proliferate and form the large and small vessels that 

constitute the native vasculature of the post-natal animal. During this period, 

collateral anastomoses develop between neighboring arteriolar networks in a 

process termed arteriogenesis. These arteriolar-arteriolar connections are the 

basis of the native collateral circulation in the adult animal, with most studies 

finding no evidence of additional growth of new collaterals in the post-natal 

animal. Following vascular disease or injury, vascular growth factors activate 

endothelial proliferation in the post-natal animal. Hypoxia and inflammation 

associated with the ischemic insult enhances production of soluble vascular 

growth factors,(31) stimulating the sprouting of new microvessels from existing 

vessels (angiogenesis). In addition, insufficiencies in perfusion following 

vascular obstruction promote flow through small collaterals to shunt the 

circulation around the obstruction; unidirectional collateral flow through these 

vessels induces progressive outward and longitudinal remodeling that increases 

both the diameter and tortuosity of collateral vessels. 

In all settings of vascular growth and remodeling, the integration of growth 

regulatory signals is required to promote, and subsequently limit, the extent of 

vessel growth. Previous studies have shown that vascular growth factors (e.g. 

VEGF) are active in both developmental and post-natal vascular remodeling 
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processes, suggesting that growth regulatory mechanisms activated by these 

soluble growth factors remain conserved between embryonic and adult animals. 

Identification of additional regulatory proteins that regulate, and specifically 

limit, vascular growth will provide greater insight into these processes. 

In Chapter Three, we reported that induced Cx37 expression, but not 

expression of other vascular connexins, suppressed growth of Rin cells that are 

otherwise deficient in endogenous Cx expression.(11) We further found that 

Cx37 appears to alter the sensitivity of Rin cells to soluble growth factors. 

Based on that earlier work, we hypothesized that Cx37 plays a similar growth 

suppressive role in the vasculature. In this study, we report that Cx37-/- mice 

(that presumably lack Cx37’s growth inhibitory effect) develop a more 

extensive vasculature under three conditions that stimulate production of 

vascular growth factors: developmental arteriogenesis, ischemia-induced 

collateral remodeling, and ischemia-induced angiogenesis. These data support 

the existence of vascular growth regulation mechanisms that are redundant in 

both developing animals and following injury in the post-natal vasculature. Our 

findings further suggest that these mechanisms are capable of regulating the 

proliferation of both large and small vessels, despite the structural differences 

of their respective vascular walls. Whether Cx37 serves to antagonize the initial 

growth stimulus mediated by vascular growth factor production, or whether 

Cx37 expression increases subsequent to stimulation of endothelial cell 

proliferation to limit excessive cell growth, remains unclear.  

In addition, we report that recovery of ischemic limb flow was improved in 

Cx37-/- animals within 24h of the initial ischemic insult, and that this was 
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associated with improved limb use compared to WT following either mild or 

severe unilateral hindlimb ischemia. These data make clear the functional 

consequences of heightened endothelial proliferation to ischemic recovery, and 

suggest that other responses to physiological challenges may also be enhanced 

in Cx37-/- mice, including: improved exercise-induced angiogenesis associated 

with loss of microvascular growth inhibition,(125)  and reduced susceptibility 

to stroke associated with higher collateral number.(126) 

It is interesting to consider what possible deleterious effect(s) might arise with 

loss of vascular growth control in these animals. Dysregulation of vascular 

growth control is evident in many pathological settings. For example, VEGF 

over-production of many invasive and pre-invasive tumours,(31) and may 

facilitate hyperproliferation and metastasis. Angiogenesis may, additionally, be 

enhanced in the high acidity characteristic of the tumour microenvironment 

responsible for degrading the basement membrane and assisting angiogenic 

vessel invasion of the tumour.(35) Notably, loss of vascular growth control in 

this setting is associated with loss of appropriate vascular differentiation and 

patterning: shunts and blind ends that produce localized hypoxic regions are 

frequently observed in tumour microvasculature.(47; 94) In addition, the 

tumour microvasculature is abnormally permeable causing fluid leak and 

localized edema.(95) It remains to be determined whether the hyper-

proliferative vasculature of Cx37-/- animals experience similar abnormalities in 

the native vascular morphology, and whether tumour angiogenesis and 

resulting metastasis occurs more rapidly or aggressively in these animals. 
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It is interesting to consider from a mechanistic viewpoint the differential 

responses of Cx37-/- animals to hindlimb ischemia, and whether this growth-

regulatory function might be shared by Cx40. Chadjichristos et al.(17) proposed 

that endothelial Cx40 might limit macrophage infiltration by mediating 

intercellular communication of anti-inflammatory signals; perhaps, as 

Loewenstein et al. first proposed,(83) Cx37 allows intercellular passage of 

growth inhibitory signals that limit EC proliferation under growth-stimulatory 

conditions. If Cx37’s growth suppressive function involves hemichannel 

function, transmembrane passage of growth inhibitory signals may contribute 

to Cx37’s growth suppressive effect. Truncation and site mutation experiments 

of the Cx37 protein remain necessary to resolve these questions. 

In summary, we report that – consistent with our previously published in vitro 

findings in Cx-deficient Rin cells(11) – the native and post-ischemic vasculature 

is more extensive in Cx37-/- animals compared to WT. Our findings support 

our hypothesis that Cx37 uniquely limits vascular endothelial cell growth, 

producing a hyper-proliferative vascular phenotype in Cx37-deficient mice. 
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CHAPTER FIVE 

FAILURE OF POST-ISCHEMIC HINDLIMB RECOVERY  
IN Cx40-DEFICIENT MICE 

5.1 Introduction 

Repair and remodeling of tissue damaged by acute and chronic ischemia 

involves arterio- and angiogenesis,(15; 24) processes that require integration of 

multiple signaling mechanisms.(111) In adult tissues, ischemia induces a 

complex series of apoptotic, angiogenic, pro-growth, survival, inflammatory 

and repair signaling cascades that regulate recovery and regeneration of 

tissue.(10; 15; 111) In addition to supporting homeostasis and vascular function 

in uninjured tissues, gap junctions may facilitate integration of these activated 

signaling pathways across the ischemic tissue to ensure that recovery and 

remodeling responses are appropriate, regulated, and limited to the injured 

area.(111) Given their roles in vascular function under normal and pathological 

settings, it is not surprising that dysregulation of gap junction function is 

associated with multiple vascular pathologies.(19; 38; 64; 123) 

Gap junctions are aggregates of intercellular channels that electrically and 

chemically couple the cytoplasms of neighboring cells. This intercellular 

coupling supports the signaling necessary for moment-to-moment adjustment 

of flow distribution(94) and cell-cell exchange of anti-inflammatory signals.(17) 

In addition, gap junction hemichannels may provide a transmembrane signaling 

conduit.(111) Complexes of gap junction proteins, whether in the form of gap 

junction channels or undocked hemichannels, can also serve as organizing sites 
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for intracellular signaling and scaffolding proteins.(43; 63) All of these 

functions of gap junctions and their comprising proteins may be involved in 

the complex process of tissue remodeling.  

Each multimeric gap junction channel is composed of one or more connexin 

isoforms (Cx), the gene products of the twenty-one membered gap junction 

gene family.(22) Four connexin isoforms are commonly expressed in vascular 

wall cells: Cx37 and Cx40 are found predominantly in the endothelium and 

Cx43 and Cx45 in the medial layer. Phenotypic differences between mice with 

one or more of these connexins deleted(26; 104) suggest distinct as well as 

overlapping functions in vascular development, homeostasis, and response to 

disease and injury. Which of these connexins might be necessary for successful 

vascular repair and remodeling in the context of ischemic injury remains largely 

unexplored. 

Insights into regulatory functions that appear to be shared by multiple 

connexin isoforms has come primarily from knock-in studies that replace one 

connexin with another. Replacement of Cx40 with Cx45 in the heart resulted in 

intact impulse propagation from the sinoatrial node to the left bundle branch 

of His.(1) However, conduction in the right bundle branch of His was slowed 

in these animals, producing a longer P wave and an abnormal QRS complex. 

From these data, the authors concluded that Cx45 is able to partially, but not 

entirely, replace Cx40’s function in cardiac impulse conduction. Similar 

conclusions were reached by Frank et al.(41) when they replaced the Cx45 gene 

with Cx36, a connexin predominantly expressed in neural tissue. Cx45, which is 

found in both neural and heart tissue, results in embryonic lethality associated 
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with cardiovascular malformation. Cx45 knock-out/Cx36 knock-in in neural 

tissue produced viable animals with normal retina and neurotransmitter 

coupling. By contrast, whole-body or cardiovascular Cx36 knock-in resulted in 

embryonic lethality, suggesting that Cx36 can replace Cx45’s activity in the 

nervous system, but not in the heart. Taken together, these data suggest that 

connexin isoforms share redundant roles in multiple tissues, but may also 

mediate isoform-specific regulatory effects. 

In Chapter Three, we identified the growth suppressive effect of Cx37 

expression on rat insulinoma (Rin) cells, and further observed that no such 

effect occurred as a result of Cx40 expression in these cells. In Chapter Four, 

we reported that native and post-ischemic vascular density was enhanced in 

Cx37-deficient mice. Taken together, the results from both chapters suggest 

that Cx37 limits vascular endothelial growth. However, it remains unclear 

whether Cx40, which is co-expressed with Cx37 in vascular endothelium, might 

share Cx37’s regulatory effect on the in vivo vasculature. 

Cx40-/- animals have multiple deficits that could compromise vascular repair 

and remodeling,(24; 94) rendering this connexin a compelling candidate for 

further study of these complex processes. First, coupling between endothelial 

cells is severely compromised, which leads to slowed conduction of vasomotor 

responses(25; 37; 94) and decreased passage of small molecules following 

lipopolysaccharide injection.(105) Second, Cx40-/- animals have elevated levels 

of renin and angiontensin II (Ang II) with consequent systemic 

hypertension.(69; 120)  Third, Cx40-/- animals display a proinflammatory 
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phenotype that results, in part, from reduced sharing of anti-inflammatory 

signals between endothelial cells.(17)  

The goal of the current study was to assess the ability of Cx40-/- mice to 

recover hindlimb function following severe ischemic insult. We show that the 

ischemic limbs of Cx40-deficient animals became severely necrotic whereas the 

ischemic limb of wild type animals recovered function over a 14 day period. 

While the distribution of blood flow in the ischemic limb of Cx40-deficient 

animals was compromised to a greater extent than in wild-type, normalization 

of flow distribution by extended AT1R blockade prior to surgery delayed but 

did not prevent limb necrosis. In Cx40-deficient ischemic limbs, activated 

macrophages were commonly observed in regions of the ischemic limb that 

were otherwise not obviously necrotic; chronic AT1R blockade appeared to 

delay, but did not prevent, macrophage infiltration. Our data demonstrate that 

post-ischemic tissue survival is compromised in Cx40-/- mice, due in large part 

to the adverse effects of chronic AT1R activation on the distribution of blood 

flow in the ischemic limb.  

5.2 Materials and Methods 

Animals 

Juvenile (8 – 12 weeks old) or adult (16 – 25 weeks old) C57Bl/6 WT or Cx40-

/- mice were used.(101) Animals were maintained on standard rodent chow 

(Harlan Cat #7013 NIH-31), receiving food and water ad libitum. All animal 

procedures were carried out with the approval of The University of Arizona’s 

Institutional Animal Care and Use Committee. Comparable ratios of male and 

female animals were included in experimental and control groups. 
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Femoral and Saphenous Artery-Vein Pair Resection (FSAVPR) 

Ischemia was unilaterally induced in the left hindlimb of control and 

experimental mice as previously described.(110) In brief, experimental animals 

were anesthetized with 1.5-5% isoflurane in O2 and placed on an electrical 

heating pad to maintain body temperature at 37°C. After depilation, an incision 

was made on the left hindlimb mid-way between knee and ankle and extended 

towards the abdomen to expose the epigastric fat pad. Following blunt 

dissection of the femoral artery and vein pair from the femoral nerve and 

surrounding tissue, the left epigastric fat pad was cauterized and removed with 

a cautery pen. 6-0 silk suture was used to ligate the femoral artery-vein pair 

immediately upstream of the epigastric branch, and to ligate the saphenous 

artery and vein midway between the knee and ankle (Figure 11A). The length 

of femoral and saphenous artery-vein pair lying between ligation sites was 

resected, producing ischemia in the left hindlimb. Any bleeding due to rupture 

of branching vessels was stopped by application of pressure using a sterilized 

cotton swab or by cauterization. Throughout the surgical procedure, the 

surgical site was kept moist by repeated application of sterile 0.9% saline in 

PBS. The surgical incision was closed using 7-0 prolene suture and animals 

were allowed to recover from anesthesia. Experimental animals received two 

intraperitoneal injections of analgesia (10 mg/kg Buprenorphine): one 

immediately post-surgery and the second 12 hours post-surgery. Animals were 

monitored over a 14-day recovery period for fluctuations in body weight; a 

small decrease in body weight in both WT and Cx40-/- animals was observed 

(Figure 12), but there were no differences detected between genotypes, 

indicating animal health was not significantly or differentially compromised by 
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the surgical manipulation.  Animals were also monitored throughout the 

recovery period for appearance of the surgical limb (Table 2). Sham-treated 

controls underwent an identical surgical procedure, to include suture 

placement, but vessels were not ligated or resected.  

Laser Doppler Imaging 

Laser Doppler images were obtained using a Periflux Pim II (Perimed) small 

laboratory animal scanner. Experimental animals were anesthetized with 1.5-

5% isoflurane in O2 and their hindquarters were depilated. Animals were placed 

ventral-side down beneath the laser probe on a heated Plaster of Paris mold to 

maintain body temperature at 37°C while controlling animal position. The 

animal’s hindquarters were scanned in triplicate with the threshold set at 5.6 V, 

and a region of interest (ROI) was drawn that encompassed each paw. The 

bloodflow for each hindlimb was measured as the average ROI pixel intensity 

(pixel area = 0.56 mm2) for each paw across all three scans. Perfused area was 

calculated as the mean number of pixels within each ROI wherein bloodflow 

was detected above threshold across all three scans. Threshold was determined 

as the average ROI pixel intensity measured when scanning a dead animal, 

where flow is absent.  

Assessment of Post-Ischemic Limb Recovery 

After unilateral hindlimb ischemia, recovery of experimental animals was 

monitored and scored by an investigator blinded to animal genotype and 

intervention type (sham or ischemia). Limb health was scored (0 to -4) as a 

qualitative comparison of the appearance of the paw of the left (surgical) 
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hindlimb relative to the right (non-surgical) hindlimb using the categories 

described in Table 2. Because auto-amputation is a non-reversible event, if an 

experimental animal was euthanized due to auto-amputation of a distal limb 

portion, hindlimb appearance scores for time-points subsequent to euthanasia 

were recorded as a -4.  

Immunohistochemistry  

Experimental animals were euthanized and gastrocnemius muscles harvested 

from both hindlimbs. Muscles were fixed in 4% paraformaldehyde (in PBS), 

dehydrated by progressive alcohol washes, and embedded in paraffin. 7µm-

thick transverse sections were obtained from the mid-belly of the 

gastrocnemius and mounted on slides for immunohistochemical analysis. 

Overall tissue morphology was evaluated using a standard haemotoxylin and 

eosin (H&E) staining protocol. 

To visualize blood vessels, paraffin-embedded sections were melted at 55°C for 

one hour, deparaffinized with xylene, and rehydrated to Ca2+-free PBS. 3% 

H2O2 was applied to slides to block endogenous peroxidase activity and 

biotinylated Griffonica simplifica (GS-1) lectin (Vector Laboratories, #B-1105) 

was applied (1:200 in Ca2+-free PBS) to each section over-night at 4°C. 

Following washes with Ca2+-free PBS to remove unbound GS-1 lectin, sections 

were incubated in “ready-to-use” streptavidin-conjugated horseradish 

peroxidase (Vector Laboratories, #SA-5704) at room temperature for two 

hours. Samples were again washed with Ca2+-free PBS, and DAB Chromagen 

(DAKO, #K3466) was applied, typically for 3-5 minutes. Sections were then 

washed in distilled H2O, exposed  to 0.5% copper sulfate to enhance DAB 



70 
 

chromagen staining, washed with 0.1N acetate buffer (containing 0.1N each of 

acetic acid and sodium acetate) and counter-stained with 1% methyl green 

(Sigma-Aldrich, #M5015; diluted in 0.1N acetate buffer) for 2-3 minutes. 

Finally, sections were washed with acetone and xylene prior to mounting of 

coverslips. 

To detect activated macrophages, sections were deparaffinized with xylene and 

rehydrated prior to blocking of endogenous peroxidase activity by application 

of 3% H2O2. Sections were then immersed in RTU Nuclear Decloaker solution 

(Biocare Medical, #CB916MM) for 10 minutes at 98.5°C. After cooling to 

room temperature, sections were washed in Ca2+-free PBS and a blocking 

solution composed of 1% bovine serum albumin (BSA) in PBS applied for 30 

minutes. Activated macrophages were detected using anti-mouse F4/80 rat IgG 

antibody (Caltag Laboratories, #MF48000; 1:100 in 1% BSA PBS, applied 

overnight at 4°C), biotinylated goat anti-rat secondary antibody (Pierce, 

#31831; 1:200 in 1% BSA PBS, applied for 1 hour at room temperature), and 

RTU streptavidin-conjugated horseradish peroxidase (applied for 1 hour at 

room temperature). Peroxidase activity was visualized by treatment of slides 

with DAB Chromagen as described above. 

Losartan Treatment 

For acute perfusion of losartan potassium (Sigma-Aldrich, # 61188), animals 

were anesthetized by intraperitoneal injection of an anesthetic mixture 

containing 50 mg/kg ketamine and 20 mg/kg xylazine such that righting and 

toe-pinch reflexes were not observed. The jugular vein was cannulated and 20 

mg/kg of losartan potassium injected. (Losartan was dissolved in heparanized 
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saline -- 0.9% saline with 100 USP units/mL heparin -- at a concentration of 

10mg/mL.) For chronic dosing, losartan potassium was added to the drinking 

water (150 µg/mL) for ad libitum access for 3 days or 8 weeks prior to surgery 

as noted, and throughout the post-surgical recovery period (until sacrifice).  

Assessment of Systemic Blood Pressure 

Animals were anesthetized with a mixture of 50 mg/kg ketamine and 20 mg/kg 

xylazine and placed, dorsal side down, on a heating pad to maintain animal 

body temperature at 37°C. A small incision in the skin was made above the 

trachea. The left carotid artery was exposed and blunt dissected away from 

surrounding nerves and connective tissue. The artery was ligated with 6-0 silk 

suture at the anterior bifurcation, and clamped shut at the posterior end with a 

vascular clamp. A small incision was made in the intervening length of vessel, 

and a microcannula mounted on a pressure transducer backfilled with 0.9% 

saline containing 100 USP units/mL heparin was connected and fixed in place 

with 6-0 silk suture. Upon removal of the vessel clamp, blood pressure traces 

were recorded for at least 5 minutes. Systemic blood pressure was measured in 

a region of the trace that showed a stable blood pressure that persisted for at 

least 2 minutes, and was calculated as the average pressure measured in the 

carotid artery over 10 successive heart beats (Figure 18).   

Statistics 

Limb appearance data were tested for significant differences using a standard 

rank-sum test for non-parametric data. Kaplan-Meier survival curves were 

compared using a Mantel-Cox log-rank test. All other comparisons used a 

Behrens-Fisher T-test. In all statistical tests, α was set to 0.05. 
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5.3 Results 

In this study, we sought to determine whether Cx40 ablation and consequent 

hypertension might be detrimental to tissue recovery following ischemic insult 

to the left hindlimb. Ischemia was induced using a well-established surgical 

model of unilateral Femoral Artery-Saphenous Vein-Pair Resection (FSAVPR, 

Figure 11A).(110) As expected, the surgical limbs of wild-type (WT) animals 

generally survive this ischemic insult and appear (Figure 11B &C) 

indistinguishable from non-ischemic, contralateral control limbs by post-

surgical day 7, indicative of the robust repair and remodeling response 

previously reported for this strain of mouse.(18) By contrast, the ischemic 

limbs of Cx40-/- mice showed evidence of edema (Figure 11B), distal necrosis 

(Figure 11D), and auto-amputation (Figure 11E) as early as 1-3 days post-

surgery, suggesting that Cx40 deficiency is detrimental to recovery of the 

hindlimb following ischemic insult. Despite the observed failure of Cx40-/- 

animals to recover their ischemic limbs, no differences were observed in whole 

animal weight between WT and Cx40-/- animals, indicating that genotype-

specific differences in post-surgical animal health were not responsible for the 

observed necrosis (Figure 12). 

The unexpected occurrence of severe distal necrosis and auto-amputation in 

initial experiments prompted us to document the time course of tissue recovery 

or necrosis using the parameters described in Table 2 in WT and Cx40-/- 

animals. To assess possible age-dependent differences arising in these 

genotypes, we also compared juvenile (8-12 weeks old) to adult (16-25 weeks 

old) animals of each genotype. Both age groups were assessed because age has 
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been shown to reduce post-ischemic angiogenic and vasculogenic responses in 

a mouse model of aging.(98) Sham-operated animals of either genotype or age 

experienced minimal limb discoloration (not shown). In contrast, the median 

appearance score for Cx40-/- animals of both age groups was more negative 

compared to age-matched WT animals at most time points (Figure 13A), 

indicating a profound impact of Cx40 ablation on post-ischemic tissue health. 

Further, while some improvement in ischemic limb appearance was evident in 

WT animals by days 10 and 14, no such improvement was observed in Cx40-/- 

animals. Indeed, the majority of adult (70%) and juvenile (60%) Cx40-/- animals 

experienced distal limb necrosis severe enough to necessitate premature 

euthanasia (Figure 13B); only infrequently were the ischemic limbs of Cx40-/- 

animals observed to survive to post-ischemic day 14, and even in these animals, 

signs of distal necrosis were still present. By contrast, distal limb necrosis was 

rarely observed in age-matched WT control animals. With the assumption that 

severe necrosis and/or auto-amputation of the ischemic hindlimb is an 

irreversible event, Kaplan-Meier survival analysis revealed that Cx40-/- mice of 

either age group had a significantly lower probability of tissue survival 

following hindlimb ischemia compared to age-matched WT controls (Figure 

13C). 

To determine whether proximal skeletal muscle also exhibited signs of post-

ischemic failure and necrosis not evident in gross limb morphology, H&E-

stained transverse sections of gastrocnemius muscle from ischemic and control 

limbs were evaluated at time of animal sacrifice (post-surgical day 14 or earlier 

if distal necrosis necessitated premature sacrifice of the experimental animal). 

As expected, muscle obtained from non-ischemic limbs taken from animals of 
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either genotype, and ischemic limbs of WT animals, displayed characteristics of 

healthy skeletal muscle, including: peripheral muscle fiber nuclei, well-

distinguished fiber boundaries, and strong eosin staining of muscle fibers 

(Figure 14). Also, as expected, muscle harvested from the ischemic limbs of 

both WT and Cx40-/- animals were atrophied (as determined by a decrease in 

ischemic muscle weight, Figure 15) and included regions of centrally-localized 

muscle fiber nuclei, a hallmark of skeletal muscle injury and regeneration. 

Interestingly, muscle from the ischemic limb of Cx40-/- animals also showed 

increased inter-fiber space consistent with proximal edema and inter-fiber 

hematoxylin-staining, suggestive of inflammatory cell infiltration. These 

observations indicate that the events giving rise to distal necrosis and auto-

amputation are also ongoing proximally, and further demonstrate the extensive 

failure of the ischemic limb of Cx40-/- mice to recover following FSAVPR.  

The rapid onset of necrosis in the ischemic limbs of Cx40-/- animals following 

FSAVPR suggests an inability of the limb to maintain sufficient blood flow 

following surgery. Laser Doppler assessment of blood flow 24h post-FSAVPR 

in adult WT and Cx40-/- animals (Figure 16A) revealed, as expected, reduced 

flow in the surgical limb (compared to pre-surgical scans of the same limb). No 

such reduction in blood flow was evident in the surgical hindlimbs of sham-

operated animals (not shown) or in the non-surgical limb of ischemia-induced 

animals. Despite comparable pre-surgical perfusion areas, a significantly smaller 

area of the Cx40-/- animal hindlimb remained perfused (i.e. above detection 

threshold) one day post-surgery (Figure 16B), although extent of blood flow 

detectable above threshold in these perfused regions was comparable across 

genotypes (Figure 16C). The significantly greater reduction in perfused area 
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observed post-FSAVPR in Cx40-/- vs. WT animals suggests a significant deficit 

in flow compensatory mechanisms in the Cx40-/- animal.  

The flow deficit observed 24 h post-surgery in the Cx40-/- animals could reflect 

a reduced vascular density that, in turn, results either from Cx40 deficiency or 

from the chronic hypertension suffered by these animals,(26) particularly since 

microvascular rarefaction(91), but not arteriole rarefaction,(6) has been 

reported in other rodent models of hypertension. To address this possibility, 

we evaluated microvascular density in gastrocnemius cross-sections obtained 

from Cx40-/- and WT animals (Figure 17A). No genotype-related differences in 

the calculated microvascular density were observed in this tissue (Figure 17B). 

To eliminate possible artifacts in our vascular density analysis that might result 

from differences in muscle fiber size, we also calculated muscle fiber cross-

sectional area in these sections and found no differences between WT and 

Cx40-/- animals (Figure 17C). Thus, despite Cx40 deficiency and chronic 

hypertension, microvascular rarefaction was not responsible for reduced tissue 

perfusion and poor post-ischemic tissue survival in Cx40-/- animals.  

Cx40-/- animals are hypertensive due to overproduction of renin by the kidney 

and consequent elevation of circulating Angiotensin II levels.(69; 120) 

Although our data suggest that reduced limb perfusion did not result from 

microvascular rarefaction, chronic activation of AT1R or hypertension could 

adversely affect post-surgery limb perfusion and subsequent limb recovery by 

other mechanisms. To evaluate this possibility, animals were dosed for 8 weeks 

with losartan potassium, a specific AT1R antagonist, prior to measurement of 

post-surgical limb perfusion by laser Doppler. Efficacy of losartan potassium in 



76 
 

Cx40-/- animals was initially confirmed by observing acute depression of 

systemic hypertension in Cx40-/- animals 5 minutes after IV injection of 20 

mg/kg losartan (Figure 18). Following 8-week pre-treatment with losartan, 

Cx40-/- mice experienced a significant increase in post-ischemic perfusion area 

compared to untreated Cx40-/- animals (Figure 16B), although extent of 

perfusion in that area did not differ in any treatment group (Figure 16C). Thus, 

AT1R antagonism by losartan pre-treatment appears capable of normalizing 

acute post-ischemic limb flow. 

Post-ischemic mechanisms modulated by renin-angiotensin hyperactivity in the 

Cx40-/- mouse may require either acute or prolonged AT1R overactivity. To 

distinguish between these possibilities, and also to identify candidate pathways 

altered in the Cx40-/- animals that might prevent limb recovery, we pre-treated 

animals with short- (3 day) or long-term (8 weeks, as above) losartan 

potassium, and monitored post-ischemic recovery. As shown in Figure 19A, 

blood pressure in Cx40-/- animals was reduced to levels not different from WT 

animals in both treatment groups.  Importantly, 3 day losartan treatment had 

no effect on post-ischemic outcome (Figure 19 B-D), which strongly suggests 

that hypertension itself was not the cause of limb failure. By contrast, the 

aggregate limb appearance scores and Kaplan-Meier survival analysis for 8-

week losartan-treated Cx40-/- animals shows improvement in these animals 

relative to untreated Cx40-/- animals over the first 7 days of the recovery period, 

but by day 14 severe necrosis and/or auto-amputation was evident in the 

majority of animals (Figure 19B,C). As these data suggest, the incidence of 

severe necrosis remained elevated in the 8-week losartan-treated Cx40-/- animal 

(Figure 19D), despite the initial delay in onset of necrosis. These results 
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suggest that the initial flow deficit experienced by Cx40-/- animals following 

FSAVPR is, in large part, explained by chronic hyperactivity of the renin-

angiotensin system in the Cx40 deficient animal; however, the data further 

indicate that normalization of flow through AT1R inhibition is not sufficient to 

protect the limb from severe necrosis. 

Based on our observations showing improvements in the immediate flow 

deficit in Cx40-/- animals following chronic losartan treatment, we next 

determined whether limb perfusion was normalized throughout the two week 

recovery period in the 8 week losartan-treated Cx40-/- animals compared to WT 

controls. Laser Doppler imaging at 1, 3, 7 and 14 days post-surgery revealed 

that neither extent of limb perfusion (Figure 20A) nor the perfused area 

(Figure 20B) differed between losartan-treated Cx40-/- animals and age-

matched WT animals, despite the eventual necrosis of the surgical limb 

suffered by these animals. 8 week losartan pre-treatment is thus capable of 

reversing flow deficits in the Cx40-/- mouse, but persistent insufficiencies not 

associated with limb flow continue to occur in the Cx40-/- mouse that result in 

eventual distal necrosis. 

Since blood flow was largely normalized by long-term losartan treatment at day 

14 despite eventual distal necrosis, we hypothesized that losartan treatment 

delayed (but did not prevent) excessive inflammation in the ischemic limbs of 

these animals. Excessive macrophage activity in hypoxic tissue might 

exacerbate cytotoxic damage and thereby promote tissue death, regardless of 

normalization in limb perfusion. Thus, we examined the gastrocmemius 

muscles of these limbs for the presence of activated macrophages. Activated 
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macrophages were not observed in either the ischemic or control limb of WT 

animals, or in the control limbs of untreated or losartan-treated Cx40-/- animals 

(Figure 21A, B, D & F). However, as expected from the necrosis observed in 

the Cx40-/- animals, numerous activated macrophages were detected in the 

limbs of Cx40-/- animals (Figure 21C). Activated macrophages were also 

evident in the ischemic limbs of long-term losartan-treated Cx40-/- animals 

(Figure 21E) regardless of whether auto-amputation of the distal limb 

occurred within the 14-day recovery period. However, many more 

macrophages were observed in animals who auto-amputated early (Figure 8G) 

vs. late (Figure 8E) in the recovery period. These results suggest that although 

long-term losartan-treatment improved perfusion of the ischemic hindlimb of 

Cx40-/- animals to levels apparently comparable to WT animals, continued 

deficits in Cx40-deficient animals that were not corrected by acute or chronic 

AT1R antagonism are sufficient to trigger invasion of immune cells that likely 

contribute to hindlimb necrosis.  

5.4 Significance 

Post-ischemic recovery of hindlimb perfusion requires early dilatory and 

inflammatory events, the benefits of which are reinforced over time as 

arteriogenic and angiogenic processes occur (Figure 22).(15) Arteriogenesis, 

the process whereby pre-existing collateral anastomoses become functional 

collateral arteries, involves early dilation of pre-existing collateral vessels and 

subsequent flow-induced maturation of those vessels into larger feed 

arteries.(15) Inflammatory cell recruitment is also an integral component of 

successful remodeling as these cells release the cytokines that stimulate vascular 
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wall and tissue remodeling. Compromised conducted vasodilatory 

responses,(39) elevated circulating renin and Ang II levels,(120) systemic 

hypertension,(26) and a heightened inflammatory response(17) have all been 

reported as deficits suffered by Cx40-/- mice that could adversely affect post-

ischemic tissue remodeling and recovery. The goal of the current study was to 

assess the degree to which these deficits might compromise successful 

remodeling of the post-ischemic hindlimb. 

Previous studies have demonstrated the robust capacity of the C57Bl/6 mouse 

to recover limb function following different models of femoral artery 

occlusion.(12; 110) Anticipating that Cx40-/- animals might experience 

compromised hindlimb recovery, and that renin-angiotensin blockade in these 

animals might only improve recovery to an intermediate level, we elected to use  

a more severe model of hindlimb ischemia(110) that we speculated would 

permit distinction of both treated and untreated Cx40-deficient animals from 

WT controls. Despite our expectation of increased severity of the FSAVPR vs. 

FAO models of hindlimb ischemia, the magnitude of decrement in limb 

perfusion at 24 h and the ensuing recovery of bloodflow were comparable 

between these ischemic models in WT mice. In addition, necrosis, 

inflammation, and macrophage infiltration were not detected in the ischemic 

limbs of WT animals subjected to the severe ischemia model (FSAVPR). The 

apparent resilience of this animal to ischemic injury may reflect the extensive 

collateral network and robust arteriogenic response characteristic of this mouse 

strain,(18) which further highlights the severity of the deficiency suffered by 

Cx40-deficient mice. In Cx40-/- animals, overall limb perfusion (as determined 

by size of perfused area) was reduced 24 h post-FSAVPR, and no subsequent 
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recovery of limb perfusion occurred – indeed, in most cases FSAVPR resulted 

in excessive macrophage infiltration, early-onset necrosis (relative to the date of 

ischemia induction), and distal limb amputation. This post-surgical pattern was 

also observed in juvenile Cx40-/- mice, and in adult Cx40-/- animals treated 

acutely with losartan to normalize blood pressure, suggesting that animal age, 

hypertension and elevated renin/angiotensin II levels during surgical and post-

surgical periods were not aggravating factors in the poor recovery of Cx40-/- 

animals.   

Cx40-/- mice chronically maintained on losartan prior to, and during, recovery 

from FSAVPR had strikingly improved post-surgical hindlimb perfusion and 

delayed onset of limb necrosis relative to untreated animals. Flow to the 

ischemic limb 24 h post-surgery was comparable in losartan-treated Cx40-/- and 

WT animals, which suggests that early events in arteriogenesis are normalized 

by AT1R blockade despite Cx40-deficiency. Buschmann and colleagues(12) 

showed that the perfusion deficit at 4 h post-femoral artery occlusion (FAO) – 

a surgical model similar to the FAL model used in this study – was comparable 

in Cx40-/- and WT animals but by 24 h the WT animals had improved flow 

compared to the Cx40-/- animal.(12) Our data collected using a more severe 

model of ischemia, demonstrate that at 24 h post-surgery a greater percentage 

of the ischemic hindlimb was perfused in the WT compared to Cx40-/- animals. 

While a number of factors could explain this difference, based on the 

Buschmann data it seems likely that either the magnitude of the upstream 

dilatory response and/or the number of pre-existing collateral vessels available 

to dilate must be reduced in the untreated or acutely losartan-treated Cx40-/- 

animal, but preserved in the chronic losartan-treated animal.  While we cannot 
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currently differentiate with certainty between these possibilities, it is interesting 

to consider how such improvements might occur. Relative to a losartan-related 

increase in numbers of preexisting collateral anastomoses, it is widely accepted 

that collateral anastomoses form during vasculogenesis, not post-natally. If 

correct, than chronic AT1R blockade initiated in post-natal animals would have 

to prevent the collateral pruning that typically occurs in Cx40-/- animals perhaps 

as a result of chronic hypertension or AT1R activation (Figure 9). Relative to a 

possible improvement in vasodilatory response, elimination of the pressor 

effects of angiotensin II (via antagonism of AT1R) might uncover angiotensin 

II-mediated dilatory effects via another AT receptor (for example: AT2R)(20) 

or other vasodilatory agents (for example: NO, VEGF, bFGF).  

The improved post-ischemic flow observed at 24 h in long-term losartan-

treated Cx40-/- animals (compared to untreated mice) and corresponding delay 

in onset of necrosis suggest that flow deficits in the Cx40-/- mouse adversely 

affect recovery. We determined that this deficit of flow does not arise from 

structural rarefaction of microvessels, but could arise from functional 

rarefaction (vessels present but not supporting flow). Gap junctions are 

essential for dynamic regulation of tissue perfusion in response to downstream 

changes in metabolic demand. Under physiological and pathological conditions, 

increased local production of vasodilatory agents results in rapid adjustments of 

flow throughout the affected network that may require gap junction-mediated 

communication.(94) Although slower adjustments of flow that do not rely on 

gap junctions also occur,(45) failure of the conducted response (as occurs in 

Cx40-/- animals(39)) can be expected to alter flow distribution such that poorly 

perfused regions with high O2 extraction ratios would be more frequent.(94) If 
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vasoreactivity and/or flow distribution are compromised in Cx40-/- animals, 

ischemic injury would be predicted to be exacerbated in these animals. Further, 

although hindlimb perfusion is improved by losartan, intercellular 

communication via gap junctions is unlikely to have been restored by this 

treatment; thus, necrosis might be predicted to be delayed but not prevented by 

chronic AT1R antagonism in Cx40-/- animals (Figure 22).  

In addition to the mechanisms discussed above, eventual necrosis of untreated 

and losartan-treated Cx40-/- animals post-FSAVPR could also involve 

compromised flow-dependent collateral maturation, failed angiogenic 

responses, or excessive inflammatory infiltration. Cx40-deficiency in the 

endothelium has been reported to reduce endothelial cell expression of CD73  

in vitro, which leads to decreased barrier function of the endothelium and 

increased VCAM expression, with consequent increases in neutrophil and 

monocyte invasion that augment the inflammatory response.(17) These data 

suggest that a pro-inflammatory phenotype may be suffered by Cx40-/- mice. 

While the inflammatory response is integral to tissue repair (typically preventing 

infection and clearing injured tissue of cellular debris), excessive macrophage 

activity can increase cytotoxic damage in ischemic tissue and expedite 

progression of necrosis. In WT animals, inflammatory cell infiltration following 

FSAVPR was not detected. In Cx40-/- mice, numerous infiltrating immune cells 

were evident; chronic losartan treatment reduced or delayed – but did not 

prevent – their appearance. Thus, the enhanced inflammatory response in 

untreated and losartan-treated animals, and the failure of the ischemic limb to 

detectably improve over the ensuing recovery period, are entirely consistent 

with the data of Chadjichristos and colleagues,(17) and suggest that increased 
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tissue necrosis in these animals may be, at least in part, the result of increased 

inflammatory response associated with endothelial Cx40 deficiency and/or 

renin-angiotensin hyperactivity (Figure 22). 

In summary, using a severe model of hindlimb ischemia we show that Cx40-/- 

animals experienced a larger decrement in limb perfusion (compared to WT) 

that did not improve over time and ended in tissue necrosis rather than 

recovery. Prolonged AT1R blockade prior to surgery normalized post-ischemic 

limb perfusion in Cx40-/- animals, indicating that chronic activation of these 

receptors (and/or the consequent hypertension) contributes significantly to the 

previously reported decrease in collateral number and function in Cx40-/- mice 

following a less severe model of ischemia.(12) However, extended AT1R 

blockade failed to completely prevent tissue necrosis despite improved limb 

perfusion, indicating that Cx40-mediated intercellular signaling necessary for 

conducted dilatory responses and sharing of anti-inflammatory signals is likely 

also critical for recovery of function in ischemic tissues.  
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CHAPTER SIX  

CONCLUSION 

6.1 Summary and Discussion 

Gap junctions function as signal transducers to permit passage of electrical and 

chemical signals between coupled cells. In addition, gap junctional coupling 

regulates cell growth in a variety of cancer cell lines. It remains unclear if, in 

tissues that co-express multiple connexin isoforms, these connexins share 

distinct, partially, or wholly redundant functions. 

In the studies compiled above, we hypothesized that Cx37 regulates and limits 

vascular endothelial growth, whereas Cx40 does not. We addressed this 

hypothesis with three Specific Aims:  

1) Determine the growth regulatory effect(s) of Cx37 or Cx40 expression in 

cultured cells. 

a. Hypothesis: Expression of Cx37 (and Cx43) will limit cell 

proliferation when expressed in cultured cancer cells  

2) Determine the effect of Cx37-deficiency on the structure of the native 

vasculature and induced vascular remodeling. 

a. Hypothesis: Cx37-knockout mice (Cx37-/-), lacking Cx37’s putative 

growth suppression, will display a more extensive vascular density 

compared to wild-type controls. 

3) Determine the effect of Cx40-deficieny on induced vascular remodeling. 

a. Hypothesis: Cx40-knockout mice (Cx40-/-), will not display an 

increased post-ischemic vascular density. 
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In Chapter Three, we presented data demonstrating that Cx37 expression in 

Rin cells functionally limits cell proliferation by inducing G1 arrest and slowing 

cell cycle progression. We also presented evidence suggesting that, in Rin cells, 

Cx37 suppresses growth by restoring sensitivity of these cancer cells to external 

growth stimulation.(11) Based on our findings, we generated a theoretical 

mechanism for Cx37-mediated growth suppression (Figure 3). 

Vascular growth factors are produced during development and in response to 

hypoxia and inflammatory cytokines that result from injury or disease.(31) The 

sensitivity of ECs to VEGF stimulation dictates the type and extent of growth 

and remodeling response elicited in the vasculature during development and 

following vascular disease or injury. In Chapter Four, we hypothesized that 

endothelial Cx37 expression regulates vascular endothelial growth, and that 

deletion of this connexin would produce characteristics of a hyper-proliferative 

vasculature. We presented data showing more extensive native pial collaterals, 

remodeled hindlimb collaterals, and ischemia-induced skeletal muscle 

microvascular density. We further demonstrated functional improvements in 

Cx37-/- mice to a mild (FAL) and severe (FSAVPR) ischemic insult.  

Prior to the studies compiled in this document, the physiological role of Cx37 

expression in the vasculature was poorly understood; this study represents the 

first demonstration of a growth-regulatory effect uniquely mediated by this 

connexin. The experiments presented in Chapters Three and Four are 

consistent with the hypothesis that Cx37 regulates vascular growth, however 

additional experiments are necessary to fully support this conclusion.  
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Experiments demonstrating that Cx37 is capable of suppressing cell 

proliferation were performed in a Rin cell model. Rin cells are immortalized 

insulinoma cells. However, Cx37 is not typically expressed in pancreatic cells or 

associated cancers, and it remains unclear whether Cx37 is similarly growth 

suppressive when expressed in cultured vascular endothelial cells, a cell type 

that physiologically expresses this connexin. In addition, in our studies, a Cx37 

sequence derived from mouse is expressed in a cell type derived from rat. 

Although we demonstrate in Table 1, that mouse and rat Cx37 share 

significant sequence homology, we cannot completely dismiss the possibility 

that Cx37’s suppression of Rin cell growth is an artifact produced by the 

expression of a mouse protein in a rat cell type. To address both limitations 

discussed above, experiments are necessary that assess the impact of Cx37 

expression in cultured large vessel and/or microvascular endothelial cells from 

mouse.  

Several groups have successful cultured microvascular endothelial cells from 

mouse, and demonstrated expression of vascular connexins in these cells.(60; 

87) Interestingly, these studies suggest that culture conditions may induce a 

pro-growth phenotype in ECs that is associated with changes in connexin 

expression. Larson et al. (77) demonstrated that Cx37 mRNA expression is 

only weakly detectable in subconfluent, proliferating bovine aortic endothelial 

cells. However, to date, no studies have specifically examined the effect of 

Cx37 knock-out or over-expression on the growth of cultured vascular ECs. 

The data presented herein would predict that such a study would result in 

similar findings as were observed in the Rin cell model in Chapter Three.(11) If 

so, these results would validate our conclusions and further suggest that efforts 
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to elucidate the mechanism of Cx37’s growth suppressive effect in Rin cells will 

be applicable to the vasculature.  

In Chapter Four, we present evidence consistent with the conclusion that 

Cx37-/- animals experience a hyper-proliferative phenotype. These experiments 

represent one of only a few in vivo reports of a cardiovascular phenotype in the 

Cx37-/- animal, and the first to associate ablation of Cx37 with dysregulation of 

vascular growth and remodeling. Consequently, we propose based on our 

findings discussed in Chapter Three and Four that Cx37 may function in ECs 

to transducer vascular growth inhibitory signals that are required to limit 

vascular proliferation following stimulation by vascular growth factors (Figure 

22).  

One question that remains unaddressed in Chapter Four is the timecourse of 

Cx37 expression changes, if any, that might occur during the vascular transition 

from quiescence to growth. Consequently, it remains unclear if, and when, 

Cx37 expression or localization is altered following stimulation of vascular 

growth. Additional studies are required to document Cx37 expression changes 

in the endothelium prior to and following induction of hindlimb ischemia. The 

findings of these experiments would not only support our overall conclusion 

that Cx37 regulates vascular growth in the intact animal, but would further 

address whether Cx37-mediated growth suppression functions primarily to 

maintain EC quiescence in the undisturbed endothelium, or to regulate the 

extent of growth when vascular growth factors are produced. 

Several studies suggest that co-expressed connexins may regulate different 

intracellular mechanisms. In the vasculature, Cx37 and Cx40 are strongly co-
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expressed under laminar flow conditions. Studies of an in vitro co-culture model 

have suggested that Cx40 may be localized to EC-EC and EC-SMC contacts, 

whereas Cx37 is preferentially excluded from the EC-SMC junctions.(60) In 

addition, while Cx37-/-/Cx40-/- double-knockout mice experience vascular 

malformation producing embryonic lethality,(104) individual knockout of either 

Cx37 or Cx40 results in adult animals with relatively normal vascular 

development and morphology.(102) While few cardiovascular phenotypes have 

been reported for unchallenged Cx37-/- animals, intercellular dye transfer in the 

endothelium of Cx40-/- is reduced compared to that of Cx37-/- animals,(103) 

corresponding with a loss of conducted vasomotor responses.(26; 37) In 

addition, changes in flow shear stress that increases EC proliferation(75) 

upregulates endothelial Cx43 and downregulates Cx37, while Cx40 expression 

remains largely unchanged.(42)  

Having identified a growth-regulatory phenotype in Cx37-/- mice, we 

hypothesized in Chapter Five that this growth regulatory effect would not be 

shared by Cx40. We presented data showing that, in contrast to Cx37-/- mice, 

Cx40-/- mice fail to recover limb perfusion following hindlimb ischemia. 

Consequently, these animals experience tissue necrosis and auto-amputation. 

We further demonstrated that long-term, but not short-term, AT1R 

antagonism rescued post-ischemic bloodflow, and reduced inflammatory 

infiltration, but did not prevent tissue necrosis. Taken together, these data 

suggest that Cx40 is required to maintain post-ischemic limb survival, and that 

mechanisms of tissue injury that occur in the Cx40-deficient mouse is partially 

– but not exclusively – dependent upon excessive AT1R signaling in these 

animals.  
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While the data presented in Chapter Five provide insight into the involvement 

of both angiotensin II and Cx40 in injury responses induced by hindlimb 

ischemia, additional studies are needed to fully resolve the relative contribution 

of Cx40-deficiency, angiotensin II signaling, and hypertension on the observed 

failure of the ischemic hindlimb to recover. We demonstrate in our studies that 

prolonged losartan potassium recovers limb perfusion and delays, but does not 

prevent, limb necrosis. However, it remains unclear whether chronic reversal of 

hypertension, or antagonism of the underlying angiotensin II signaling, is 

responsible for this observation. To address this question, additional 

experiments may be conducted that assess the impact of induced hypertension 

in WT animals (e.g. high-fat diet), and following treatment of Cx40-/- animals 

with anti-hypertensive agents that do not act through the renin-angiotensin 

system (e.g. vasodilatory agents). 

Furthermore, because our studies do not specifically measure the extent of 

AT1R antagonism (and instead uses blood pressure as a marker of angiotensin 

II inhibition), it is possible that the persistent necrosis observed in losartan-

treated animals is due to residual angiotensin II over-activity. To confirm the 

importance of vascular Cx40 on post-ischemic limb survival, our experiments 

would be augmented by additional studies performed on endothelial-specific 

Cx40-knockout animals, which do not develop systemic hypertension even if 

crossed with athero-susceptivel ApoE-/- animals,(17) or on an inducible Cx40-

knockout animals. Notably, an endothelial-specific Cx43 knockout animal has 

been generated by inducing Cre expression behind the Tie2 (EC-specific) 

promoter and inserting loxP sites around the Cx43 gene;(79) a similar strategy 
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has been used to generate an endothelial-specific Cx40-knockout animal that is 

not systemically hypertensive.(17) 

Interestingly, Buschmann et al. reported that acute post-ischemic responses 

observed in the systemic Cx40-ablated animal are not conserved in the 

endothelial-specific Cx40-knockout.(12) These data might predict that limb 

perfusion and survival may be similar to WT animals in endothelial-specific 

Cx40-/- mice, and that the observations reported in Chapter Five may be due 

exclusively to the hypertensive phenotype associated with these animals. 

Additional studies are needed to resolve this possibility. 

In Chapter Five, we also hypothesize that deficiency in post-ischemic limb 

perfusion is due to a reduced collateral number in Cx40-/- animals that is 

improved in chronically losartan-treated mice (Figure 22). This conclusion is 

consistent with the findings of Buschmann et al.,(12) who reported a decrease 

in native hindlimb collateral number in their Cx40-/- animals. More 

comprehensive studies specifically examining vessel characteristics in multiple 

collateral beds would further support this observation.  

Comparison of the studies presented in Chapter Four with Chapter Five reveal 

significant differences between Cx37-/- and Cx40-/- animals in their response to 

unilateral hindlimb ischemia, supporting a unique growth regulatory role for 

Cx37 in the vasculature. However, in both animals, Simon et al. (103) observed 

a concomitant decrease in the expression non-ablated vascular connexin, 

suggesting co-regulated expression of these genes in the vasculature. Our 

studies do not resolve whether the reported post-ischemic responses are due 

solely to ablation of one vascular connexin, or may be explained in part (or in 
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full) by the reported downregulation of the non-ablated connexin. To address 

this possible explanation, additional studies will be needed that artificially 

induce physiological expression levels of the non-ablated connexin in Cx37-/- 

and Cx40-/- animals.  

In summary, Cx37 appears to regulate EC proliferation, and may be 

responsible for maintaining the low turn-over rate characteristic of these 

cells.(76) Whether Cx37 accomplishes this function by channel-dependent 

communication of growth-inhibitory signals (as suggested by Loewenstein(83)), 

and/or by the interaction of the Cx37 CT with currently unidentified binding 

partners, remains unclear (Figure 3 and Figure 22).  

Our data further suggest that endothelial Cx40 does not regulate vascular 

growth, and further may function principally to mediate EC-EC 

communication and coupling (Figure 22). Our observation that Cx40-/- 

animals experience reduced limb flow following ischemia supports a primary 

role for Cx40 in facilitating conducted vasodilatory responses.(69; 120) In 

addition, our report that macrophage infiltration is enhanced in the post-

ischemic limbs of Cx40-/- mice is consistent with Chadjichristos et al.’s (17) 

proposal that Cx40 regulates macrophage infiltration by intercellular passage of 

anti-inflammatory signals to regulate CD-73-dependent immune cell adhesion. 

Taken together, the data presented herein support distinct roles for Cx37 and 

Cx40 in regulation of vascular endothelial physiology. 
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6.2 Future Directions 

The studies presented herein suggest distinct roles for Cx37 and Cx40 in 

regulating vascular remodeling (Figure 22), and several additional studies may 

further elucidate the specific mechanisms regulated by these connexins. 

In Chapter Three, we demonstrate that Cx37 expression limits Rin cell 

proliferation by producing G1 arrest. Additionally, G1 accumulation was 

observed when Rin37 cells were exposed to 72 hours of serum deprivation to 

eliminate external growth stimulation, suggesting that Cx37 expression induces 

growth factor sensitivity in this cell line. Preliminary studies have implicated 

both a functional channel and an intact C-terminus for Cx37’s growth 

suppressive effect, leading us to propose a signaling mechanism whereby Cx37 

might regulate Rin cell growth (Figure 3). Additional studies are necessary to 

verify, or revise, this proposed model, and may provide additional insights into 

Cx37’s growth suppressive mechanism. Selected experiments are discussed 

here: 

• Determine whether Cx37 gap junction channels or hemichannels 

are required for Rin cell growth suppression. Preliminary studies with a 

Cx37 T154A mutation, that is incapable of forming functional gap 

junction channels or hemichannels, support the necessity of an intact 

channel for Cx37-mediated growth suppression.(48) Elimination of 

cysteine residues within the E1-2 regions of Cx43 have produced a 

mutant incapable of forming gap junction channels but which appears to 

retain hemichannel activity.(4) A cysteine-less (Cys-less) Cx37 mutant, if 

also capable of selectively preventing gap junction channel activity, 
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would be useful in demonstrating the relative importance of these two 

distinct channel functions in Cx37-mediated Rin cell growth 

suppression. Based on our proposed mechanism illustrated in Figure 3, 

we would predict that a Cys-less Cx37 mutant would suppress Rin cell 

proliferation similar to wild-type Cx37. 

• Verify 14-3-3σ binding to Cx37 CT and identify associated 

binding sites.

• 

 Preliminary studies suggest that expression of 14-3-3σ, a 

growth-regulatory scaffolding protein, is increased in Cx37-expressing 

Rin cells, and is capable of binding to the Cx37 C-terminus in vitro. 

Consensus sequence analysis of the Cx37 CT has identified a 14-3-3σ 

binding site centered at serine 321, which is putatively phosphorylated by 

growth-related kinases. Preliminary truncation experiments support the 

necessity of this sequence in Cx37 growth suppression.(89) However, 

Cx37 sequences with point mutation of the S321 residue remain to be 

tested to verify 14-3-3σ binding to this site in CT. In addition, 

phosphorylation at S319 would be predicted to interfere with 14-3-3σ 

binding at S321; to test this hypothesis, Cx37 S319A or –D site mutants 

may be tested for 14-3-3σ binding and Rin cell growth suppression. 

Determine the necessity of 14-3-3σ expression for Cx37-mediated 

growth suppression. If 14-3-3σ binding to the Cx37 C-terminus is 

necessary for Cx37-mediated suppression of Rin cell growth (as Figure 

3 predicts), then Rin cells lacking 14-3-3σ expression should proliferate 

even when expressing Cx37. Knock-down of 14-3-3σ may be achieved 

by co-expressing 14-3-3σ small interfering RNA (siRNA).(57) To 

determine whether 14-3-3σ is required for Rin cell growth suppression, 
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cell proliferation should be characterized in Rin37 cells expressing 14-3-

3σ siRNA (Rin37/14-3-3KD). The proposed mechanism outlined in 

Figure 3 would predict that doxycycline-induced Rin37/14-3-3KD cells 

would no longer be growth suppressed. 

• Identify 14-3-3σ binding partners (e.g. cdc25, HDAC) necessary 

for Cx37-mediated suppression of Rin cell growth.

• 

 Interaction of 14-3-

3σ with growth regulatory proteins such as cdc25 or HDAC are 

predicted to limit cell growth (Figure 3), however, further studies are 

necessary to verify whether cdc25 or HDAC localization is indeed 

altered in Cx37-expressing Rin cells. Expression of Cx37 should 

sequester cdc25 in the cytoplasm, and promote nuclear localization of 

HDAC; furthermore, Rin cells in which binding of cdc25 or HDAC with 

14-3-3σ is disrupted should proliferate even when expressing Cx37. In 

addition, other growth regulatory binding partners of 14-3-3σ that might 

also contribute to Cx37-mediated Rin cell growth suppression remain to 

be identified. 

Distinguish between the relative importance of channel vs. CT 

function in Cx37-mediated Rin cell growth suppression. An intact C-

terminus and a functional channel appear to be necessary for Cx37 

expression to limit Rin cell proliferation, however it remains unclear 

whether unique properties of the Cx37 channel are required for Cx37 to 

suppress cell growth. To address this possibility, chimera mutants 

consisting of the pore-forming regions of non-growth suppressive 

connexins (e.g. Cx40) combined with the CT of Cx37 – or vice versa – 

should be tested for their effects on Rin cell growth. Additionally, 
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channel characteristics required for Cx37’s growth-inhibitory effect may 

be tested by combining the Cx37 CT with the pore-forming regions of 

Cxs that differ in charge selectivity compared to that of Cx37 gap 

junction channels: for example, Cx43 which forms a non-selective 

channel, or Cx32 which forms a moderately anion-selective channel.  

In Chapter Four, we report that systemic knock-out of Cx37 produces vascular 

characteristics consistent with a hyper-proliferative phenotype. Additional 

studies may help to elucidate the therapeutic impact of this observation: 

• Identify additional functional consequences of the extensive 

native vasculature reported for Cx37-/- animals.

• 

 In Chapter Four, we 

presented studies showing a more extensive native collateral circulation 

in Cx37-/- animals. These findings suggest that, in addition to increased 

resilience to ischemic damage, Cx37-/- animals may experience additional 

phenotypes as a consequence of their extended vasculature. For 

example, increased cerebral perfusion associated with a more extensive 

pial circulation may improve performance of these animals in cognitive 

and memory tasks. In addition, exercise-induced angiogenesis may be 

enhanced in Cx37-/- animals, which might increase the effectiveness of 

chronic exercise in these animals. Such studies would not only identify 

additional phenotypes for the Cx37-/- mouse, but may also reveal the 

importance of vascular growth regulation on disparate physiological 

processes.   

Determine the functional consequence of Cx37 knockout on 

cancer development. The studies presented in Chapter Four suggest that 
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vascular growth and remodeling of Cx37-/- animals are dysregulated 

following ischemic injury due to loss of growth inhibition, resulting in a 

more extensive post-ischemic vasculature. However, the negative 

consequences of excessive vascular growth in these animals remain 

unclear. During cancer angiogenesis, vascular growth is similarly 

uninhibited, supporting tumour growth while producing an abnormal 

tumour vasculature with characteric blind ends and shunts that result in 

heterogenous tumour perfusion.(35) Our data would predict that tumour 

angiogenesis would occur more rapidly and extensively in Cx37-/- 

animals, increasing the speed and aggressiveness of carcinogenesis. To 

test this hypothesis, absolute growth of injected subdermal tumours and 

associated proliferation and invasion by the tumour microvasculature, 

should be assessed in WT and Cx37-/- animals.  

• Determine the effect of manipulating full-length or mutant Cx37 

endothelial expression on vascular growth and remodeling in the intact 

animal. Although the studies presented in Chapter Four demonstrate 

that systemic knockout of Cx37 results in a more extensive vasculature, 

additional studies may be done to demonstrate that vascular growth and 

remodeling can be manipulated by altering the expression of Cx37 in 

WT animals. Furthermore, therapeutic implications of Cx37-mediated 

vascular growth regulation may be uncovered by demonstrating 

differential effects of full-length vs. mutant Cx37 on these processes. 

Both questions may be resolved using established in vivo transfection 

approaches (e.g. lentiviral, microbubbles) to specifically knock-down 

endothelial Cx37 expression using siRNA in WT animals, and to 
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reintroduce wild-type or mutant Cx37 into the vasculature of Cx37-/- 

animals. Transfected animals should be tested for vascular characteristics 

in models of induced vascular growth. Findings from such studies would 

be expected to further uncover potential mechanisms regulated by Cx37 

to limit vascular growth. 

We demonstrate in Chapter Five that systemic knockout of Cx40 prevents 

post-ischemic tissue survival, potentially by limiting upstream conduction of 

vasodilation or anti-inflammatory signals. Notably, post-ischemic outcome 

differs in Cx40-/- mice compared to that of Cx37-/- animals, suggesting that 

distinct post-ischemic vascular responses are affected by knockout of these 

respective connexins. While the phenotype of the Cx37-/- animal implicates 

dysregulation of vascular growth control, our post-ischemic observations in the 

Cx40-/- animal are more difficult to interpret. Future directions for this project 

are focused on rescuing post-ischemic tissue by manipulating vascular connexin 

expression or putative downstream mediators of tissue injury, which will 

provide greater evidence in support of this proposed mechanism of post-

ischemic injury in these animals. 

• Determine the time-course at which Cx40 expression is necessary 

for post-ischemic tissue survival. The findings presented in Chapter Five 

suggest that Cx40 expression is necessary for post-ischemic tissue 

survival. Interestingly, losartan-treated animals demonstrate improved 

post-ischemic outcome though they remain deficient in Cx40, suggesting 

that Cx40 may not be required for the mechanisms affected by chronic 

AT1R antagonism. This possibility raises the question of when in the 
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pre- or post-ischemic time period Cx40 expression is critical to maintain 

post-ischemic tissue perfusion and limb survival in untreated Cx40-/- 

animals. Additional studies that reintroduce Cx40 into the vasculature of 

Cx40-/- animals at various timepoints pre- and post-FSAVPR would be 

useful in addressing this question. We might predict based on our 

proposed mechanism of Cx40-dependent tissue injury (Figure 22) that 

endothelial Cx40 expression induced immediately (and not necessarily 

chronically) prior to onset of ischemia will prevent limb necrosis.   

• Determine the effect of vasodilatory treatment of hindlimb 

collaterals on post-ischemic outcome in the Cx40-/- animal

• 

. In Figure 

22, we propose that limb perfusion is reduced in Cx40-/- animals due to 

impaired conduction of upstream vasodilation to hindlimb collaterals. 

This hypothesis would predict that treatment of hindlimb collaterals with 

vasodilatory agents pre- or immediately post-ischemia should prevent 

distal tissue death. Prolonged release of pharmaceutical agents and other 

molecules can be achieved by local injection of Matrigel plugs containing 

the drug of interest.(61) Thus, Cx40-/- animals subjected to the FAL 

model of surgery (to maintain gracilis collaterals intact) should suffer 

impaired limb recovery relative to WT animals (as would be predicted by 

the data presented herein and by Buschmann et al.(12)), and should 

demonstrate improved recovery if gracilis collaterals are treated with 

vasodilatory agents. 

Determine the effect of anti-inflammatory treatment on post-

ischemic outcome in the Cx40-/- animal. Based on the findings by 

Chadjichristos et al. (17) that Cx40-/- animals suffer a pro-inflammatory 



99 
 

phenotype relative to WT, we hypothesized that loss of vascular Cx40 

expression dysregulates and enhances inflammatory infiltration into 

ischemic tissue, exacerbating cytotoxic damage and promoting tissue 

death (Figure 22). This hypothesis would predict that treatment of 

Cx40-/- animals with anti-inflammatory agents should improve post-

ischemic outcome relative to untreated mice. Cx40-/- animals could be 

dosed orally, or locally (i.e. Matrigel plugs, as discussed above), with anti-

inflammatory drugs to determine whether inhibition of the inflammatory 

response is capable of partially or entirely reversing post-ischemic tissue 

death in these animals.  

The studies presented herein suggest that Cx37 and Cx40 play opposing roles 

in post-ischemic repair and injury, with Cx37-/- animals and Cx40-/- animals 

exhibiting seemingly opposite phenotypes in response to hindlimb ischemia 

(Figure 22). These data support our overall conclusion that co-expressed 

connexins mediate distinct functions in vascular endothelium, but it is unclear 

whether the presence, or absence, of one connexin is more critical than the 

other following induction of ischemia. 

• Determine the effect of ablation of both vascular Cxs 37 and 40 

on post-ischemic outcome. Double knockout of Cx37 and Cx40, Cx37-/-

/Cx40-/-, produces animals that do not survive past embryonic day 18.5, 

but ablation of individual vascular connexins results in embryonic 

survival.(104; 106) To address the effect of ablation of both vascular 

connexins on post-ischemic limb survival, recovery, and vascular growth, 

animals in which Cxs 37 and 40 can be inducibly knocked-out may be 



100 
 

generated, and assessed for recovery following the FSAVPR or FAL 

models. In addition, Cx37-/- animals with inducible Cx40 knockout, or 

vice versa, may be useful in assessing the impact of embryonic vs. post-

natal connexin knock-out in these double-knockout animal models. Our 

hypothesized mechanisms of Cx40 and Cx37 regulation of post-ischemic 

tissue injury (Figure 22) would predict that double-knockout animals 

will suffer impaired acute post-ischemic perfusion and limb use relative 

to Cx37-/- single knockout animals, but that post-ischemic limb necrosis 

may be prevented due to a predicted increase in native collaterals relative 

to Cx40-/- animals. 

  



101 
 

REFERENCES 

 

 1. Alcolea S, Jarry-Guichard T, de Bakker J, Gonzalez D, Lamers W, 

Coppen S, Barrio L, Jongsma H, Gros D and van Rijen H. Replacement of 

connexin40 by connexin45 in the mouse: impact on cardiac electrical 

conduction. Circ Res 94: 100-109, 2004. 

 2. Andrade-Rozental AF, Rozental R, Hopperstad MG, Wu JK, Vrionis 

FD and Spray DC. Gap junctions: the "kiss of death" and the "kiss of life". 

Brain Res Brain Res Rev 32: 308-315, 2000. 

 3. Arbiser JL. Molecular regulation of angiogenesis and tumorigenesis by signal 

transduction pathways: evidence of predictable and reproducible patterns of 

synergy in diverse neoplasms. Semin Cancer Biol 14: 81-91, 2004. 

 4. Bao X, Chen Y, Reuss L and Altenberg GA. Functional expression in 

Xenopus oocytes of gap-junctional hemichannels formed by a cysteine-less 

connexin 43. J Biol Chem 279: 9689-9692, 2004. 

 5. Beahm DL, Oshima A, Gaietta GM, Hand GM, Smock AE, Zucker 

SN, Toloue MM, Chandrasekhar A, Nicholson BJ and Sosinsky GE. 



102 
 

Mutation of a conserved threonine in the third transmembrane helix of alpha- 

and beta-connexins creates a dominant-negative closed gap junction channel. J 

Biol Chem 281: 7994-8009, 2006. 

 6. Boegehold MA. Microvascular changes associated with high salt intake and 

hypertension in Dahl rats. Int J Microcirc Clin Exp 12: 143-156, 1993. 

 7. Bolon ML, Kidder GM, Simon AM and Tyml K. Lipopolysaccharide 

reduces electrical coupling in microvascular endothelial cells by targeting 

connexin40 in a tyrosine-, ERK1/2-, PKA-, and PKC-dependent manner. J Cell 

Physiol 211: 159-166, 2007. 

 8. Bolon ML, Peng T, Kidder GM and Tyml K. Lipopolysaccharide plus 

hypoxia and reoxygenation synergistically reduce electrical coupling between 

microvascular endothelial cells by dephosphorylating connexin40. J Cell Physiol 

217: 350-359, 2008. 

 9. Budel S, Bartlett IS and Segal SS. Homocellular conduction along 

endothelium and smooth muscle of arterioles in hamster cheek pouch: 

unmasking an NO wave. Circ Res 93: 61-68, 2003. 



103 
 

 10. Burke AP and Virmani R. Pathophysiology of acute myocardial 

infarction. Med Clin North Am 91: 553-572, 2007. 

 11. Burt JM, Nelson TK, Simon AM and Fang JS. Connexin 37 profoundly 

slows cell cycle progression in rat insulinoma cells. Am J Physiol Cell Physiol 295: 

C1103-C1112, 2008. 

 12. Buschmann I, Pries A, Styp-Rekowska B, Hillmeister P, Loufrani L, 

Henrion D, Shi Y, Duelsner A, Hoefer I, Gatzke N, Wang H, Lehmann 

K, Ulm L, Ritter Z, Hauff P, Hlushchuk R, Djonov V, van VT and le NF. 

Pulsatile shear and Gja5 modulate arterial identity and remodeling events 

during flow-driven arteriogenesis. Development 137: 2187-2196, 2010. 

 13. Cai WJ, Kocsis E, Scholz D, Luo X, Schaper W and Schaper J. 

Presence of Cx37 and lack of desmin in smooth muscle cells are early markers 

for arteriogenesis. Mol Cell Biochem 262: 17-23, 2004. 

 14. Cai WJ, Koltai S, Kocsis E, Scholz D, Schaper W and Schaper J. 

Connexin37, not Cx40 and Cx43, is induced in vascular smooth muscle cells 

during coronary arteriogenesis. J Mol Cell Cardiol 33: 957-967, 2001. 



104 
 

 15. Cao Y. Monotherapy versus combination therapy of angiogenic and 

arteriogenic factors for the treatment of ischemic disorders. Curr Mol Med 9: 

967-972, 2009. 

 16. Carabatsos MJ, Sellitto C, Goodenough DA and Albertini DF. Oocyte-

granulosa cell heterologous gap junctions are required for the coordination of 

nuclear and cytoplasmic meiotic competence. Dev Biol 226: 167-179, 2000. 

 17. Chadjichristos CE, Scheckenbach KE, van Veen TA, Richani 

Sarieddine MZ, de WC, Yang Z, Roth I, Bacchetta M, Viswambharan H, 

Foglia B, Dudez T, van Kempen MJ, Coenjaerts FE, Miquerol L, 

Deutsch U, Jongsma HJ, Chanson M and Kwak BR. Endothelial-specific 

deletion of connexin40 promotes atherosclerosis by increasing CD73-

dependent leukocyte adhesion. Circulation 121: 123-131, 2010. 

 18. Chalothorn D, Clayton JA, Zhang H, Pomp D and Faber JE. Collateral 

density, remodeling, and VEGF-A expression differ widely between mouse 

strains. Physiol Genomics 30: 179-191, 2007. 



105 
 

 19. Collings A, Islam MS, Juonala M, Rontu R, Kahonen M, Hutri-

Kahonen N, Laitinen T, Marniemi J, Viikari JS, Raitakari OT and 

Lehtimaki TJ. Associations between connexin37 gene polymorphism and 

markers of subclinical atherosclerosis: The Cardiovascular Risk in Young Finns 

study. Atherosclerosis 195: 379-384, 2006. 

 20. Cosentino F, Savoia C, De PP, Francia P, Russo A, Maffei A, 

Venturelli V, Schiavoni M, Lembo G and Volpe M. Angiotensin II type 2 

receptors contribute to vascular responses in spontaneously hypertensive rats 

treated with angiotensin II type 1 receptor antagonists. Am J Hypertens 18: 493-

499, 2005. 

 21. Cottrell GT, Lin R, Warn-Cramer BJ, Lau AF and Burt JM. 

Mechanism of v-Src- and mitogen-activated protein kinase-induced reduction 

of gap junction communication. Am J Physiol Cell Physiol 284: C511-C520, 2003. 

 22. Cruciani V and Mikalsen SO. The vertebrate connexin family. Cell Mol 

Life Sci 63: 1125-1140, 2006. 



106 
 

 23. Dawn B and Bolli R. Role of nitric oxide in myocardial preconditioning. 

Ann N Y Acad Sci 962:18-41.: 18-41, 2002. 

 24. de Groot D, Pasterkamp G and Hoefer IE. Cardiovascular risk factors 

and collateral artery formation. Eur J Clin Invest 39: 1036-1047, 2009. 

 25. de Wit C, Roos F, Bolz SS, Kirchhoff S, Kruger O, Willecke K and 

Pohl U. Impaired conduction of vasodilation along arterioles in connexin40-

deficient mice. Circ Res 86: 649-655, 2000. 

 26. de Wit C, Roos F, Bolz SS and Pohl U. Lack of vascular connexin 40 is 

associated with hypertension and irregular arteriolar vasomotion. Physiol 

Genomics 13: 169-177, 2003. 

 27. Doble BW, Dang X, Ping P, Fandrich RR, Nickel BE, Jin Y, Cattini 

PA and Kardami E. Phosphorylation of serine 262 in the gap junction protein 

connexin-43 regulates DNA synthesis in cell-cell contact forming 

cardiomyocytes. J Cell Sci 117: 507-514, 2004. 



107 
 

 28. Doble BW, Ping P, Fandrich RR, Cattini PA and Kardami E. Protein 

kinase C-epsilon mediates phorbol ester-induced phosphorylation of connexin-

43. Cell Commun Adhes 8: 253-256, 2001. 

 29. Dubina MV, Iatckii NA, Popov DE, Vasil'ev SV and Krutovskikh VA. 

Connexin 43, but not connexin 32, is mutated at advanced stages of human 

sporadic colon cancer. Oncogene 21: 4992-4996, 2002. 

 30. Duffy HS, Fort AG and Spray DC. Cardiac connexins: genes to nexus. 

Adv Cardiol 42:1-17.: 1-17, 2006. 

 31. Dvorak HF. Vascular permeability factor/vascular endothelial growth 

factor: a critical cytokine in tumor angiogenesis and a potential target for 

diagnosis and therapy. J Clin Oncol 20: 4368-4380, 2002. 

 32. Ek-Vitorin JF, Delmar M, Perzova R and Taffet SM. Role of histidine 

95 on pH gating of the cardiac gap junction protein connexin43. Circ Res 74: 

1058-1064, 1994. 



108 
 

 33. Ek-Vitorin JF, King TJ, Heyman NS, Lampe PD and Burt JM. 

Selectivity of connexin 43 channels is regulated through protein kinase C-

dependent phosphorylation. Circ Res 98: 1498-1505, 2006. 

 34. Errede M, Benagiano V, Girolamo F, Flace P, Bertossi M, Roncali L 

and Virgintino D. Differential expression of connexin43 in foetal, adult and 

tumour-associated human brain endothelial cells. Histochem J 34: 265-271, 2002. 

 35. Fang JS, Gillies RD and Gatenby RA. Adaptation to hypoxia and 

acidosis in carcinogenesis and tumor progression. Semin Cancer Biol 18: 330-337, 

2008. 

 36. Figueroa XF and Duling BR. Dissection of two Cx37 independent-

conducted vasodilator mechanisms by deletion of Cx40: electrotonic vs 

regenerative conduction. Am J Physiol Heart Circ Physiol 2008. 

 37. Figueroa XF and Duling BR. Dissection of two Cx37-independent 

conducted vasodilator mechanisms by deletion of Cx40: electrotonic versus 

regenerative conduction. Am J Physiol Heart Circ Physiol 295: H2001-H2007, 

2008. 



109 
 

 38. Figueroa XF, Isakson BE and Duling BR. Vascular gap junctions in 

hypertension. Hypertension 48: 804-811, 2006. 

 39. Figueroa XF, Paul DL, Simon AM, Goodenough DA, Day KH, 

Damon DN and Duling BR. Central Role of Connexin40 in the Propagation 

of Electrically Activated Vasodilation in Mouse Cremasteric Arterioles In Vivo. 

Circ Res 2003. 

 40. Frank DK, Szymkowiak B, Josifovska-Chopra O, Nakashima T and 

Kinnally KW. Single-cell microinjection of cytochrome c can result in gap 

junction-mediated apoptotic cell death of bystander cells in head and neck 

cancer. Head Neck 27: 794-800, 2005. 

 41. Frank M, Eiberger B, Janssen-Bienhold U, de Sevilla Muller LP, 

Tjarks A, Kim JS, Maschke S, Dobrowolski R, Sasse P, Weiler R, 

Fleischmann BK and Willecke K. Neuronal connexin-36 can functionally 

replace connexin-45 in mouse retina but not in the developing heart. J Cell Sci 

123: 3605-3615, 2010. 



110 
 

 42. Gabriels JE and Paul DL. Connexin43 is highly localized to sites of 

disturbed flow in rat aortic endothelium but connexin37 and connexin40 are 

more uniformly distributed. Circ Res 83: 636-643, 1998. 

 43. Gellhaus A, Dong X, Propson S, Maass K, Klein-Hitpass L, Kibschull 

M, Traub O, Willecke K, Perbal B, Lye SJ and Winterhager E. 

Connexin43 interacts with NOV: a possible mechanism for negative regulation 

of cell growth in choriocarcinoma cells. J Biol Chem 279: 36931-36942, 2004. 

 44. Gemel J, Lin X, Veenstra RD and Beyer EC. N-terminal residues in 

Cx43 and Cx40 determine physiological properties of gap junction channels, 

but do not influence heteromeric assembly with each other or with Cx26. J Cell 

Sci 119: 2258-2268, 2006. 

 45. Georgi MK, Dewar AM and Frame MD. Downstream exposure to 

growth factors causes elevated velocity and dilation in arteriolar networks. J 

Vasc Res 48: 11-22, 2010. 



111 
 

 46. Giepmans BN, Hengeveld T, Postma FR and Moolenaar WH. 

Interaction of c-Src with gap junction protein connexin-43. Role in the 

regulation of cell-cell communication. J Biol Chem 276: 8544-8549, 2001. 

 47. Gillies RJ, Schornack PA, Secomb TW and Raghunand N. Causes and 

effects of heterogeneous perfusion in tumors. Neoplasia 1: 197-207, 1999. 

 48. Good, M. E., Nelson, T. K., Simon, A. M., and Burt, J. M. A functional 

pore domain is necessary for growth suppression by Cx37.  2010. (in revision) 

 

 49. Gourdie RG, Ghatnekar GS, O'Quinn M, Rhett MJ, Barker RJ, Zhu 

C, Jourdan J and Hunter AW. The unstoppable connexin43 carboxyl-

terminus: new roles in gap junction organization and wound healing. Ann N Y 

Acad Sci 1080:49-62.: 49-62, 2006. 

 50. Hamelin R, Allagnat F, Haefliger JA and Meda P. Connexins, diabetes 

and the metabolic syndrome. Curr Protein Pept Sci 10: 18-29, 2009. 

 51. Hanahan D and Weinberg RA. The hallmarks of cancer. Cell 100: 57-70, 

2000. 



112 
 

 52. Heil M, Eitenmuller I, Schmitz-Rixen T and Schaper W. 

Arteriogenesis versus angiogenesis: similarities and differences. J Cell Mol Med 

10: 45-55, 2006. 

 53. Helisch A and Schaper W. Arteriogenesis: the development and growth 

of collateral arteries. Microcirculation 10: 83-97, 2003. 

 54. Heyman NS and Burt JM. Hindered diffusion through an aqueous pore 

describes invariant dye selectivity of Cx43 junctions. Biophys J 94: 840-854, 

2008. 

 55. Heyman NS, Kurjiaka DT, Ek Vitorin JF and Burt JM. Regulation of 

gap junctional charge selectivity in cells coexpressing connexin 40 and connexin 

43. Am J Physiol Heart Circ Physiol 297: H450-H459, 2009. 

 56. Hirschi KK, Xu CE, Tsukamoto T and Sager R. Gap junction genes 

Cx26 and Cx43 individually suppress the cancer phenotype of human 

mammary carcinoma cells and restore differentiation potential. Cell Growth 

Differ 7: 861-870, 1996. 



113 
 

 57. Hong HY, Jeon WK, Bae EJ, Kim ST, Lee HJ, Kim SJ and Kim BC. 

14-3-3 sigma and 14-3-3 zeta plays an opposite role in cell growth inhibition 

mediated by transforming growth factor-beta 1. Mol Cells 29: 305-309, 2010. 

 58. Hunter AW, Barker RJ, Zhu C and Gourdie RG. Zonula occludens-1 

alters connexin43 gap junction size and organization by influencing channel 

accretion. Mol Biol Cell 16: 5686-5698, 2005. 

 59. Hunter AW, Jourdan J and Gourdie RG. Fusion of GFP to the carboxyl 

terminus of connexin43 increases gap junction size in HeLa cells. Cell Commun 

Adhes 10: 211-214, 2003. 

 60. Isakson BE and Duling BR. Heterocellular contact at the myoendothelial 

junction influences gap junction organization. Circ Res 97: 44-51, 2005. 

 61. Isakson BE, Kronke G, Kadl A, Leitinger N and Duling BR. Oxidized 

phospholipids alter vascular connexin expression, phosphorylation, and 

heterocellular communication. Arterioscler Thromb Vasc Biol 26: 2216-2221, 2006. 

 62. Johnstone SR, Best AK, Wright CS, Isakson BE, Errington RJ and 

Martin PE. Enhanced connexin 43 expression delays intra-mitotic duration 



114 
 

and cell cycle traverse independently of gap junction channel function. J Cell 

Biochem 110: 772-782, 2010. 

 63. Kang EY, Ponzio M, Gupta PP, Liu F, Butensky A and Gutstein DE. 

Identification of Binding Partners for the Cytoplasmic Loop of Connexin43: A 

Novel Interaction with beta-Tubulin. Cell Commun Adhes 1-10, 2009. 

 64. Kardami E, Dang X, Iacobas DA, Nickel BE, Jeyaraman M, 

Srisakuldee W, Makazan J, Tanguy S and Spray DC. The role of connexins 

in controlling cell growth and gene expression. Prog Biophys Mol Biol 94: 245-

264, 2007. 

 65. Kennelly PJ and Krebs EG. Consensus sequences as substrate specificity 

determinants for protein kinases and protein phosphatases. J Biol Chem 266: 

15555-15558, 1991. 

 66. Kieken F, Mutsaers N, Dolmatova E, Virgil K, Wit AL, Kellezi A, 

Hirst-Jensen BJ, Duffy HS and Sorgen PL. Structural and molecular 

mechanisms of gap junction remodeling in epicardial border zone myocytes 

following myocardial infarction. Circ Res 104: 1103-1112, 2009. 



115 
 

 67. King TJ and Bertram JS. Connexins as targets for cancer 

chemoprevention and chemotherapy. Biochim Biophys Acta 1719: 146-160, 2005. 

 68. Kronengold J, Trexler EB, Bukauskas FF, Bargiello TA and Verselis 

VK. Pore-lining residues identified by single channel SCAM studies in Cx46 

hemichannels. Cell Commun Adhes 10: 193-199, 2003. 

 69. Kurtz L, Schweda F, de WC, Kriz W, Witzgall R, Warth R, Sauter A, 

Kurtz A and Wagner C. Lack of connexin 40 causes displacement of renin-

producing cells from afferent arterioles to the extraglomerular mesangium. J 

Am Soc Nephrol 18: 1103-1111, 2007. 

 70. Kyle JW, Minogue PJ, Thomas BC, Domowicz DA, Berthoud VM, 

Hanck DA and Beyer EC. An intact connexin N-terminus is required for 

function but not gap junction formation. J Cell Sci 121: 2744-2750, 2008. 

 71. Lagree V, Brunschwig K, Lopez P, Gilula NB, Richard G and Falk 

MM. Specific amino-acid residues in the N-terminus and TM3 implicated in 

channel function and oligomerization compatibility of connexin43. J Cell Sci 

116: 3189-3201, 2003. 



116 
 

 72. Lampe PD and Lau AF. Regulation of gap junctions by phosphorylation 

of connexins. Arch Biochem Biophys 384: 205-215, 2000. 

 73. Lampe PD and Lau AF. The effects of connexin phosphorylation on gap 

junctional communication. Int J Biochem Cell Biol 36: 1171-1186, 2004. 

 74. Lampe PD, TenBroek EM, Burt JM, Kurata WE, Johnson RG and 

Lau AF. Phosphorylation of connexin43 on serine368 by protein kinase C 

regulates gap junctional communication. J Cell Biol 149: 1503-1512, 2000. 

 75. Langille BL and O'Donnell F. Reductions in arterial diameter produced 

by chronic decreases in blood flow are endothelium-dependent. Science 231: 

405-407, 1986. 

 76. Langille BL, Reidy MA and Kline RL. Injury and repair of endothelium 

at sites of flow disturbances near abdominal aortic coarctations in rabbits. 

Arteriosclerosis 6: 146-154, 1986. 

 77. Larson DM, Wrobleski MJ, Sagar GD, Westphale EM and Beyer EC. 

Differential regulation of connexin43 and connexin37 in endothelial cells by 

cell density, growth, and TGF-beta1. Am J Physiol 272: C405-C415, 1997. 



117 
 

 78. Leithe E and Rivedal E. Ubiquitination of Gap Junction Proteins. J 

Membr Biol 217: 43-51, 2007. 

 79. Liao Y, Day KH, Damon DN and Duling BR. Endothelial cell-specific 

knockout of connexin 43 causes hypotension and bradycardia in mice. Proc Natl 

Acad Sci U S A 98: 9989-9994, 2001. 

 80. Lin R, Warn-Cramer BJ, Kurata WE and Lau AF. v-Src 

phosphorylation of connexin 43 on Tyr247 and Tyr265 disrupts gap junctional 

communication. J Cell Biol 154: 815-827, 2001. 

 81. Listi F, Candore G, Lio D, Russo M, Colonna-Romano G, Caruso M, 

Hoffmann E and Caruso C. Association between C1019T polymorphism of 

connexin37 and acute myocardial infarction: a study in patients from Sicily. Int J 

Cardiol 102: 269-271, 2005. 

 82. Liu S, Taffet S, Stoner L, Delmar M, Vallano ML and Jalife J. A 

structural basis for the unequal sensitivity of the major cardiac and liver gap 

junctions to intracellular acidification: the carboxyl tail length. Biophys J 64: 

1422-1433, 1993. 



118 
 

 83. Loewenstein WR. Junctional intercellular communication and the control 

of growth. Biochim Biophys Acta 560: 1-65, 1979. 

 84. Loewenstein WR and Kanno Y. Intercellular communication and the 

control of tissue growth: lack of communication between cancer cells. Nature 

209: 1248-1249, 1966. 

 85. Maeda S, Nakagawa S, Suga M, Yamashita E, Oshima A, Fujiyoshi Y 

and Tsukihara T. Structure of the connexin 26 gap junction channel at 3.5 A 

resolution. Nature 458: 597-602, 2009. 

 86. McCarthy J, McLeod CJ, Minners J, Essop MF, Ping P and Sack 

MN. PKCepsilon activation augments cardiac mitochondrial respiratory post-

anoxic reserve--a putative mechanism in PKCepsilon cardioprotection. J Mol 

Cell Cardiol 38: 697-700, 2005. 

 87. McKinnon RL, Bolon ML, Wang HX, Swarbreck S, Kidder GM, 

Simon AM and Tyml K. Reduction of electrical coupling between 

microvascular endothelial cells by NO depends on connexin37. Am J Physiol 

Heart Circ Physiol 297: H93-H101, 2009. 



119 
 

 88. Morley GE, Taffet SM and Delmar M. Intramolecular interactions 

mediate pH regulation of connexin43 channels. Biophys J 70: 1294-1302, 1996. 

 89. Nelson, T. K., Simon, A. M., and Burt, J. M. Cx37 carboxy-terminus is 

necessary for its growth suppressive properties.  2010. (in prep) 

 90. Oh S, Verselis VK and Bargiello TA. Charges dispersed over the 

permeation pathway determine the charge selectivity and conductance of a 

Cx32 chimeric hemichannel. J Physiol 586: 2445-2461, 2008. 

 91. Paiardi S, Rodella LF, De CC, Porteri E, Boari GE, Rezzani R, 

Rizzardi N, Platto C, Tiberio GA, Giulini SM, Rizzoni D and Agabiti-

Rosei E. Immunohistochemical evaluation of microvascular rarefaction in 

hypertensive humans and in spontaneously hypertensive rats. Clin Hemorheol 

Microcirc 42: 259-268, 2009. 

 92. Park DJ, Freitas TA, Wallick CJ, Guyette CV and Warn-Cramer BJ. 

Molecular dynamics and in vitro analysis of Connexin43: A new 14-3-3 mode-1 

interacting protein. Protein Sci 15: 2344-2355, 2006. 



120 
 

 93. Pfenniger A, Derouette JP, Verma V, Lin X, Foglia B, Coombs W, 

Roth I, Satta N, Dunoyer-Geindre S, Sorgen P, Taffet S, Kwak BR and 

Delmar M. Gap Junction Protein Cx37 Interacts With Endothelial Nitric 

Oxide Synthase in Endothelial Cells. Arterioscler Thromb Vasc Biol 30: 827-834, 

2010. 

 94. Pries AR, Hopfner M, le NF, Dewhirst MW and Secomb TW. The 

shunt problem: control of functional shunting in normal and tumour 

vasculature. Nat Rev Cancer 10: 587-593, 2010. 

 95. Raghunand N, Gatenby RA and Gillies RJ. Microenvironmental and 

cellular consequences of altered blood flow in tumours. Br J Radiol 76 Spec No 

1:S11-22.: S11-S22, 2003. 

 96. Sato T, Haimovici R, Kao R, Li AF and Roy S. Downregulation of 

connexin 43 expression by high glucose reduces gap junction activity in 

microvascular endothelial cells. Diabetes 51: 1565-1571, 2002. 

 97. Segal SS. Cell-to-cell communication coordinates blood flow control. 

Hypertension 23: 1113-1120, 1994. 



121 
 

 98. Shimada T, Takeshita Y, Murohara T, Sasaki K, Egami K, Shintani S, 

Katsuda Y, Ikeda H, Nabeshima Y and Imaizumi T. Angiogenesis and 

vasculogenesis are impaired in the precocious-aging klotho mouse. Circulation 

110: 1148-1155, 2004. 

 99. Simon AM, Chen H and Jackson CL. Cx37 and Cx43 localize to zona 

pellucida in mouse ovarian follicles. Cell Commun Adhes 13: 61-77, 2006. 

 100. Simon AM, Goodenough DA, Li E and Paul DL. Female infertility in 

mice lacking connexin 37. Nature 385: 525-529, 1997. 

 101. Simon AM, Goodenough DA and Paul DL. Mice lacking connexin40 

have cardiac conduction abnormalities characteristic of atrioventricular block 

and bundle branch block. Curr Biol 8: 295-298, 1998. 

 102. Simon AM and McWhorter AR. Vascular abnormalities in mice lacking 

the endothelial gap junction proteins connexin37 and connexin40. Dev Biol 251: 

206-220, 2002. 



122 
 

 103. Simon AM and McWhorter AR. Decreased intercellular dye-transfer and 

downregulation of non-ablated connexins in aortic endothelium deficient in 

connexin37 or connexin40. J Cell Sci 116: 2223-2236, 2003. 

 104. Simon AM and McWhorter AR. Role of connexin37 and connexin40 in 

vascular development. Cell Commun Adhes 2003 Jul -Dec ;10(4-6 ):379 -85 10: 

379-385, 2003. 

 105. Simon AM, McWhorter AR, Chen H, Jackson CL and Ouellette Y. 

Decreased intercellular communication and connexin expression in mouse 

aortic endothelium during lipopolysaccharide-induced inflammation. J Vasc Res 

41: 323-333, 2004. 

 106. Simon AM, McWhorter AR, Dones JA, Jackson CL and Chen H. 

Heart and head defects in mice lacking pairs of connexins. Dev Biol 265: 369-

383, 2004. 

 107. Sin WC, Tse M, Planque N, Perbal B, Lampe PD and Naus CC. 

Matricellular protein CCN3 (NOV) regulates actin cytoskeleton reorganization. 

J Biol Chem 284: 29935-29944, 2009. 



123 
 

 108. Sorgen PL, Duffy HS, Sahoo P, Coombs W, Delmar M and Spray 

DC. Structural changes in the carboxyl terminus of the gap junction protein 

connexin43 indicates signaling between binding domains for c-Src and zonula 

occludens-1. J Biol Chem 279: 54695-54701, 2004. 

 109. Spray DC and Burt JM. Structure-activity relations of the cardiac gap 

junction channel. Am J Physiol 258: C195-C205, 1990. 

 110. Sullivan CJ, Doetschman T and Hoying JB. Targeted disruption of the 

Fgf2 gene does not affect vascular growth in the mouse ischemic hindlimb. J 

Appl Physiol 93: 2009-2017, 2002. 

 111. Talhouk RS, Zeinieh MP, Mikati MA and El-Sabban ME. Gap 

junctional intercellular communication in hypoxia-ischemia-induced neuronal 

injury. Prog Neurobiol 84: 57-76, 2008. 

 112. Trexler EB, Bennett MV, Bargiello TA and Verselis VK. Voltage 

gating and permeation in a gap junction hemichannel. Proc Natl Acad Sci U S A 

93: 5836-5841, 1996. 



124 
 

 113. Trexler EB, Bukauskas FF, Kronengold J, Bargiello TA and Verselis 

VK. The first extracellular loop domain is a major determinant of charge 

selectivity in connexin46 channels. Biophys J 79: 3036-3051, 2000. 

 114. Turin L and Warner A. Carbon dioxide reversibly abolishes ionic 

communication between cells of early amphibian embryo. Nature 270: 56-57, 

1977. 

 115. Uchida S, Kubo A, Kizu R, Nakagama H, Matsunaga T, Ishizaka Y 

and Yamashita K. Amino acids C-terminal to the 14-3-3 binding motif in 

CDC25B affect the efficiency of 14-3-3 binding. J Biochem 139: 761-769, 2006. 

 116. Unger VM, Kumar NM, Gilula NB and Yeager M. Expression, two-

dimensional crystallization, and electron cryo-crystallography of recombinant 

gap junction membrane channels. J Struct Biol 128: 98-105, 1999. 

 117. van Rijen HV, van Kempen MJ, Analbers LJ, Rook MB, van 

Ginneken AC, Gros D and Jongsma HJ. Gap junctions in human umbilical 

cord endothelial cells contain multiple connexins. Am J Physiol 272: C117-C130, 

1997. 



125 
 

 118. Verselis VK, Trelles MP, Rubinos C, Bargiello TA and Srinivas M. 

Loop gating of connexin hemichannels involves movement of pore-lining 

residues in the first extracellular loop domain. J Biol Chem 284: 4484-4493, 2009. 

 119. Vine AL and Bertram JS. Cancer chemoprevention by connexins. Cancer 

Metastasis Rev 21: 199-216, 2002. 

 120. Wagner C, de WC, Kurtz L, Grunberger C, Kurtz A and Schweda F. 

Connexin40 is essential for the pressure control of renin synthesis and 

secretion. Circ Res 100: 556-563, 2007. 

 121. Wilker EW, Grant RA, Artim SC and Yaffe MB. A structural basis for 

14-3-3sigma functional specificity. J Biol Chem 280: 18891-18898, 2005. 

 122. Wong CW, Christen T, Pfenniger A, James RW and Kwak BR. Do 

allelic variants of the connexin37 1019 gene polymorphism differentially predict 

for coronary artery disease and myocardial infarction? Atherosclerosis 2006 May 3; 

2006. 

 123. Wong CW, Christen T, Roth I, Chadjichristos CE, Derouette JP, 

Foglia BF, Chanson M, Goodenough DA and Kwak BR. Connexin37 



126 
 

protects against atherosclerosis by regulating monocyte adhesion. Nat Med 12: 

950-954, 2006. 

 124. Ya J, Erdtsieck-Ernste EB, de Boer PA, van Kempen MJ, Jongsma 

H, Gros D, Moorman AF and Lamers WH. Heart defects in connexin43-

deficient mice. Circ Res 82: 360-366, 1998. 

 125. Yang HT, Prior BM, Lloyd PG, Taylor JC, Li Z, Laughlin MH and 

Terjung RL. Training-induced vascular adaptations to ischemic muscle. J 

Physiol Pharmacol 59 Suppl 7: 57-70, 2008. 

 126. Zhang H, Prabhakar P, Sealock R and Faber JE. Wide genetic 

variation in the native pial collateral circulation is a major determinant of 

variation in severity of stroke. J Cereb Blood Flow Metab 30: 923-934, 2010. 

 

  



127 
 

 

APPENDIX A 

TABLES & FIGURES 

  



128 
 

 

 

 

 

 

  

Cx Gene 
Name 

Genbank 
No. 

(Mouse) 

Genbank 
No. 

(Rat) 

Nucleotide 
Homology 

(%) 

Amino Acid 
Homology 

(%) 

Cx37 Gja4 NM_008120 NM_0216
54 94 97 

Cx40 Gja5 NM_008121 NM_0192
80 92 93 

Cx43 Gja1 NM_010288 NM_0125
67 95 99 

Table 1: Sequence homology of rodent vascular connexins 

Percent homology was determined using ClustalW2 analysis at EMBL-
EBI (http://www.ebi.ac.uk/Tools/clustalw2/index.html) 

 

http://www.ebi.ac.uk/Tools/clustalw2/index.html�
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Score Description 

0 No difference 

-1 Mild redness 

-2 Dark redness 

-3 
Purple coloration and/or mild 
necrosis 

-4 
Severe necrosis and/or auto-
amputation of distal surgical limb 

Table 2: Hindlimb Appearance Scores 

Descriptors for scoring the appearance of the surgical vs. non-surgical 
contralateral control limb. 
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Score Description 

0 
Plantar flexion and toe reflex 
intact 

-1 
Plantar flexion intact, no toe 
reflex 

-2 
Some plantar flexion, foot used to 
brace or balance 

-3 
No plantar flexion, little weight 
placed on foot 

-4 Dragging of limb 

Table 3: Hindlimb Use Scores 

Descriptors for scoring use of the surgical vs. non-surgical 
contralateral control limb. 
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Figure 1: Schematic diagrams of connexins, connexons, and gap 
junction channels. Connexins are integral membrane proteins with 
cytoplasmic NT, CL and CT, two extracellular ELs, and four TM domains. 
Six connexins complex into a connexon (or hemichannel), surrounding a 
central channel pore. Two connexons, each embedded into the membrane 
of apposing cells, dock to form an intercellular gap junction channel. 
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Figure 2 (previous page): Identification of a conserved 14-3-3 
binding motif in Cx37. A 14-3-3 binding motif (R/K-X-X-pS-X-
P)(115) (blue) is conserved in mouse (NM_008120.2), rat 
(NM_021654.2), and human (NM_002060.2) Cx37 peptide sequence, 
and centered at Serine 321 of the CT (inset). Multiple sequence 
alignment was conducted using ClustalW2 analysis at EMBL-EBI 
(http://www.ebi.ac.uk/Tools/clustalw2/index.html), transmembrane 
domains were predicted with TMHMM 2.0 
(http://www.cbs.dtu.dk/services/TMHMM/), and topology map was 
generated using TOPO2 (http://www.sacs.ucsf.edu/TOPO-
run/wtopo.pl). 
 

http://www.ebi.ac.uk/Tools/clustalw2/index.html�
http://www.cbs.dtu.dk/services/TMHMM/�
http://www.sacs.ucsf.edu/TOPO-run/wtopo.pl�
http://www.sacs.ucsf.edu/TOPO-run/wtopo.pl�
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Figure 3: A proposed mechanism for Cx37-mediated growth 
suppression. We hypothesize that Cx37 hemichannels permits influx of 
Ca2+ or efflux of ATP that subsequently binds to P2X receptors. Increased 
intracellular Ca2+ induces phosphorylation of serine 321, and increases 
nitric oxide production and intracellular oxidative stress to increase 
expression of 14-3-3σ. 14-3-3σ binds to Cx37 at phosphorylated serine 
321, sequestering 14-3-3σ from intracellular binding partners. 
Phosphorylation at serine 275 encourages modification of 14-3-3σ that 
dissociates the protein from Cx37. Consequently, 14-3-3σ binds to cdc25C 
and HDAC, sequestering cell cycle regulators from the nucleus and 
increasing transcription of tumour suppressor genes.  
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Figure 4: The native pial 
collateral circulation is 
more extensive in Cx37-/- 
mice compared to WT. A) 
WT and B) Cx37-/- pial 
circulations were assessed for 
number of collaterals 
connecting the Anterior 
Cerebral Artery (ACA) and 
Middle Cerebral Artery 
(MCA) (scale = 1mm). C) A 
significant increase in number 
of ACA-MCA collaterals was 
detected in Cx37-/- animals 
compared to WT (n=4, *). 
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Figure 5: Cx37-/- mice 
experience improved 
immediate post-FAL limb 
perfusion compared to WT. 
A) In the FAL model, 
ligations are placed around 
the femoral artery between 
the epigastric and poplateal 
(arrowheads) and the 
intervening vessel is severed. 
Animals are allowed to 
recover for 21 days, during 
which time gracilis collaterals 
remodel. B) Limb perfusion 
measurements are taken pre- 
and 1d post-FAL for control 
(box 1) and surgical (box 2) 
limbs (scale = 1cm). C) 
Quantification of these scans 
reveal greater perfusion in the 
ischemic limbs of Cx37-/- 
(n=8) compared to WT (n=9) 
at day 1, and reduced 
perfusion compared to WT at 
days 14 and 21 (*). 
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Figure 6: Surgical limb use is improved in Cx37-/- mice following 
FAL. A) No differences were detected in surgical limb appearance 
between WT (n=8) and Cx37-/- (n=6) mice following FAL. B) Surgical 
limb use was significantly improved (*) in Cx37-/- mice relative to WT at 
days 3 and 7 post-FAL (sample sizes as in A). 
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Figure 7 (previous page): Cx37-/- mice experience increased 
number and tortuosity of post-ischemic gracilis collaterals. A) 21 
days post-FAL, surgical limbs were imaged by X-ray angiography. B) 
The number of gracilis collaterals was significantly greater (*) in the 
surgical limbs of Cx37-/- mice compared to WT and contralateral 
controls (n=4 for both groups). C) The percentage increase in 
collateral number (vs. control) was also greater (*) relative to WT. D) 
Diameter of gracilis collaterals (in pixels) revealed a population of 
larger diameter vessels in the surgical limbs of either genotype. E)  
Collateral tortuosity was significantly increased (*) in surgical limbs of 
Cx37-/- compared to control and to WT (n=4 for both groups). F) This 
increase was also observed in percentage increase in collateral 
tortuosity relative to WT (*). 
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Figure 8: FSAVPR 
reduces acute post-
ischemic limb perfusion 
similarly between WT 
and Cx37-/- mice. A) In 
FSAVPR, a ligation is 
placed upstream of the 
epigastric on the femoral 
artery/vein pair, and 
midway between knee and 
ankled on the saphenous 
artery/vein pair. All 
intervening vessel is 
resected. B) Limb perfusion 
was measured at pre- and 
post-surgical timepoints for 
the control (box 1) and 
surgical (box 2) limbs in 
WT and Cx37-/- mice. C) 
Both WT (n=6) and Cx37-/- 
(n=4) experienced a 
significant, and similar, 
decrease in post-surgical 
limb perfusion (vs. control 
limb) relative to pre-surgical 
values, that recovered over 
the 14 day timepoints. No 
differences could be 
detected in limb perfusion 
between WT and Cx37-/- 
mice at any timepoint.    
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Figure 9: Cx37-/- mice experience improved surgical limb recovery 
following FSAVPR. A) Limb appearance scores collected for Cx37-/- 
animals (n=9) indicate complete recovery of tissue health within three 
days following surgery, and are significantly improved compared to 
scores from WT (n=9) controls at days 3-14 (*). B) Median limb use 
scores demonstrate rapid recovery of limb use within three days 
following surgery for Cx37-/- animals; these scores were significantly 
different from WT at days 1-7 (*). WT animals experienced a profound 
impairment of limb use for the first 7 days following surgery that 
improved by days 10 and 14. Surgical limbs of sham-treated WT and 
Cx37-/- animals (n=6 for each) experience no discoloration or 
impairment of limb use at any timepoint. 
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Figure 10 (previous page): Post-ischemic microvascular density is 
increased in Cx37-/- animals compared to WT. A) Microvessels were 
visualized in cross-sections of surgical and control limb gastrocnemius 
muscle from WT and Cx37-/- mice (scale = 100µm). B) Microvascular 
density  (vs. non-ischemic limb) was significantly increased in the 
ischemic limbs of Cx37-/- (n=10) animals compared to WT (n=9) and 
shams (n=6,*). C) No differences were observed between WT and Cx37-

/- mice in non-ischemic microvascular density, or in D) muscle fiber 
cross-sectional area (For each, n=8 ischemic; n=4 sham). In this latter 
measure, an effect of muscle atrophy was observed relative to shams-
treated controls (*).   
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Figure 11: FSAVPR 
reduces hindlimb 
bloodflow to a greater 
extent in Cx40-/- animals 
compared to WT. A) 
Unilateral hindlimb 
ischemia (FSAVPR) was 
induced by separation of 
the femoral and saphenous 
artery (red) – vein (blue) 
pair from the overlying 
nerve (yellow). Ligations 
were tied around the artery-
vein pair as indicated 
(arrowheads) and the 
intervening length of vessel 
was resected, rendering 
downstream tissue 
ischemic. B) Representative 
images taken on day 7 of 
the surgical and control 
limbs of Cx40-/- and WT 
animals demonstrate failure 
of Cx40-/- limbs to recover.  

Compared to WT (C), 
images of the surgical paw 
of Cx40-/- reveal distal 
necrosis (D) and auto-
amputation (E). 
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Figure 12: Post-FSAVPR animal weight did not differ between 
WT and Cx40-/-mice. Animal weight was monitored on days 1, 3, 7 
and 14, and normalized to the initial weight of the animal at day 0. In 
both WT and Cx40-/- animals, an initial (8-9%) decrease in animal 
weight is observed on day 1, which recovers in subsequent 
timepoints. No differences relative to genotype are observed at any 
timepoint following FSAVPR. Therefore, genotype-specific 
differences in overall animal health before or after surgery (e.g. 
sepsis, dehydration, etc.) do not explained the observed limb 
necrosis.  
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Figure 13 (previous page): Ischemic tissue fails to recover 
following unilateral hindlimb ischemia in Cx40-/- animals. A) 
Tissue appearance scores were significantly reduced in adult (adul, 
n=10, *) and juvenile (juvenile, n=10, #) Cx40-/-

 animals compared to 
age-matched WT controls (adult n=7, juvenile n=10). Premature 
sacrifice of adult animals due to severe necrosis is indicated by new 
sample size at specified timepoints. B) Untreated adult (70%) and 
juvenile (60%) Cx40-/- animals had increased incidence of ischemic 
limb necrosis and amputation compared to WT (adult 28%, juvenile 
0%). C) Comparison of the Kaplan-Meier tissue survival curve 
following induction of ischemia revealed a significant difference (*) in 
tissue survival between adult and juvenile Cx40-/- (*) compared to age-
matched WT controls (sample sizes as in A). No age-dependent 
differences were detected in either genotype (NS).  
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Figure 14: Morphological characteristics of necrosis are observed in 
proximal ischemic tissue of Cx40-/- animals. Representative images of 
H&E staining of ischemic and non-ischemic tissue harvested from adult WT 
and Cx40-/- animals at 14-days following onset of ischemia revealed several 
hallmarks of skeletal muscle necrosis including increased inter-fiber space 
(white arrowhead and increased cellular infiltration between muscle fibers 
(black arrowhead). Centrally-located muscle fiber nuclei (insets, gray 
arrowhead), characteristic of skeletal muscle injury and repair, were observed 
in all ischemic tissue regardless of genotype. None of these morphological 
characteristics were found in non-ischemic tissue from the same animal 
(scale bars = 100µm).  
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Figure 15: Wet weights of ischemic gastrocnemius muscle was 
reduced compared to control and sham tissue. Ischemic or sham 
gastrocnemius skeletal muscle wet weights (normalized to the weight of 
the non-ischemic contralateral control tissue of the same animal) were 
compared 14-days following FSAVR in WT and Cx40-/- animals. 
Ischemia-induced WT animals experienced a reduction in ischemic 
tissue weight relative to sham-treated tissue (*), suggesting FSAVPR 
induces skeletal muscle atrophy of the ischemic limb.  No differences 
in weight were detected between ischemic tissue obtained from WT 
and Cx40-/- animals. 
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Figure 16: Post-ischemic 
limb perfusion is 
decreased in Cx40-/- 
animals compared to 
WT, and is improved by 
losartan. A) Surgical limb 
perfusion (box) was 
measured in WT and Cx40-

/- animals by laser Doppler 
(scale bar = 1cm). B) 
Perfused area (i.e. number 
of pixels at which perfusion 
is detected above threshold, 
normalized to control limb) 
was reduced in all groups 
compared to pre-surgical 
values (*), and to a greater 
extent in the surgical limbs 
of Cx40-/- (n=6) compared 
to WT (n=5) (#). 8-week 
losartan pre-treatment 
(n=5) of Cx40-/- mice 
normalized size of perfused 
area to WT levels. C) Mean 
limb perfusion (vs. control 
limb) above threshold was 
decreased in all groups 
(sample sizes as in B) 
compared to pre-surgical 
measures (*) and did not 
differ across genotypes. 

 



151 
 

 

  
Figure 17: Cx40 ablation does not produce microvascular 
rarefaction. A) Representative images of non-ischemic 
gastrocnemius muscle harvested from adult WT and Cx40-/- 
animals were used to calculate hindlimb microvascular density 
(scale bar = 100µm). B) Calculated microvascular density did not 
differ between WT and Cx40-/- animals (n=4 for all groups, NS). 
C) To discount possible artifacts associated with differences in 
muscle fiber size, muscle fiber cross-sectional area was determined 
in these sections, and were also found not to differ across genotype 
(NS). 
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Figure 18: Acute infusion of 20mg/kg losartan in Cx40-/- mice 
reduces systemic blood pressure to normotensive levels. A) A 
representative blood pressure trace of a Cx40-/- mouse shows a 
reduction in systemic blood pressure within5 minutes following 
injection of 20mg/kg losartan (black arrow) into the jugular vein. 
Mean blood pressure was calculated at pre- and post-infusion 
timepoints (black traces). B) Comparison of these values taken from 
four animals reveals a significant reduction (*) in mean blood pressure 
within 5 minutes of 20mg/kg losartan treatment. 
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Figure 19 (previous page): Short-term losartan treatment does 
not alter post-ischemic outcome, whereas long-term losartan 
treatment appears to delay limb necrosis. A) Cx40-/- animals (n=4) 
are significantly hypertensive (*) compared to WT (n=7) and losartan-
treated Cx40-/- animals. Short- (3d, n=5) and long-term (8wk, n=5) 
losartan treatment comparably normalized blood pressure. B) Median 
tissue appearance scores did not differ between 3d losartan-treated 
(n=5) and untreated (n=10) Cx40-/- animals, whereas tissue appearance 
scores for 8wk losartan-treatment (n=5) were intermediate between 
untreated Cx40-/- and WT (n=7) animals within the first post-ischemic 
week. Observation of severe necrosis necessitating premature sacrifice 
in losartan-treated groups is denoted by the new sample size at 
specified timepoints. C) Kaplan-Meier survival analysis of tissue 
survival showed a significant decrease in tissue survival in untreated 
and 3d losartan-treated  Cx40-/- animals. 8wk losartan delayed tissue 
necrosis by 7-10 days (sample sizes as in B). D) Nevertheless, necrosis 
continued to occur in the majority of Cx40-/- animals, regardless of 
duration of losartan treatment (3d 80%, 8wk 60%, figure legend as in 
A).  
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Figure 20: Chronic losartan treatment normalizes post-
ischemic bloodflow. A) Limb perfusion and B) size of 
perfused area did not differ between 8wk losartan treated 
Cx40-/- and WT (n=5 for both groups) when measured at 
days 0, 1, 3, 7, and 14 following surgery. 
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Figure 21 (previous page): Infiltration of activated macrophages 
is increased in Cx40-/- animals, and appears to be reduced but 
not eliminated in long-term losartan-treated Cx40-/- animals. No 
macrophages are detected in representative images taken from 
ischemic (A) and non-ischemic (B) tissue from WT animals. 
Numerous macrophages (black arrowhead) are seen in ischemic (C) 
tissue from adult Cx40-/- animals compared to non-ischemic tissue 
from the same animal (D). Activated macrophages are also observed 
in the ischemic limbs of 8wk losartan treated animals (E) compared 
to non-ischemic tissue from the same animal (F), and are reduced in 
animals that experience late (E) v.s. early (G) necrosis. H) Specific 
staining for activated macrophages was confirmed by positive signal 
from sections of spleen harvested from a wild-type mouse (scale bar 
= 100µm). 
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Figure 22 (previous page): Proposed vascular remodeling and 
tissue injury mechanisms activated by FAL or FSAVPR in the 
WT, Cx37-/- and Cx40-/- mouse. In WT tissue, ischemia activates 
production of vasodilatory signals and inflammatory cytokines. 
Endothelial Cx40 mediates intercellular conduction of vasodilatory 
agents to promote flow via upstream collaterals; further, endothelial 
Cx40 mediates communication of anti-inflammatory agents that 
regulate macrophage infiltration. Ischemia also stimulates production 
of vascular growth factors and downstream growth inhibitors to 
regulate EC proliferation. In the Cx37-/- mouse, loss of endothelial 
Cx37 prevents inhibitory signals from regulating vascular growth. 
Consequently, EC proliferation is enhanced, and native collateral 
number, ischemia-induced angiogenesis, and large vessel remodeling is 
increased. In addition, increased collateral number increases acute 
bloodflow to ischemic tissue.  In the Cx40-/- animals, EC-EC 
communication of vasodilatory and anti-inflammatory signals is absent. 
In addition, renin-angiotensin hyperactivity enhances inflammation via 
macrophage AT1R receptors, and promotes collateral pruning via an 
unknown AT1R-dependent mechanism. 
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Connexin 37 profoundly slows cell cycle progression in rat insulinoma cells

Janis M. Burt, Tasha K. Nelson, Alexander M. Simon, and Jennifer S. Fang
Department of Physiology, University of Arizona, Tucson, Arizona

Submitted 7 June 2008; accepted in final form 23 August 2008

Burt JM, Nelson TK, Simon AM, Fang JS. Connexin 37 pro-
foundly slows cell cycle progression in rat insulinoma cells. Am J
Physiol Cell Physiol 295: C1103–C1112, 2008. First published Au-
gust 27, 2008; doi:10.1152/ajpcell.299.2008.—In addition to provid-
ing a pathway for intercellular communication, the gap junction-
forming proteins, connexins, can serve a growth-suppressive function
that is both connexin and cell-type specific. To assess its potential
growth-suppressive function, we stably introduced connexin 37
(Cx37) into connexin-deficient, tumorigenic rat insulinoma (Rin) cells
under the control of an inducible promoter. Proliferation of these
iRin37 cells, when induced to express Cx37, was profoundly slowed:
cell cycle time increased from 2 to 9 days. Proliferation and cell cycle
time of Rin cells expressing Cx40 or Cx43 did not differ from
Cx-deficient Rin cells. Cx37 suppressed Rin cell proliferation irre-
spective of cell density at the time of induced expression and without
causing apoptosis. All phases of the cell cycle were prolonged by
Cx37 expression, and progression through the G1/S checkpoint was
delayed, resulting in accumulation of cells at this point. Serum
deprivation augmented the effect of Cx37 to accumulate cells in late
G1. Cx43 expression also affected cell cycle progression of Rin cells,
but its effects were opposite to Cx37, with decreases in G1 and
increases in S-phase cells. These effects of Cx43 were also augmented by
serum deprivation. Cx-deficient Rin cells were unaffected by serum
deprivation. Our results indicate that Cx37 expression suppresses cell
proliferation by significantly increasing cell cycle time by extending all
phases of the cell cycle and accumulating cells at the G1/S checkpoint.

gap junction; tumor; cancer; angiogenesis

GAP JUNCTIONS HAVE LONG BEEN recognized as serving growth
regulatory and tumor suppressor functions (40), but the under-
lying mechanism(s) remain uncertain. With the discovery that
gap junctions are composed of one or more of the 21 members
of the connexin gene family (56), the possibility of connexin-
specific roles for these proteins in supporting tissue function
seemed increasingly likely (29). Since nearly all cells express
multiple connexin isoforms, identification of their unique con-
tributions to cell and tissue function has been difficult. Never-
theless, connexin-specific deletion and replacement studies
(32, 49, 54) emphasize the importance of specific connexins to
development and tissue function (1, 44, 46, 60). The specific
properties of particular connexins that render them irreplace-
able in the animal remain ill-defined. However, from expres-
sion studies it is clear that connexin-specific properties include
channel permselectivity, regulation by intracellular signaling
cascades, and protein-protein interactions (29, 30).

Connexins are thought to contribute to coordinated tissue
function and growth suppression in (at least) three ways. First,
through formation of intercellular channels and gap junctions,
their best documented role, connexins mediate direct intercel-
lular exchange of small molecules and metabolites that support

tissue homeostasis and electrical and chemical signaling. This
intercellular signaling contributes to coordinated tissue re-
sponses such as contraction/relaxation and secretion, as well as
controlled growth, cell proliferation, and cell migration (14, 20,
21, 48). Second, through formation of functional hemichan-
nels, connexins participate in transmembrane signaling, medi-
ating autocrine and paracrine responses especially during in-
jury, ischemia, and inflammation (18, 28, 62). Finally, through
selective protein-protein interactions, connexins may contri-
bute to controlled growth, proliferation, apoptosis, and possi-
bly other cell and tissue behaviors (27, 29).

Numerous studies indicate that connexins serve a tumor
suppressor function. In mice with targeted deletions of con-
nexin 43 (Cx43) or Cx32, susceptibility to radiation-induced
tumorigenesis is significantly increased (30). Typically, tumor-
igenesis is linked to decreased gap junctional intercellular
communication, reduced cell-cell contact, and enhanced cell
proliferation (4, 25, 52). Transfection of connexin-encoding
genes (e.g., for Cx43, Gja1) into some tumorigenic cell lines
slows cell proliferation rates and tumor growth (25, 29), but
underlying mechanisms of growth suppression remain uncer-
tain. However, given the variable efficacy of a specific con-
nexin in suppressing growth of diverse tumor types, it appears
that the cellular milieu likely modulates the efficacy of growth-
suppression by specific connexins. Thus it is currently unclear
whether connexin-mediated growth suppression is unique to
certain connexins or whether it is a shared feature of all
connexins (with possible mechanistic differences).

With regard to Cx37, there are no published data concerning
its growth-suppressive potential in tumorigenic or normal cells
and tissues. However, data from studies of the response of the
vascular endothelium to injury and other proliferation-inducing
stimuli suggest such a role for Cx37. For example, whereas the
endothelial cells of mature blood vessels with normal laminar
blood flow are quiescent (39), in regions of chronic high shear
or turbulent flow, endothelial cell proliferation rates increase
(37). In comparably stimulated regions, Cx37 expression is
decreased, Cx43 expression is increased, and Cx40 expression
is largely unchanged (15). These studies and others (26, 55)
indicate that these connexins likely make unique contributions
to regulated cell proliferation in vivo.

The goal of the current study was to determine whether
Cx37 may serve a growth-suppressive function and, if so, to
begin identifying the underlying mechanisms. Using an induc-
ible expression system, we show that expressed Cx37 forms
functional gap junction channels. However, unlike Cx40 or
Cx43, Cx37 expression drastically slowed the proliferation of
rat insulinoma (Rin) cells, significantly increased their cell
cycle duration by extending all phases therein, and accumu-
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lated these cells at the G1/S checkpoint. These cell cycle effects
of Cx37 were augmented by serum deprivation.

MATERIALS AND METHODS

Antibodies and reagents. All general chemicals, unless otherwise
noted, were purchased from Sigma-Aldrich Chemical. Two Cx37
antibodies [either �Cx37-18264 (53) or �Cx37-ADI (catalog no:
Cx37A11-A; Alpha-Diagnostics)] were used for both immunoblots
and immunocytochemistry. Cx43 antibody was from Sigma (C6219);
Cx40 antibody is an affinity-purified, rabbit anti-rat Cx40 (residues
234-332)-glutathione S-transferase fusion protein; Cy3-conjugated
anti-rabbit IgG (Jackson Immunoresearch) was used for immunocy-
tochemistry; horseradish peroxidase-conjugated secondary antibodies
and enhanced chemiluminescence strategies were used in immuno-
blotting [SuperSignal West Pico System (catalog no. 32106, Pierce) or
SuperSignal West Femto System (catalog no. 34095, Pierce), as
appropriate].

Cell culture and expression vectors. Communication-deficient Rin
cells [Rin1046-38 (6, 16)] were obtained from R. Lynch (University
of Arizona). Cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS; Gemini Bioproducts, Sacramento,
CA) and antibiotics (300 �g/ml penicillin and 500 �g/ml streptomy-
cin) at 37°C in a humidified, 5% CO2 incubator. pTET-ON (Clontech,
Mountain View, CA) was transfected into Rin cells using Lipo-
fectamine (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Cells were selected in 300 �g/ml of G418 (GIBCO-
Invitrogen), subcloned, and screened for inducible expression of
transiently transfected luciferase according to the manufacturer’s
instructions. The clone exhibiting the highest luciferase expression,
iRin, was selected for further use. Mouse Cx37 (mCx37) was sub-
cloned from a pCIneo-Cx37 construct (provided by Karen Hirschi,
Baylor College of Medicine, Houston, TX) into pTRE2-hygro (Clon-
tech) using the BamH I [carried from pBS-SK� when subcloned into
pCIneo’s NheI and XhoI sites (61)] and NotI. The iRin cells were
transfected with the resulting pTRE2-mCx37 plasmid using Lipo-
fectamine (Invitrogen) according to the manufacturer’s instructions.
Stably transfected cells were selected in 100 �g/ml hygromycin and
dilution subcloned.

Immunoblotting. Whole cell protein was prepared as follows. Cells
were washed three times with PBS and harvested by scraping. Cells
were pelleted, lysed 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 inhibitor cocktail (catalog no.
11836153001, Roche); pH 6.8], sonicated briefly, and debris was
removed by centrifugation at 16,000 g for 10 min. Protein content of
the supernatant was measured using the BCA assay (Pierce Chemical,
Rockford, IL). Samples (5–50 �g total protein) were electrophoresed
on 12% SDS-PAGE gels (Bio-Rad, Hercules, CA) and transferred to
nitrocellulose for detection by �Cx37-18264 or �Cx37-ADI.

The Triton X-100-insoluble fraction was isolated as follows. Cells
were rinsed with PBS and scraped from the dish after addition of lysis
buffer [1% Triton X-100, 5 mM NaF, 0.25 mM Na3VO4, and 2 mM
PMSF with added protease inhibitor cocktail (Roche)]. This lysate
was homogenized (4 passes through a 26-gauge needle), and the
Triton X-100-insoluble fraction was pelleted by centrifugation
(16,000 g, 10 min). Sample buffer was added to solubilize the Triton
X-100-insoluble pellet, and after brief sonication, protein content was
analyzed as described above.

Immunocytochemistry. Cells plated on glass coverslips for a min-
imum of 24 h were fixed in 100% methanol (�20°C, 5 min) or 70%
ethanol (4°C, overnight). For immunofluorescent detection of con-
nexin, cells were treated with 0.2% Triton X-100 and 0.5 M NH4Cl
(with preceding and intervening PBS washes) and incubated in block-
ing reagent (10 min; 4% fish skin gelatin, 1% normal goat serum, and
0.25% Triton X-100 in PBS) before incubation in primary and then
secondary antibody (both for 2–3 h at room temperature with inter-

vening washes with blocking reagent). Connexin proteins were de-
tected using the specified antibodies and Cy3-conjugated secondary
antibody (diluted 1:200 in blocking reagent). Proliferating cell nuclear
antigen (PCNA) was visualized with a commercially available PCNA
staining kit (Zymed 93-1143) used according to the manufacturer’s
directions.

Proliferation. Proliferation assays were performed on cells plated
in six-well plates, with an initial seeding density of 7.2, 10, or 30 �
103 cells/well (approximately 750–3,125 cells/cm2; most experiments
were performed at the highest density). Twenty-four hours after
plating (day 0 of proliferation assays), doxycycline (2 �g/ml, unless
otherwise indicated) was added to three of six wells devoted to each
time point. Cells were fed every 48 h with or without added doxycy-
cline, as appropriate. Every 3 days for a total of 21 days, the cells in
each well devoted to a time point were harvested (using trypsin), and
the number of cells per well was determined using a hemocytometer.

Cell cycle analysis. Subconfluent plates of cells in complete me-
dium containing 10% FBS were induced or not to express Cx37 for 2
or 5 days, as indicated; Rin40 and Rin43 cells were cultured similarly
but were analyzed 48 h after plating. All cells in the dish were then
harvested for analysis of cell cycle position as follows. Cells were
trypsinized, pelleted, and resuspended in 1 ml medium, and cell
number was determined (hemocytometer). The cells were then pel-
leted, and the pellets were fixed in 1 ml ice-cold 70% ethanol with
vigorous vortexing. After repelleting, the ethanol was removed and
the cells were resuspended (at a density of 2 � 106 cells/ml) in cold
PBS to which 50 �g RNase A total and 50 �g/ml propidium iodide
were added. After incubation at 37°C for 30 min, the cells were
transferred to ice and analyzed by fluorescence-activated cell sorting
(FACS). Because Cx37 has been reported to reduce adhesivity in
some cell types (62) and to induce apoptosis in others (51), the
position of unattached cells in the cell cycle was also evaluated.

In some experiments, the impact of serum starvation (0% FBS)
with or without Cx37 expression on cell cycle progression was
evaluated. Rin1046 cells or iRin37-F cells were plated in 100-mm
plates at a density of approximately 12–38 � 103 cells/cm2 in 10%
FBS. Twenty-four hours later, culture medium was replaced with
medium containing either 10% or 0% FBS, and after 48 h, doxycy-
cline was added (or not) to each plate for 24 h. After this induction
period, medium containing 10% FBS (with or without doxycycline, as
appropriate) was restored to all plates, and cells were harvested
immediately or 4–96 h later.

Junctional conductance. Confluent cells were trypsinized and re-
plated at low density onto glass coverslips, with doxycycline added at
the time of replating. After 24 h, coverslips were mounted in a
custom-made chamber, and an Olympus inverted (IMT2) microscope
with phase contrast optics was used to identify pairs of cells in the
dish (typically only two or three pairs of cells were found on any
given 25-mm coverslip). Cells were 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. Junctional conductance was deter-
mined on all pairs found within 30 min (the window of time to which
all our electrophysiology experiments are typically restricted) using
dual whole cell voltage-clamp techniques as previously described
(34). The pipette solution contained (in mM) 124 KCl, 14 CsCl, 9
HEPES, 9 EGTA, 0.5 CaCl2, 5 glucose, 9 TEA-Cl, 3 MgCl2, and 5
disodium ATP, pH 7.2 and osmolarity of 326 mosM. Junctional
conductance was evaluated with 10-mV transjunctional pulses, and
channel conductance was evaluated with a 25-mV transjunctional
voltage difference.

Statistical analysis. Statistical comparisons of junctional conductance
and cell cycle data were conducted using unpaired, two-tailed Student’s
t-tests. Significant differences are indicated by P � 0.05. Data from
serum starvation experiments were subjected to single-factor ANOVA,
and where significance was indicated, multiple comparisons were per-
formed using Tukey’s test for unequal sample sizes (63).
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RESULTS

Cx37-expressing Rin cells. Our initial attempts to isolate a
cell line that constitutively expressed Cx37 were unsuccessful.
Stable introduction of Cx37 into Rin and 23-3 [Cx43�/�

fibroblasts (41)] cell lines was attempted using pCIneo, expres-
sion driven by the cytomegalovirus promoter, or pH�Apr-4
(19, 45), expression driven by the �-actin promoter. Cx37 was
detected in the transfected cells 48 h after transfection, but it
could not be detected in several neomycin-resistant clonal cell
populations derived from these transfectants (see Fig. 1S in
supplemental data, available in the online version of this article
at the American Journal of Physiology-Cell Physiology web-
site). Since both of these cell lines have been used successfully
to express other connexin proteins (22, 36, 41), we hypothe-
sized that cells expressing Cx37 failed to proliferate and,
consequently, during dilution cloning, were overgrown by
non-Cx37-expressing, but neomycin-resistant cells.

To test this hypothesis, we transfected the Rin cells with the
pTET-ON vector and isolated a cell line, iRin, into which the
gene encoding Cx37 was introduced using the pTRE2-hygro-
mycin vector (for doxycycline-inducible expression of Cx37).
Several hygromycin-resistant clones of iRin-Cx37 (iRin37)
cells were isolated, two (the F and H clones; see supplemental
data Fig. 1S-B) were selected for further study. Cx37 expres-
sion by these clones was dose and time dependent, with
maximal expression occurring at 24 h and 2 �g/ml doxycycline
(see supplemental data Fig. 2S). Immunofluorescence tech-
niques were used to determine Cx37 localization in doxycy-
cline-induced and -noninduced cells. As shown in Fig. 1, Cx37
was readily detected in iRin37-F cells induced with 0.25 and 2
�g/ml doxycycline (Fig. 1, B and C) but not evident in
noninduced cells (Fig. 1A). Punctate labeling in apparent ap-
positional membrane was sometimes observed (inset, Fig. 1C).
Cx37 was readily detected in immunoblots of total protein
(whole cell) as well as in the Triton X-100-insoluble fraction
(Fig. 1C) isolated from induced cells, but it was generally
absent from noninduced cells (4 of 21 distinct cell isolates
showed a faint Cx37 band with �25 �g total protein loaded).
The presence of a Triton-insoluble component and occasional
punctate labeling of appositional areas suggested that Cx37 may
be assembled by Rin cells into functional gap junctions (43).

Cx37 forms functional gap junctions. To confirm that the
iRin37-F and -H clones formed functional gap junctions, junc-
tional conductance was measured using dual whole cell volt-
age-clamp procedures. Despite significantly different levels of
protein expression by these clones (supplemental data Fig.
1S-B), neither the incidence of coupling (50% for iRin-F; 64%
for iRin-H) nor its extent differed between clones (Fig. 2A). As
expected (33, 47, 57), the conductance of the fully open
channel was �350 pS, and multiple open states were observed
both in poorly coupled pairs (Fig. 2B) and in better coupled
pairs following halothane application (to reduce open proba-
bility; data not shown). Parental Rin and iRin cells were not
coupled (data not shown).

Proliferation is suppressed in Cx37-expressing cells. To
determine whether expression of Cx37 slowed or prevented
proliferation of Rin cells, we compared the proliferative prop-
erties of induced iRin37 cells to Rin, iRin, Rin40, Rin43, and
noninduced iRin37 cells over a 21-day period. As shown in
Fig. 3, iRin, Rin40, Rin43, Rin (all with or without doxycy-

cline treatment), and noninduced iRin37 cells grew rapidly
(between days 3 and 15) until density-dependent slowing of
proliferation occurred. In contrast, proliferation of Cx37-ex-
pressing cells (induced iRin37-F and iRin37-H) was signifi-
cantly depressed over this time period. Induction of Cx37
expression in cells growing at approximately 10-fold higher
density (Fig. 4) also profoundly slowed proliferation, suggest-
ing that growth suppression by Cx37 was density independent.
Localization of Cx40 in the Rin40 cells and of Cx43 in the
Rin43 cells was comparable to that of Cx37 in the induced
iRin37-F cells (Fig. 5), and as observed for the iRin37-F cells,
obvious plaques were infrequent. That Cx40- and Cx43-ex-
pressing Rin cells, which form functional gap junctions (7, 8,
12, 23), proliferate comparably to connexin-deficient Rin cells
(Rin, iRin, and noninduced iRin37-F) suggests that formation
of functional gap junctions, per se, between Rin cells is not
sufficient to explain growth suppression by Cx37.

Cx37 does not induce apoptosis. A previous study demon-
strated that adenoviral delivery of human Cx37 to human
umbilical vein endothelial cells induced apoptosis (51). To
determine whether failed proliferation of induced iRin37-F
cells might reflect induction of apoptosis, we grew cells for 7
days in the absence of doxycycline, added (or not) doxycycline
for 2 or 5 days, and used FACS on propidium iodide-stained
cells (Fig. 6) to determine whether an apoptotic population was
present. Apoptotic cells were generally absent in both induced

Fig. 1. Connexin 37 (Cx37) is significantly induced, forms occasional plaques,
and appears in the Triton X-100-insoluble fraction of cell homogenates.
A–C: cells were stained with Hoechst dye (nuclear stain, blue) and immuno-
stained with Cx37-18264 antibody (Cy3-conjugated secondary, pink); overlays
of the two images are presented. Cx37 labeling is evident in nearly all cells
induced with either 0.25 �g/ml (B) or 2 �g/ml (C) doxycycline, but it is not
detected in noninduced (A) cells. Obvious gap junction plaques were infre-
quent at both doxycyline concentrations; nevertheless, punctae at regions of
cell-cell contact were occasionally observed (inset in C; magnification is
3.5-fold higher than in A, where scale bar represents 20 �m). D: Western blot
of total [whole cell (WC)] and Triton-insoluble (TX) protein isolated from
induced (Dox�) and noninduced (Dox�) cells. Doxycycline induced a sig-
nificant increase in Cx37 expression (compare WC Dox� and WC Dox�
lanes). Cx37 was also readily detected in the Triton X-100-insoluble fraction.
(WC�, WC�, and TX� lanes were loaded with 33, 21, and 33 �g protein,
respectively.)
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(for either 2 or 5 days) and noninduced cells [%apoptotic cells
at 2 days: no doxycycline (Dox) 0.042 	 0.031 (n 
 5), with
Dox 0.022 	 0.016 (n 
 6), P � 0.5; at 5 days: no Dox
0.028 	 0.020 (n 
 5), with Dox 0.216 	 0.19 (n 
 7), P �
0.3]. To verify that apoptotic cells were not preferentially lost
from the surface of the dish, a similar comparison was made
for unattached cells, and again apoptotic cells were generally
absent [%apoptotic cells in unattached cells at 2 days: no Dox
0.105 	 0.069 (n 
 6), with Dox 0.148 	 0.133 (n 
 6), P �
0.7; at 5 days: no Dox 0.043 	 0.018 (n 
 7), with Dox 0.70 	
0.36 (n 
 7), P � 0.097]. Thus, although apoptotic cells can be
detected as a sub-G0/G1 peak in this cell type (Fig. 6, inset)
such peaks were rare in iRin37-F cells (Fig. 6), and their
presence did not correlate with Cx37 expression.

Cell cycle position of Cx37-expressing Rin cells. Since
Cx37-mediated suppression of Rin cell proliferation did not
involve apoptosis, we hypothesized that Cx37 arrested or
profoundly slowed cell cycle progression. We used FACS of
propidium iodide-stained iRin37-F cells to determine cell cycle
distribution (50). Following 48 h of doxycyline induction, we
observed no significant difference in cell cycle distribution be-
tween induced and noninduced cells (Fig. 6 and Table 1). How-
ever, when cells were induced to express Cx37 for 5 days, we
observed a small, but significant, accumulation of induced cells
in G0/G1, with a concomitant decrease in S-phase cells.

The propidium iodide-FACS strategy for cell cycle analysis
cannot distinguish between cells in G0 versus G1 of the cell
cycle. To determine whether Cx37 expression caused the Rin
cells to leave the cell cycle (and enter G0), induced and
noninduced iRin37-F cells were stained for PCNA, a cell cycle
protein that is expressed at peak levels in late G1 and S and
absent from G0 cells. Intense PCNA staining was observed in
both induced and noninduced iRin37-F cells (Fig. 7), and
virtually all cells were stained. These data indicate that Cx37
expression did not cause cells to exit the cell cycle into G0, but
rather promoted arrest at the G1/S boundary.

Given the profound suppression of proliferation mediated by
Cx37, the cell cycle and proliferation data above suggested that
cell cycle time must be significantly prolonged in Cx37-
expressing Rin cells. To evaluate this possibility, we deter-

Fig. 2. Functional gap junctions and channels are formed by rat insulinoma (Rin) cells induced to express Cx37 (iRin37). A: mean conductance and individual
data points for junctions formed by pairs of iRin37-F and -H cells. Means were not different despite different expression levels (see supplemental data Fig. 1S).
Data for iRin37-F clone were derived from 7 different cultures on 7 distinct days, and data for iRin37-H were from 2 different cultures and days. Multiple
coverslips of cells were used each day. B: single-channel record and all points histogram from a pair of iRin 37-F cells. Conductance of the fully open channel
was �350 pS, and at least two substates (100 and 180 pS) were observed.

Fig. 3. Proliferation of Rin cells was suppressed by Cx37 but not by Cx40 or
Cx43 expression. In the absence of Cx37 expression, iRin37-F and -H cells
proliferated comparably to the parental iRin cells (A). However, when Cx37
expression was induced (B), proliferation of the 37-F and -H clones was
suppressed. Constitutive expression of rat Cx40 (Rin40) or rat Cx43 (Rin43)
did not affect cell proliferation, despite the absence (C) or presence (D) of
doxycycline. Each point represents the average of 3 wells of cells; where error
bars (SE) are not evident they are obscured by the symbols.

Fig. 4. Cx37-induced suppression of proliferation is density independent and
has a rapid onset. iRin37-F cells were plated at 3 � 104 cells per well.
Doxycycline was added to one third of wells 24 h later (Dox� data) and to
another third 12 days later (Dox: 12d�, 9d� data); the remaining wells were
untreated (no Dox). Cell number was monitored at 3-day intervals for 21 days
for all treatment groups. Proliferation of cells exposed to doxycycline was
suppressed irrespective of cell density at the time of induction.
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mined the “typical” profile for proliferation of Rin and
iRin37-F (induced and noninduced) cells by pooling and plot-
ting the data from multiple proliferation assays. These plots
show that iRin and noninduced iRin37-F cells proliferated
comparably (Fig. 8A), whereas induced iRin37-F cells prolif-
erated, but very slowly (Fig. 8B). The large standard errors
evident at the later time points in the iRin and noninduced
iRin37-F plots reflect the occurrence of density-dependent
inhibition of proliferation in some but not all experiments. The
large standard errors evident at the later time points for the
induced iRin37-F cells reflected limited proliferation of in-
duced iRin37-F cells toward the end of the assay period in
some but not all experiments. This proliferation occurred
despite continued expression of Cx37 in virtually all cells
(Fig. 9). To identify the period during which exponential
growth for each cell type occurred (a prerequisite for calcula-
tion of doubling time), the data are also presented in semiloga-
rithmic plots (insets, Fig. 8, A and B). For both the iRin and

noninduced iRin37-F cells, exponential growth was evident
between days 3 and 15. For the induced iRin37-F cells, growth
was exponential between days 6 and 15, although very slow, as
well as between days 15 and 21 at a faster rate. Doubling time,
calculated as (t2 � t1) [log2/log(q2/q1)] (where t is time and q
is number of cells), was determined for each cell type using a
3-, 6-, or 9-day time differential for the periods of logarithmic
growth (days 3–15 for Rin and noninduced iRin37 cells and
days 6–21 for induced iRin37 cells). For the iRin and nonin-
duced iRin37-F cells, all three time differentials revealed
comparable doubling times of �2 days (6-day time differential
is illustrated in Fig. 8C). For the induced iRin37-F cells, only
the 6-day and 9-day time differentials gave a consistent pattern
of doubling time (6-day time differential is illustrated in Fig.
8C). The data show that Cx37 increased doubling time to �9
days for the early period of exponential growth (between days
6 and 15) and to 3–4 days for the later period of growth
(between days 15 and 21).

Fig. 5. Cx37, Cx40, and Cx43 are compara-
bly localized and obvious gap junction
plaques are largely absent in iRin37-F,
Rin40, and Rin43 cells. Shown are iRin37-F
(A–C), Rin40 (D–F), and Rin43 (G–I) cells.
Cx-specific labeling is shown in A, D, and G
and as overlays (pink) with Hoechst nuclear
stain (blue) in B, E, and H; phase contrast
images of immunostained fields are shown in
C, F, and I. Scale bar represents 20 �m and
applies to all panels.

Fig. 6. Cell cycle position of iRin37-F cells
induced or not to express Cx37 for 48 h.
Although a sub-G1 peak, indicative of apop-
tosis, was sometimes observed in all types of
Rin cells (inset shows iRin cells), such a peak
was not predictably observed in iRin37-F
cells (induced or not). In these samples, the
percentage of cells in G0/G1, S, and G2 for the
noninduced iRin37-F cells was 71.8%,
17.4%, and 10.8%, respectively, and for the
induced iRin37 cells was 76.18%, 13.65%,
and 10.17%, respectively.
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The durations of the phases of the cell cycle were calculated
from the estimated doubling time and cell cycle distributions
(determined at 5-day time point for induced iRin37-F; Table
1). For the noninduced iRin37-F cells with a doubling time of
�2 days, the durations of G1, S, and G2 were 36, 10, and 3.5 h,
respectively. Induction of Cx37 expression in these cells in-
creased their doubling time by nearly 4-fold to �9 days. The
distribution of cells in the cell cycle and these doubling time
data indicate that the durations of all phases of the cell cycle
were substantially increased by Cx37 expression to 166, 30,
and 15 h for G1, S, and G2 phases, respectively. These data
strongly suggest that Cx37 profoundly prolongs the cell cycle
by prolonging all phases of the cell cycle and promoting arrest
at the G1/S checkpoint.

Serum deprivation augments Cx37-mediated cell cycle ar-
rest. Progression through the G1/S checkpoint in mammalian
cells requires activation of the cell cycle machinery through
growth factor-activated signaling (42). Since connexins are
targeted by and influence the activity of some components of
the cell cycle machinery (5, 31, 35, 64–66), we hypothesized
that Cx37 expression may render the Rin cells susceptible to

Table 1. Cx37 expression accumulates iRin37-F cells
in G0/G1

iRin37-F n G0/G1 S G2

48 h
Noninduced 8 75	2 14	2 10	1.8
Induced 9 78	2 15	2 8	1

5 days
Noninduced 5 73	2 20	2 7	1
Induced 7 79	0.4* 14	0.3* 7	0.3

Values are means 	 SE expressed as the percentage of total cell population
in each phase. iRin37-F, connexin 37 (Cx37)-expressing rat insulinoma (Rin)
clone. *Significantly different from noninduced cells.

Fig. 7. Cx37-expressing cells do not exit the cell cycle into G0. iRin37-F cells
were plated on glass coverslips, induced (C and D) or not (A and B) to express
Cx37 for 48 h, and stained to reveal PCNA expression (brown), which is
absent in G0 cells. Cells were counterstained with hematoxylin (blue in B and
D) and observed at �10 and �40 (insets). PCNA expression was clearly
evident in noninduced cells (A) and induced cells (C). No nonspecific staining
was observed in cells exposed only to secondary antibody (B and D). Data are
representative of 4 experiments. Scale bar (in D) corresponds to 50 �m
for �10 images and to 9 �m for insets.

Fig. 8. Doubling time is significantly increased in Cx37-expressing cells.
A and B: pooled data from iRin and noninduced iRin37-F cells (A; iRin37�) and
induced iRin37-F cells (B; iRin37�). Proliferation of Cx37-expressing cells is
suppressed by nearly 23-fold; note the difference in y-axis scaling between A
and B. iRin and iRin37� data derive from 16 experiments, iRin37� from 14;
time points with reduced sample sizes are noted in the figure. Logarithmic plots
(insets) reveal exponential growth between days 3 and 15 for iRin and
iRin37� cells; the iRin37� cells transition between two periods (6–15 and
18–21 days) of exponential growth. C: calculated doubling time for each cell
type for their logarithmic growth periods; a 6-day window of analysis was
used, in which the 6th day is noted on the abscissa.
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regulation by growth factor signaling in a manner different
from Cx43. To test this hypothesis, we examined the effects of
serum deprivation on cell cycle position of induced iRin37-F,
parental Rin, and Rin43 cells. Focusing initially on the Cx-
specific differences, in 10% serum, expression of either Cx37
or Cx43 altered the distribution of cells in the cell cycle
compared with the Cx-deficient Rin cells (Table 2). Cx43
expression decreased G0/G1 cells and increased S-phase cells,
whereas Cx37 increased G0/G1 cells and decreased S-phase
cells. These trends were greatly augmented by serum depriva-

tion, such that each cell type in 0% serum differed from itself
in 10% serum for G0/G1 and S-phase and from Rin cells in all
phases (Table 2). Thus, both Cx43 and Cx37 confer on the Rin
cells sensitivity to growth factors, but they do so with very
different results. Cx43 did not change overall cell cycle time,
so the decrease in G1 and increase in S-phase cells suggests
that cells progress more quickly through G1 and more slowly
through S-phase, an effect that is enhanced by serum depriva-
tion. In contrast, Cx37 significantly prolonged doubling time
(cell cycle duration), so the increase in G1 and decrease in
S-phase cells suggests very slow progression through G1 and
possible arrest therein when cells were serum deprived.

To estimate where in G1 Cx37-expressing cells were ar-
rested by serum deprivation, serum deprivation-release exper-
iments were performed (Fig. 10). Although the distribution of
Rin cells in the cell cycle was unaffected by serum deprivation,
restoration of 10% serum to these cells resulted in a significant
decrease (compared with the 4-h time point) in G1 and increase

Fig. 10. Cell cycle progression and response to serum starvation differ in
Cx37-expressing (iRin37-F) vs. Cx37-deficient (Rin) cells. Shown are the
percentages of the cell population in G1 (A), S (B), and G2 (C) following 72 h
in 10% serum (open symbols on the left in each graph) or 0% serum (0-h time
points) and as a function time following restoration of 10% serum to the
serum-deprived cells. All cells were treated with doxycycline for the 24 h
preceding the 0-h time point and throughout the remainder of the experiment.
*Significant difference from non-serum-deprived cells (G1 and S, in iRin37
only). #Significant difference from the 0-h time point. †Significant difference
between cell types at the indicated time point.

Fig. 9. Cx37 expression continues in virtually all iRin37-F cells throughout a
21-day proliferation assay. A and C: cells stained with Hoechst dye. B and
D: Cx37 expression for the same cells. Images in A and B were taken 24 h after
induction, and in C and D, 21 days after induction. Note the increase in cell
number between days 1 and 21. Scale bar represents 9 �m.

Table 2. Cell cycle position of Rin, Rin43, and iRin37-F
cells in 10% versus 0% serum

n G0/G1 S G2

Rin
10% Serum 3 71.8	0.8 19.5	1.2 8.7	0.6
0% Serum 9 69.8	1.0 21.5	1.2 8.5	0.5

Rin43
10% Serum 3 64.9	2.1* 25.3	1.8* 9.9	0.8
0% Serum 9 55.8	3.3†* 33.1	3.0†* 11.2	0.9†*

iRin37-F‡
10% Serum 10 75.8	1.4* 15.7	0.7* 8.4	1.1
0% Serum 10 82.6	0.91†* 11.0	0.9†* 6.4	0.7*

Values are means 	 SE expressed as the percentage of total cell population
in each phase. Rin43, Rin cells with constitutive expression of rat Cx43.
*Significantly different from Rin cells at same serum concentration. †Signif-
icantly different from 10% serum of same cell type. ‡72-h Serum deprivation
with 24-h induction; Rin43 and Rin experiments were 48-h serum deprivation.
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in S-phase cells at 24 h. In contrast, progression from G1 to
S-phase following serum deprivation in Cx37-expressing cells
was significantly delayed, to 48 h. In view of the estimated
duration of G1, 166 h, these data strongly suggest that Cx37
expression results in accumulation of Rin cells near the G1/S
boundary.

DISCUSSION

The growth-suppressive potential of gap junctions and their
comprising connexin proteins has long been recognized (29,
30). The tissue specificity of such growth suppression indicates
that its mechanistic basis reflects the regulatory profile of the
tissue (e.g., activity of specific signaling pathways), whereas
the connexin specificity suggests primary sequence-dependent
differences in critical properties of these channel-forming pro-
teins. It is likely that their ability to support intercellular
exchange of metabolites and signaling molecules features
prominently in some settings of connexin-mediated growth
suppression; certainly, connexin-specific differences in chan-
nel permselectivity (12) are consistent with such a possibility.
However, in recent years, several studies have concluded that
connexin-mediated growth suppression can occur in a manner
independent of the formation of functional gap junctions;
sequence-dependent differences in protein-protein interactions
and/or phosphorylation-dependent regulation are consistent
with connexin specificity of growth suppression. Armed with
the foreknowledge that in some tissues expression of Cx37 and
Cx43 is oppositely regulated following exposure to a growth
stimulus [Cx37 down- and Cx43 upregulated (15)], in the
present study we assessed the potential for and mechanism of
growth suppression by Cx37.

We show here that Cx37 expression profoundly slowed the
proliferation of Rin cells, whereas expression of Cx40 or Cx43
had no effect on their proliferation. Cx37 exerted this growth-
suppressive effect irrespective of cell density (from �750 to
�38,000 cells/cm2) at the time of induced Cx37 expression
and without inducing apoptosis. The molecular mechanisms
underlying Cx37’s growth-suppressive effect in Rin cells re-
main unknown. Although Cx37-mediated suppression of cell
proliferation has not previously been reported, numerous stud-
ies have demonstrated that Cx43 suppresses proliferation of a
variety of cell types. That Cx37 suppressed proliferation of Rin
cells when Cx43 did not indicates that the mechanisms under-
lying growth suppression by these connexins differ in critical
ways.

Communication-dependent and -independent mechanisms
have been proposed to underlie Cx43-mediated growth sup-
pression (29). Our data do not directly address whether forma-
tion of functional gap junctions by Cx37 is necessary for the
growth-suppressive effect of Cx37. Since communication-
competent (7) Rin43 and Rin40 cells proliferate comparably to
communication-deficient Rin cells, our data suggest that gap
junction formation is not sufficient for growth suppression.
However, it is possible that by virtue of unique permselective
or channel regulatory properties (3, 12, 13, 23, 58, 59), forma-
tion of gap junction channels by Cx37 could prove necessary
for its growth-suppressive effect. Our data also do not address
the possible contribution of functional hemichannels (rather
than or in addition to gap junction channels) to growth sup-
pression by Cx37. Resolution of whether the function of Cx37

gap junction channels or hemichannels may augment (or even
limit) the growth-suppressive effects of Cx37 awaits studies
with a correctly targeted channel-dead mutant. Regardless of
whether Cx37 gap junction or hemichannels are required for
growth suppression, it remains to be determined how the
cytoplasmic regions of Cx37 interact with the cell cycle ma-
chinery to limit growth.

Our data indicate that Cx37 expression slows cell cycle
progression and arrests the cell cycle at the G1/S boundary,
especially when the cells are also deprived of growth factors.
From the doubling time and (5-day) cell cycle data, Cx37
appears to extend all phases of the cell cycle: G1 duration
increased by 454%, S-phase by 300%, and G2 duration by
420%. The effect of Cx37 expression on the distribution of
cells in the cell cycle was further augmented by serum depri-
vation. In serum-deprived cells, Cx37 expression for only 24 h
was sufficient to substantially increase the percentage of cells
in G1. Transition of these accumulated G1 cells into S-phase
after serum restoration was delayed by 24 h compared with
Cx37-deficient cells. Given the calculated duration of the G1

phase of the cell cycle, in excess of 150 h, these data strongly
suggest that Cx37 expression slows progression of Rin cells
through all phases of the cell cycle and arrests progression at
the G1/S checkpoint.

Transition through G1 and the G1/S checkpoint involves
cyclins D and E and cyclin-dependent kinase (CDK)4/6, with
cyclin A and CDK2 critical for S-phase progression. Stable
introduction of Cx43 into some tumorigenic cell types slows or
arrests their proliferation, a phenomenon linked to reduced
levels of the D and A cyclins and CDK6 (5); increased
expression of the CDK inhibitor p27 (31, 65); increased deg-
radation of Skp2, a protein that regulates ubiquitination and
therefore degradation of p27 (66); and decreased DNA synthe-
sis (9). The mechanisms linking Cx43 to these changes in
proliferation and expression of cyclins, CDKs, and CDK reg-
ulatory proteins have not been identified. However, in the study
by Dang et al. (9), the carboxyl-terminal domain of Cx43 was
shown to be sufficient to suppress DNA synthesis, suggesting
that gap junction channel function was not necessary for
growth suppression by Cx43. In subsequent studies, this group
(10, 11) showed that preventing phosphorylation of serine 262
(by mutation to alanine) in the carboxyl-terminal domain of
Cx43 augmented the inhibitory effect of Cx43 on DNA syn-
thesis and cell proliferation, whereas mimicking phosphoryla-
tion at this site (by mutation to aspartate) alleviated the inhi-
bition induced by Cx43. Serine 262 is a known target for
protein kinase C-dependent phosphorylation (11); thus, these
studies provide strong support for a link between growth
factor-activated signaling cascades, connexin phosphorylation,
and cell cycle progression.

Since Cx43 had no effect and Cx37 had a profound effect on
Rin cell proliferation, our data suggest that Cx37 must lead to
reduced activity of cell cycle machinery via mechanisms that
differ in critical ways from those induced by Cx43. In this
context (at least) two ideas merit further investigation: se-
quence-related differences in phosphorylation-dependent reg-
ulation of channel function and/or sequence-related differences
in protein-protein interactions. Compared with Cx43, very few
studies have addressed either property of Cx37. Cx37 is known
to be a phosphoprotein (38, 57), but the sites targeted, the
kinases involved, and the prompting stimuli (likely cell-spe-
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cific) have not been explored. Sequence comparisons of
mCx37 and mCx43 suggest interesting potential differences in
regard to both phosphorylation and possible protein binding
partners. Cx43 is targeted for phosphorylation by multiple
growth-activated kinases (35), including protein kinase C (at
residues 368 as well as 262), protein kinase A (at S364 and
possibly S365, S369, and S373), p34cdc2/cyclin B kinase (at
S262 and S255), casein kinase 1 (at S325, S328, and S330),
mitogen-activated protein kinase (at S255, S279, and S282),
and pp60src kinase (at Y247). These phosphorylation events
(can) influence gap junction assembly, channel function, and
gap junction/connexin degradation, but for most it is not clear
that they influence cell cycle progression and cell proliferation.
Even for S262, the molecular mechanisms triggered by phos-
phorylation at this site that ultimately lead to reduced DNA
synthesis remain unexplored. Cx37 is predicted by consensus
sequence prediction programs to have multiple serines with a
high probability (�90%) of phosphorylation by some of these
same kinases. In at least two cases, these predicted serines
align with sites targeted in Cx43: specifically, S282 in Cx43
(targeted by MAPK) aligns with S275 in Cx37, and S368 in
Cx43 (targeted by PKC) aligns with S328 in Cx37. The
possible roles in growth suppression of these and several other
serines, threonines, and tyrosines in Cx37 that are predicted as
high-probability targets for phosphorylation but do not align
with corresponding sites in Cx43 remain to be explored.

In addition to likely differences in phosphorylation of Cx37
versus Cx43 following activation of growth factor signaling
cascades, it is highly probable that the binding partners of
Cx43 differ from those bound by Cx37. Cx43 interacts directly
or indirectly with cell adhesion plaque proteins [including
tubulin, zonula occludens-1 (ZO-1) and ZO-2] to form com-
plexes that potentially regulate the availability of transcription
factors (including ��catenin, ZO-1 nucleic acid binding pro-
tein, and SMADs) (for review, see Refs. 17 and 29). The
binding sites in Cx43 identified as critical to these interactions
are not present in Cx37. The binding partners of Cx37 remain
completely unexplored; whether one or more of these partners
may be central to regulation of the activity of the cell-cycle
machinery needs investigation.

That Cx43 and Cx37 suppress proliferation by at least some
nonoverlapping mechanisms raises new interest in possible
therapeutic use of these connexins to suppress tumor angio-
genesis and tumor growth. Cx37 is prominently expressed in
vascular endothelium, but its expression is turned off in set-
tings of growth and injury (25). Gene-targeting strategies (2)
designed to introduce Cx37 (for constitutive or inducible ex-
pression) into the endothelium of blood vessels that must grow
to support tumor angiogenesis (24) could be used to profoundly
slow or block this process, thereby restraining tumor growth.
Clearly, introduction of this connexin into the tumor cells
themselves could also be efficacious. It is worth noting that the
degree to which Cx37 expression suppressed proliferation of
Rin cells is far greater than previously reported for growth-
suppressive effects of other connexins, including Cx43, irre-
spective of the cell type. Thus, Cx37 may, in at least some cell
types, be a far more potent tumor suppressor than other
connexins and consequently warrants further evaluation in this
context. The Rin cell system is ideally suited to this pursuit by
virtue of the Cx-specificity of growth suppression by Cx37 in
Rin cells.

In summary, we show here that Cx37 suppresses prolifera-
tion of Rin cells by significantly extending all phases of the cell
cycle and prolonging or arresting transition through the G1/S
checkpoint, especially when the cells are also deprived of
growth factor stimulation. That Cx37 suppresses Rin cell
proliferation when Cx43 does not, despite its growth-suppres-
sive effects in other tumorigenic cell types, suggests that the
mechanisms underlying Cx37-mediated growth suppression
must differ in critical ways from those of Cx43, differences
revealed by the Rin cell system.
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a b s t r a c t

Carcinogenesis is a complex, multistep, multipath process often described as “somatic evolution”. Conven-
tional models of cancer progression are typically based on the genetic and epigenetic changes observed
in malignant and premalignant tumors. We have explored an alternative approach that emphasizes the
selection forces within adaptive landscapes governing growth and evolution in in situ, microinvasive,
and metastatic cancers. In each environment, specific barriers to proliferation act as strong selection
forces that determine the optimal phenotypic properties that permit tumor growth and invasion. Thus,
the phenotypic properties or “hallmarks” of cancer can be viewed as successful adaptations to these
microenvironmental selection forces. In turn, these selection pressures are not static but will dynamically
change as a result of tumor population growth and evolution.

Here, we emphasize the role of hypoxia and acidosis in the progression of tumor from in situ to invasive
cancer. This is a consequence of early tumor cell proliferation on epithelial surfaces, which are separated
from the underlying blood supply by the intact basement membrane. As tumor cells proliferate further
away from the basement membrane, the diffusion-reaction kinetics of substrate and metabolite flow to
and from the blood vessels result in regional hypoxia and acidosis. Cellular adaptation to the former
include upregulation of glcyolysis and to the latter include upregulation of Na+/H+ exchangers (NHE1)
and other acid-regulating proteins such as carbonic anhydrase. We propose this phenotype is critical for
subsequent malignant growth of primary and metastatic cancers.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Invasive cancer develops over a prolonged period through accu-
mulation of multiple heritable genetic changes—a process often

∗ Corresponding author at: Department of Radiology, Moffitt Cancer Center, 12902
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E-mail address: robert.gatenby@moffitt.org (R.A. Gatenby).

characterized as “somatic evolution”. Early researchers inducing
skin tumors in animal models noted that tumorigenesis progresses
through distinct and predictable phases. The first step (initiation)
follows application of a mutagenic agent such as radiation. This
produces no visible tissue change and the resulting phenotype is
usually not distinguishable from normal cells. Nevertheless, the
initiation step permanently predisposes the treated skin to devel-
opment of cancer, but initiation alone is typically insufficient for
tumor formation and exposure of the skin to irritants such as tar
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(the promotion step) is required to induce growth of visible lesions.
This growth, however, remains self-limited and the pre-cancerous
carcinomas will typically regress after withdrawal of the promot-
ing agent. Development of an invasive cancer requires additional
prolonged, repeated stimulation by non-carcinogenic, genotoxic
agents, such as turpentine (the progression step) [1].

Here, we will review carcinogenesis as a multistage process,
and consider the metabolic constraints placed on a developing
pre-invasive tumor, as well as the subsequent adaptations that are
proposed to occur, in a predictable fashion, in the evolution of an
invasive cancer.

In healthy tissue, constraints to tumorigenesis exist in the form
of hard-wired barriers that prevent disruption of tissue architecture
and function by inappropriate cellular proliferation. These controls
include highly regulated activation by specific pro-growth signals
and growth-inhibitory barriers through anoikis and interactions
with other cells and the extracellular matrix. Finally, cellular hyper-
proliferation on epithelial surfaces creates a spatially limited milieu
– as with a pre-invasive carcinoma in situ (CIS), discussed below –
that will increase local metabolic demands beyond the sustainabil-
ity of surrounding tissue causing a decrease in concentrations of
available nutrients and a build-up of potentially toxic waste prod-
ucts (Fig. 1) [2,3].

During the course of carcinogenesis, these barriers to prolifer-
ation must be overcome to permit the unconstrained cell growth
characteristic of cancer. Hanahan and Weinberg [4] proposed that
these obstacles would direct the progression of carcinogenesis such
that all carcinomas – regardless of their diverse tissue origins and
specific genomic changes – would evolve at least six predictable
hallmark features that must be present in any carcinoma in order
to sustain tumor growth: (1) insensitivity to anti-growth signals, (2)
evasion of apoptosis, (3) self-sufficient growth signals, (4) limitless
replicative potential (immortalization), (5) sustained angiogenesis,
and (6) invasion and metastasis. Gatenby and Gillies [3] expanded
upon these six hallmarks by proposing two more: (1) evasion
of anoikis—cell death signals mediated by loss of cell–ECM con-
tact, and (2) increased glucose consumption through increased
glycolysis, and resistance to the toxicity of subsequent local acid-
ification. They also emphasized the critical role of a sequence

Fig. 1. Immunohistochemical staining for GLUT1 in ductal carcinoma in situ showing
evidence of regional hypoxia with central necrosis and upregulation of GLUT1 in cells
furthest from the basement membrane.

of specific external (microenvironmental) obstacles that must be
overcome for carcinogenesis to proceed. These cancer hallmarks
can be mapped onto the observed progression from normal tissue to
metastatic cancer to produce a teleologically derived model for car-
cinogenesis (Fig. 2). A key prediction of this model is that regions of
hypoxia and acidosis will inevitably develop in CIS lesions and that
adaptations to these microenvironmental forces are critical for the
transition from in situ to invasive cancer. As outlined in Fig. 1, this
previously unrecognized era in carcinogenesis is due to the separa-
tion of proliferating intraluminal tumor cells from the underlying
blood vessels by the intact basement membrane. This constrains
delivery of substrates to diffusion over increasingly long distances
as the tumor expands into the lumen. The diffusion-reaction kinet-

Fig. 2. A model of carcinogenesis, adapted from Gillies and Gatenby [2,3]. Carcinogenesis is presented with tumorigenic barriers and proposed timing of hallmark events
[2,3]. The specific order of occurrence for each carcinogenic hallmark may differ from cancer to cancer. Although not originally listed as a hallmark event, diminished DNA
repair is included here because it can be considered a necessary step for subsequent carcinogenesis.
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ics are predicted to result in hypoxia and acidosis in tumor regions
even within a few cell layers of the basement membrane.

2. Background

2.1. Diffusion-reaction models of substrate flow

To first test the hypothesized model of CIS maturation, we use
mathematical models to examine substrate flow in pre-invasive
tumors. As demonstrated in Fig. 1, tumor cells in CIS grow away
from the basement membrane thus increasing their distance from
the blood vessels which remain on the opposite side of the mem-
brane. The diffusion of O2 from blood vessel to surrounding tissue
(Fig. 3) can be mathematically modeled using a reaction-diffusion
equation based on Fick’s second law of diffusion. Once O2 has exited
a blood vessel ([O2]r1

), changes in O2 along the axis perpendicular
to the vessel can be calculated using the equation below:

∂[O2]
∂r

= D∇2[O2] + R(O2) (1)

[O2] is the concentration of O2 in the axis perpendicular to the
blood vessel, and r is the distance along the axis perpendicular
to the blood vessel. D is the diffusion coefficient of O2 and R(O2)
is the rate of oxygen consumption by metabolic reactions in the
surrounding tissue.

Assuming a negligible loss of O2 by diffusion off the axis perpen-
dicular to the blood vessel, the amount of O2 that diffuses to point r2
([O2]r2

) perpendicular from the vessel will equal the concentration
of O2 at point r1 ([O2]r1

), less any O2 that has been consumed in
metabolic reactions. From the reaction-diffusion equation above,
a critical distance (rcrit) can be calculated, which represents the
distance at which there is no further change in O2 concentration
with distance (∂[O2]/∂r = 0). Thus, as Krogh proposed in 1919 [5],
the attrition of O2 by metabolic consumption establishes a cylin-
drical gradient of oxygenation surrounding a blood vessel, with a
radius (rcrit), which represents the region of surrounding tissue that
will be normoxic. Indeed, Krogh noted that the vascular density in
striated muscles would produce overlapping cylinders with radius,
rcrit, [5] allowing uniformly normoxic microenvironmental condi-
tions. Based on this theory, tumor hypoxia was originally thought
to be due to low tumor vascularity [6]. However, Helmlinger et al.
reported that tumor pHe and pO2 profiles were heterogeneous –
with large regions of hypoxia and acidosis – despite the presence
of an extensive blood vessel network [7] suggesting that blood flow
rather than vascular density is the primary limitation in tumor
oxygenation.

In a CIS or invasive carcinoma, rcrit may be viewed as the distance
from the basement membrane in which tumor cells may remain
normoxic. Using typical values and the Krogh equation, this dis-

Fig. 3. Diffusion of O2 from a blood vessel to surrounding tissue extends to a max-
imal distance (rcrit) due to loss of O2 from metabolism. extrapolation of rcrit along
the length of the vessel forms a cylinder representing the functional extent of oxy-
genation by the vessel.

tance is calculated to be about 100 �m but might be decreased due
to the increased metabolic demand from highly proliferating pre-
cancerous cells. These predictions are consistent with experimental
observations of hypoxia in the central region of tumor spheroids
and clinical specimens of breast ductal CIS (DCIS) (Fig. 1) as well
as upregulation of hypoxia-inducible gene products, GLUT1 and
Carbonic Anhydrase IX, in the central regions of DCIS [8,9].

2.2. Normal cellular responses to hypoxia

Normal tissues in well-oxygenated environments typically rely
on highly efficient forms of aerobic metabolism to generate ATP.
Glucose is the main source of energy and enters the cell through a
family of glucose transporters (primarily GLUT1 through 4). Pyru-
vate is generated by the first steps of glucose metabolism. Under
aerobic conditions, pyruvate typically enters the mitochondria and
is metabolized to CO2 and H2O in the Krebs cycle producing 38
moles of ATP per mole of glucose. However, under anaerobic con-
ditions, the lack of O2 to act as the final electron acceptor in the
electron transport chain prevents aerobic metabolism from pro-
gressing. The pyruvate is reduced to lactate to re-generate oxidized
nicotinamide adenine dinucleotide (NAD+) from reduced NADH,
thus producing only 2 moles of ATP per mole of glucose. Because
of the significantly increased efficiency of aerobic metabolism of
glucose, glycolysis is less active under oxygenated conditions and
upregulated under anaerobic conditions—a phenomenon referred
to as the Pasteur Effect. As described below, the Pasteur Effect is
coordinately regulated by energy, redox and activation of transcrip-
tion factors.

Adenosine nucleotides are the core of the cellular energy sen-
sor that determines the switch between aerobic and anaerobic
metabolic processes [10]. The classical mechanism underly-
ing the Pasteur Effect was derived from the observation that
Adenosine Monophosphate (AMP) allosterically activates phospho-
fructokinase [11], an enzyme involved in conversion of fructose
6-phosphate to fructose 1,6-bisphosphate during glycolysis. ATP
competitively inhibits AMP’s effect on phosphofructokinase, down-
regulating glycolysis during periods of high energy availability
[11]. During hypoxia, loss of available O2 diminishes aerobic
metabolism, resulting in an increase in the AMP/ATP ratio, pro-
moting allosteric activation of phosphofructokinase by AMP and
activation of the glycolytic pathway. In ischemic cardiac mus-
cle, AMP also activates the highly sensitive AMP-activated protein
kinase (AMPK) pathway (both allosterically and via activation
of upstream kinases). Activated AMPK phosphorylates a num-
ber of metabolic enzymes that can induce changes in gene
expression [12]. Among the targets of AMPK phosphorylation is 6-
phosphofructo-2-kinase (6PF2K), which induces the activation of
fructose-2,6-bisphosphatase (F26BP) which in turn causes the acti-
vation of phosphofructokinase and increases glycolysis [13]. AMPK
also increases expression of the glucose transporters, which may
further aid in upregulation of glycolysis [12,14].

Another mechanism that has been proposed to be involved in
the Pasteur Effect is the “redox switch hypothesis”. This model
proposes that NADH plays a critical role in hypoxia-sensitivity of
glycolysis. NADH is a reducing agent that is recycled by the action of
NADH dehydrogenases. Oxidative metabolism of glucose efficiently
recycles NADH from NAD+ by the action of glyceraldehyde phos-
phate dehydrogenase (GAPdH), producing 6 NADH molecules that
can be used to generate ATP by the mitochondrial electron trans-
port chain. GAPdH is the only enzyme of the glycolytic pathway that
recycles NADH, and functions in the presence of cytosolic glucose.
Under hypoxic conditions, extracellular lactate increases while glu-
cose availability decreases with resulting upregulation of lactate
transport into the cell. The redox switch hypothesis postulates that
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Fig. 4. Diagram of the “Redox Switch Hypothesis”, adapted from Cerdan et al. [15].
Briefly, lactate dehydrogenase (LDH) competes with GAPdH for NAD+, following
accumulation of cytosolic lactate under anaerobic conditions. This upregulates lac-
tate metabolism and reduces or eliminates glycolytic flux.

cytosolic lactate accumulation results in the preferential competi-
tion for NAD+ recycling by lactate dehydrogenase, LDH, over GAPdH,
thereby further reducing or inhibiting glycolytic flux under aero-
bic conditions, and thus contributing to the hypoxia-sensitivity of
glycolysis [15] (Fig. 4, reproduced from [15]).

2.3. The Warburg Effect and its molecular mechanisms

Unlike in normal tissues, glycolysis is typically constitutively
upregulated in carcinomas and persists even under normoxic
conditions—a phenomenon termed the “Warburg Effect” [16]. In
the past several years, much progress has occurred in understand-
ing genetic pathways that yield this phenotypic property.

There is abundant evidence of upregulation of components of
the glycolytic pathway in cancer cells. For example, an isoform
of 6PF2K containing the conserved sequence targeted by AMPK is
expressed in several cancer samples [17]. Control of the glycolytic
pathway appears to be multifactoral, but critical upstream effectors
include the c-myc family of proteins, the hypoxia-sensitive tran-
scription factor, HIF-1�, and other proteins beyond the scope of
this discussion.

C-myc is a transcription factor that activates expression of
several genes linked to increased cellular proliferation and dif-
ferentiation [18]. It is characteristically dysregulated in several
cancers, notably in Burkitt lymphoma, which arises following a
chromosomal translocation of the c-myc gene resulting in consti-
tutive expression [18,19]. Retroviral infection of the v-myc gene
rapidly induces tumor growth in chickens and co-transfection of
rodent fibroblasts with c-myc and the oncogene, Ras, is particularly
tumorigenic [20]. Several recent findings have supported a role for
c-myc in the shift to glycolysis. Sequence analysis reveals that the
core binding site of c-myc proteins (the E-box) corresponds to the
carbohydrate response element (ChoRE), which is present in the
promoter regions of gene products whose expression is sensitive
to carbohydrate metabolism levels. Heterodimerization of c-myc
with its binding partner Max alters expression of a variety of genes:
transfection of rat fibroblasts and mouse liver cells with the c-myc

Fig. 5. Transactivation by c-myc. C-myc heterodimerizes with Max to activate or
decrease expression of genes involved in several cellular processes.

gene induces upregulation of genes associated with growth, apop-
tosis and metabolism, and decreases expression of genes associated
with cell adhesion and differentiation (Fig. 5, also Table 1 of Dang
et al. [19]. Notably, c-myc transactivates Lactate Dehydrogenase A
(LDH-A), and causes an overproduction of lactic acid when trans-
fected into rodent fibroblasts [21]. LDH-A may also be necessary for
c-myc-mediated anchorage-independent growth and clonogenic-
ity [19,21]. GLUT proteins, enolase and other proteins associated
with glycolysis have also been found to be overexpressed in cells
transfected with c-myc [22]. Thus, c-myc is a strong candidate effec-
tor of the Warburg Effect.

HIF-1 is a master transcription factor consisting of ˛ and ˇ
subunits (members of the basic helix-loop-helix-Per-ARNT-SIM
(bHLH-PAS) family of proteins), and was first identified for its
DNA-binding activity in the promoter of erythropoietin, which
experiences altered gene expression under hypoxic conditions. The
most well-studied of these subunits are HIF-1� and HIF-1� (previ-
ously identified and named Aryl Hydrocarbon Nuclear Translocator
(ARNT)), although two other homologs of each subunit have also
been identified [23]. While HIF-1� expression is constitutive and
unaffected by hypoxia-induced by CoCl2 [24], HIF-1� represents
the oxygen-sensitive component of the HIF-1 pathway: HIF-1�
mRNA and protein levels – as well as DNA-binding activity – are
sensitive to extracellular oxygen concentration.

In most normal and some cancer cells, expression of HIF-1� is
undetectable under normoxic conditions. When exposed to 1% O2,
expression became detectable at 30 min and peaks at 4 h, but is
rapidly lost within five minutes of return to normoxic conditions
[25]. DNA-binding of HIF-1 was also absent in 20% O2, but was
induced by 1% O2 [26] HIF-1� mRNA levels are also increased under
ischemic conditions [27] suggesting that hypoxia stabilizes the HIF-
1� mRNA message by an as-of-yet unresolved mechanism. Tracking
HIF-1 DNA-binding activity and protein expression with increasing
O2 levels shows a sharp decrease in both measures between 0.5%
and 6% O2, with basal levels persisting from 6% to 20% O2. [28].
Thus, HIF-1 presents a means for responding in a graded fashion to
physiological levels of O2.

Heterodimerization of HIF-1� and HIF-1� subunits is nec-
essary for DNA-binding. Truncation experiments conducted on
HIF-1� have revealed that the bHLH-PAS domain of this pro-
tein is both necessary and sufficient for heterodimerization with
HIF-1� [29] HIF-1� contains an Oxygen-Dependent Degradation
(ODD) domain responsible for HIF-1�’s short half-life in the
presence of oxygen. Under normoxic conditions, HIF-1� is consti-
tutively expressed but is rapidly degraded by the ubiquitin-28S
proteasome pathway [30]. Specifically, in normoxia, proline402
and proline564 are hydroxylated by oxygen-dependent Proline
Hydroxylases (PHD), predisposing HIF-1� to binding by the Von
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Fig. 6. HIF-1� degradation in normoxia by the ubiquitin-proteasomal pathway, adapted from Ke and Costa [31]. During normoxia, HIF-1� is hydroxylated by PHD and FIH,
which promotes the binding of VHL ubiquitin ligase. HIF-1� is thus rapidly degraded via the ubiquitin-proteasome pathway. Under hypoxic conditions, FIH and PHD are
inactive. Instead, HIF-1� is phosphorylated by MAPK and bound by CBP/p300, inducing heterodimerization with HIF-1� and transactivation of a variety of genes.

Hippel-Lindau, VH-L, ubiquitin ligase and shunting of HIF-1�
towards the protein degradation pathway [32]. Hydroxylation of
aspargine803 by Factor Inhibiting (FIH) HIF under normoxic con-
ditions further inactivates HIF-1� by inhibiting its interaction with
transcriptional co-activator, CBP/p300 [32]. Under hypoxic condi-
tions, lack of O2 prevents the hydroxylation (and thus degradation)
of HIF-1� by PHD and FIH. Instead, HIF-1� binds to CBP/p300
and is translocated to the nucleus for heterodimerization with
HIF-1� (Fig. 6). Addition of proteasome inhibitors to normoxic
cells allows the accumulation of HIF-1� and transactivation of
genes by HIF-1 [30]. Binding of HIF-1� to HIF-1� – an inter-
action that is enhanced by MAPK phosphorylation of HIF-1� –
induces a HSP90-depdendent conformational change in HIF-1�
to produce the master transcription factor, HIF-1 [23,24]. HIF-1�
expression has also been found to be sensitive to a variety of
environmental factors and signaling molecules, including extra-
cellular nickel (Ni2+), Nitric Oxide (NO), angiotensin II, and TGF-�
[31].

HIF-1 binds to promoter region hypoxia response elements
(HRE) to transactivate a diversity of genes, including genes broadly
related to iron metabolism (e.g. erythropoietin [33],) vascular tone,

matrix metabolism, cell proliferation, angiogenesis (e.g. vascular
endothelial growth factor (VEGF)), glucose metabolism, and apop-
tosis (for a detailed list of target genes, see Table 2 of Ke and Costa
[31]). Of particular significance to carcinogenesis and the War-
burg Effect is the fact that HIF-1 transactivates glycolytic enzymes,
anti-apoptotic proteins, and angiogenic mitogens (Fig. 7). Increased
expression of VEGF may be involved in the turning on of the

Fig. 7. Transactivation By HIF. HIF-1� heterodimerizes with HIF-1� to activate fam-
ilies of genes that may have implications for CIS maturation and the Warburg Effect.
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angiogenic switch, while transactivation of the anti-apoptotic bcl-2
oncogene may be related to evasion of acid-mediated apoptosis in
the late CIS. Finally, HIF-1 increases expression of many glycolytic
pathway enzymes [31] as well as glucose transporters, GLUT1 and
GLUT3 [34]. HIF-1� is stabilized by glycolytic end-products, lac-
tate and pyruvate [35], thus establishing the basis for a positive
feedback loop for glycolysis and the Warburg Effect under hypoxic
conditions. Collectively, these findings strongly support the pro-
posal that HIF-1 plays a critical role in upregulating glycolytic flux
in CIS.

3. Hypoxia and acidosis in somatic evolution of cancer

3.1. Models of carcinogenesis

A number of theoretical models of all or some stages of carcino-
genesis exist. These include the initiation–promotion–progression
approach (described above) derived largely from empirical obser-
vations in skin carcinogenesis. The Folkman model focuses on the
transition from non-angiogenic to angiogenic phenotype in the cor-
responding transition from limited to unrestricted tumor growth
[36]. Work by Bissell and Nelson [37], while never formalized in an
explicit theoretic model, emphasizes the critical role of components
of the microenvironment in promoting or constraining malignant
tumor morphology and growth. Fearon and Vogelstein [38] first
proposed a model that defines the genetic events corresponding
to the transition from healthy tissue to carcinoma in colorectal
cancer. This progression begins with the transformation of normal
to hyperplastic tissue, involving a series of genetic changes that
cause an increase in cell proliferation. The speed with which these
change accumulate is, at least in part, determined by the muta-
tion rate. Thus, a number of investigators have proposed that an
early (perhaps first) step in carcinogenesis is a mutation in DNA or
chromosomal repair pathways [39]. The subsequent mutator popu-
lation presumably has a growth advantage because it can generate
adaptive phenotypes to proliferation barriers more quickly than
populations with normal mutation rates.

We have explicitly examined the influence of environmental fac-
tors and the mutation rate on the rapidity of carcinogenesis has
been examined using evolutionary game theory. The relationship
can be expressed mathematically [40] as

du

dt
= �2

(
∂F

∂u

)
(2)

where u is the mean phenotype of a population, F is the fitness of a
population, and � is the phenotypic variance around the mean. Eq.
(2) indicates that the rate of phenotypic evolution (du/dt) is depen-
dent on the phenotypic variance (which is generally governed by
the mutation rate) and the slope of the fitness curve (∂F/∂u). While
this is in agreement with the “mutator hypothesis” it also demon-
strates that highly selective microenvironments in with the slope
of the fitness curve is high will also accelerate somatic evolution.

3.2. Adaptations to normal tissue proliferation constraints

Specific phenotypic changes during carcinogenesis include
increases in the activation of pro-growth signal pathways (such
as platelet-derived growth factor, PDGF, or tumor growth factor
˛, TGF-�) through mutations that increase the activity of growth
factors, growth factor receptors or transduction pathways. This
occurs along with heritable changes that reduce growth-inhibitory
signals, such as APC mutations in colon cancer [41]. In addition,
while cell–cell signaling through gap junctions is not included in
the Fearon–Vogelstein model, it also mediates growth-inhibitory

signals that will likely undergo mutations during carcinogenesis.
Indeed, transfection of genes for gap junction proteins (connexins)
into immortalized cells with low levels of intercellular communi-
cation strongly inhibits cell growth [42,43]. Thus, genomic changes
that downregulate connexin expression or activity will further
facilitate the transition to hyperplasia. Hence, with downregula-
tion of growth-inhibitory signals (tumor suppressors), cell numbers
can increase under conditions wherein there would normally be
significant attrition. In many common breast cancers, for exam-
ple, the anti-apoptotic oncogene, bcl-2 is upregulated, allowing
carcinoma cells to evade natural or chemotherapy-mediated apop-
tosis [44]. Finally, for cells to continue to accumulate progressive
genetic abnormalities, they must continue to divide past their
predetermined lifespan, which is classically determined by telom-
ere length. With each cellular division, healthy cells experience a
progressive loss of 50–100 base pairs of the chromosomal telom-
eres. Eventually, the loss of telomere protection of chromosomal
ends leads to end-to-end chromosomal fusions that trigger apop-
tosis (senescence)—termed the Hayflick limit [45]. Usually, cells
can only undergo 60–70 divisions before they become senescent.
However, hyperplastic cells may divide beyond their normal lifes-
pan as part of the progression into CIS. Evasion of senescence
producing an immortalization of the abnormal cell can be accom-
plished by an upregulation of telomerase expression or activity
[4].

Prolonged loss of proliferative control and rapid cellular division
along with accumulating random genomic errors produce pheno-
typically diverse populations in premalignant lesions such as CIS.
Cells of CIS and subsequent carcinomas typically display abnormal
morphologies including disorganization, increased abundance of
mitotic figures, nuclear pleiomorphisms, prominent nucleoli and
increased nucleus-to-cytoplasm (N:C) ratios.

3.3. Hypoxia and acidosis in carcinogenesis

The microenvironment of pre-invasive tumors is spatially and
temporally diverse. Because cancers evolve on epithelial surfaces,
the mutant cells remain separated from the underlying blood ves-
sels by the intact basement membrane. Thus, premalignant tumors
are characteristically avascular and local substrate concentrations
are dependent on diffusion across the basement membrane from
the underlying blood vessels. Furthermore, because the basement
membrane remains intact, tumor cells are constrained to proliferate
away from the surface. This increases the diffusion distance from
the blood vessels and result in reaction-diffusion dynamics that
produce significant microenvironmental heterogeneity. It has been
proposed that this CIS milieu produces environmental selection
pressures that are crucial in transition to the invasive phenotype
of malignant cancers.

This hypothesis proposes the following sequence of events: as
the tumor increases in size, the proliferating cells become increas-
ingly distant from the basement membrane and the underlying
vessels. The consequent diffusion-reaction dynamics results in
large spatial and temporal fluctuations in concentrations of H+, glu-
cose, pO2, and other nutrients Mathematical models (see above)
demonstrate oxygenation of the tissue rapidly deteriorates with
distance from the basement membrane, while glucose levels dete-
riorate less sharply. In fact, it is estimated that severe hypoxia
will be present within about 5 cell diameters from the basement
membrane. Simultaneously, H+ increases with distance from the
basement membrane due to the diffusion distance and increased
production of acid from hypoxic-glycolytic cells, rendering the
interior of the CIS highly acidic (Fig. 1). Gillies and Gatenby [2,3]
proposed that adaptations to this toxic microenvironment repre-
sent critical steps in transition from a benign, pre-invasive tumor
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to a malignant carcinoma, and distinguish early, middle and late
CIS tissues based on their adaptations to these toxic challenges.

CIS tissues become malignant carcinomas following rupture
of the basement membrane and invasion into the surrounding
tissue, a process that may be facilitated by increased acid produc-
tion following upregulated glycolysis [46]. Low pHe also correlates
with resistance to chemotherapy [47] and increased chromoso-
mal instability in vitro [48,49]. Concurrent with the rupture of
the basement membrane is the release of pro-angiogenic signals
to induce vascularization of the tumor mass by the rapid, dysreg-
ulated growth and incursion of characteristically abnormal blood
vessels. Blood vessels of a carcinoma are highly permeable, suffer
from low pO2, and are extremely disorganized, frequently form-
ing arterio-venous shunts, blind ends, and high angle branches, all
contributing to perfusion-limited regional hypoxia [50]. Nonethe-
less, vascularization of tumor masses produces a rapid, exponential
growth phase [51]. Without the vascularization resulting from the
induction of angiogenesis, avascularized tumors are limited to a
diameter of only a few millimeters [50]. Peri-luminal cells within
CIS and in small lesions experience diffusion-limited hypoxia and
undergo necrosis [52,53], and acid-mediated apoptosis [53]. In
locally invasive cancers, this can be abrogated if the “angiogenic
switch” is turned on by the increased expression of angiogenic sig-
nals. Notably, the hypoxic–acidic conditions of CIS lesions are not
affected by periductal angiogenesis, as reaction-diffusion kinet-
ics are unaltered. However, Vascular Endothelial Growth Factor
(VEGF), a potent angiogenic factor, is upregulated in many car-
cinomas in response to hypoxia or inflammatory cytokines [54].
Subsequently, highly invasive carcinoma cells that have entered the
bloodstream following vascularization of the primary lesion may
seed a region of healthy tissue distant from the original carcinoma,
thereby metastasizing to form a secondary tumor.

3.4. Evolutionary consequences of hypoxia and acidosis

Fluctuating hypoxia may promote CIS maturation by select-
ing for cells with glycolysis upregulation via repeated, transient
hypoxia-reoxygenation injury [55]. Indeed, a systemic switch to
anaerobic glycolysis during hypoxia is observed in many organisms,
suggesting that hypoxia-sensitive transitions between glycolysis
and aerobic metabolism represents a fundamental metabolic sig-
naling pathway common to most air-breathing vertebrates and is
subverted during the progression of carcinomas. The development
of tumor hypoxia has been shown to be a critical step in tumorige-
nesis: low tumor pO2 is correlated with poor patient survival and
metastasis in soft tissue sarcoma [56], and cyclical hypoxia induces
a significant increase in metastasis of KHT-C fibrosarcoma mouse
tumors in vivo [50,57] and of BH16 cells in vitro [58].

A general mechanism for the Warburg Effect may be derived
from the modeling of cancer populations in terms of Darwinian
selection. This is based on the concept of “somatic evolution” which
posits that growth challenges provide selective advantages for the
evolution of progressively aggressive and invasive phenotypes. Evo-
lutionary potential is greatly enhanced in highly proliferative cell
[59], and the hypoxic microenvironment of a CIS may produce suffi-
cient selective pressure for cells to acquire – by Darwinian selection
– an upregulation in anaerobic glycolysis. However, it is clear that
the persistence of glycolysis even in the face of normoxic conditions
(aerobic glycolysis) indicates that glycolytic flux is not simply a
response to hypoxia, but must confer a further selective advantage.
One possibility is that the acidosis produced by the glycolytic flux,
in turn, produces a selective pressure benefitting cells with resis-
tance to acidosis, such as cells with increased H+ transporter activity
(e.g. N+/H+ exchanger) [60]. Therefore, cells that are both glycolyt-
ically upregulated and resistant to extracellular acidosis possess

a selective advantage not only because they are more resistant to
the hypoxia of the tumor microenvironment, but also because they
actually produce toxic conditions for surrounding cells that have
not developed these phenotypes. Furthermore, extracellular acido-
sis may confer a further advantage by aiding in invasiveness and
thus metastasis [61].

Moreover, intermediates of the glycolytic pathway are involved
in the pentose phosphate pathway, which plays an essential role
in recycling NADPH, a reducing agent critical in anabolic pro-
cesses such as nucleic acid synthesis. NADPH is also involved in
counteracting reactive oxygen species, ROS, which are produced
during reperfusion or increased iron metabolism [62]. Therefore,
the transition to a glycolytic metabolism strategy may be due to
a selective advantage conferred to cells by increased NADPH recy-
cling, thus allowing for enhanced anabolism and/or resistance to
ischemic–reperfusion induction of ROS.

4. Conclusion

The transition from pre-invasive to invasive carcinoma may be
closely linked to the CIS microenvironment. Though each carci-
noma arises out of a unique series of genomic changes that induce
a number of early hallmarks of cancer, the process of carcino-
genesis converges on the development of hypoxia and acidosis in
a bounded, avascular tumor that occurs as a result of increased
cell number and density in a limited, avascular space. This unique
microenvironment creates a harsh adaptive landscape that pro-
motes evolution of aggressive and invasive phenotypes through
the sequential acquisition of the Warburg Effect and resistance
to acid-induced toxicity. These phenotypes develop via upregula-
tion of signaling molecules that may include c-myc and HIF-1 and
result in significant phenotypic changes such as increased mem-
brane expression of GLUT1 and NHE1. However, many details in
the evolutionary sequence remain to be elucidated by in vivo and in
vitro studies. Nevertheless, this model introduces tantalizing new
ideas for cancer therapy: new treatments might not only target
cells undergoing aggressive aerobic glycolysis (e.g. selectively lim-
iting glucose transport or inhibiting protection from acid-mediated
apoptosis), but may actually encourage the adoption of a War-
burg Effect phenotype in pre-invasive carcinoma cells in order
to improve the efficacy of chemotherapies targeting glycolysis-
dependent mechanisms.
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