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summary, we present evidence demonstrating that Cx37 

and Cx40 uniquely regulate postischemic limb perfusion, al-

tering the severity of ischemic insult and consequent post-

ischemic survival.   Copyright © 2011 S. Karger AG, Basel

  Introduction

  Acute vascular obstruction and injury, as occurs in 
coronary and peripheral artery disease or blunt trauma, 
acutely reduces downstream blood flow, resulting in lo-
calized ischemia and cellular damage that is reversed 
over time by complex repair and remodeling processes. 
Survival of distal tissue depends, in part, upon acute va-
sodilatory mechanisms to maintain sufficient residual 
perfusion to prevent distal tissue death, and prolonged 
vascular remodeling processes that restore peripheral 
flow towards preinjury levels  [1, 2] . Coordination of the 
complex vasomotor, injury and repair signaling cascades 
activated by ischemia likely involves vascular gap junc-
tions, plaques of intercellular channels that mediate elec-
trical and chemical coupling between neighboring endo-
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  Abstract

   Background/Aims:  Ischemia induced by large-vessel ob-

struction or vascular injury induces a complex cascade of va-

sodilatory, remodeling and inflammatory pathways; coordi-

nation of these processes by vascular endothelium is likely 

to involve endothelial gap junctions. Vascular endothelium 

predominantly expresses two connexin (Cx) isoforms: Cx37 

and Cx40. The relevance of these Cxs to postischemic limb 

recovery remains unclear.  Methods:  In this study, we use a 

well-established, severe femoral-saphenous artery-vein pair 

resection model of unilateral hindlimb ischemia to test the 

relevance of Cx37 and Cx40 to postischemic tissue survival 

and recovery of limb perfusion.  Results:  Cx40-deficient ani-

mals (Cx40–/–) experienced a severe reduction in limb perfu-

sion relative to wild-type (WT) animals and exhibited pro-

found and rapid failure of ischemic limb survival. By contrast, 

the deficit in limb perfusion was less severe in Cx37-ablated 

(Cx37–/–) animals compared to WT, corresponding with 

more rapid recovery of limb appearance and use. These re-

sults demonstrate that Cx40 is necessary for postischemic 

limb survival and reperfusion, whereas Cx37 deletion reduc-

es the extent of ischemia in the same model.  Conclusion:  In 
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thelial cells (ECs) and between ECs and smooth muscle 
cells. Gap junctions may also interact with and modulate 
mediators of key signaling pathways via communication-
independent mechanisms  [3] . In the vasculature, inter-
cellular coupling of the endothelium is believed to be nec-
essary for dynamic regulation of flow; the absence of
gap junction-mediated EC–EC communication promotes
shunting (and consequently distal hypoxia) in a mathe-
matical model of the microvasculature  [4] .

  Gap junction channels are formed by the docking of 
two hexameric complexes of connexin (Cx) proteins. Of 
the 21 different Cx isoforms identified in the human ge-
nome, Cx37 and Cx40 are strongly expressed whereas 
Cx43 is minimally expressed in vascular endothelium 
under laminar flow conditions  [5, 6] . Studies of Cx-defi-
cient animals have provided evidence suggesting the im-
portance of vascular Cxs in regulating responses to vas-
cular injury or disease. Ablation of Cx40 disrupts inter-
cellular dye transfer in intact endothelium  [7] , reduces 
conducted vasomotor responses in isolated arterioles  [8, 
9]  and increases susceptibility to vascular inflammatory 
disease  [10] , suggesting a critical involvement of Cx40 in 
EC–EC coupling and endothelial barrier function. Inter-
estingly, while intercellular dye transfer is reduced in ei-
ther Cx40- or Cx37-deficient endothelium  [7] , upstream 
conduction of vasomotor signals appears to be largely un-
affected in isolated arterioles obtained from Cx37-defi-
cient animals  [9] . These studies suggest that, despite their 
observed colocalization at EC–EC contacts  [5] , Cx37 and 
Cx40 may regulate different, if overlapping, functions in 
the vasculature. More specifically, Cx40 appears to be the 
Cx primarily responsible for mediating upstream com-
munication of vasodilatory signals in the vasculature 
while the role of Cx37 in the vasculature remains more 
elusive.

  Interestingly, Cx37 – but not Cx40 – expression is 
downregulated (and Cx43 upregulated) in the endothe-
lium of aorta subjected to coarctation  [5] , a model that 
induces a hundred-fold increase in EC proliferation at the 
site of flow disruption  [11] . Recently, we showed that Cx37 
expression in highly proliferative cancer cells (rat insuli-
noma, Rin) limits cell proliferation by inducing G 1 /S ar-
rest to produce a 4.5-fold increase in cell cycle duration 
 [12] ; no such growth suppression was observed in Rin 
cells expressing either Cx40 or Cx43. Growth suppression 
by the 319P human Cx37 (hCx37) polymorphic isoform, 
but not the 319S polymorph, has also been reported in
Sk-Hep-1 and HeLa cells  [13] . Further, Cx37 expression is 
absent, and Cx43 expression abundant, in subconfluent, 
proliferating microvascular ECs whereas the opposite is 

true when these cells achieve confluence  [14] . Taken to-
gether, these studies support the hypothesis that Cx37 
may function in the vasculature to regulate and limit
vascular growth by limiting EC proliferation, a process 
required for vascular remodeling and repair following 
blood vessel injury or obstruction. This growth-suppres-
sive function may not, however, be shared by other vas-
cular Cxs, including Cx40.

  While the studies described above suggest isoform-
specific, and important, roles for Cx37 and Cx40 in regu-
lating specific mechanisms necessary for the mainte-
nance of vascular health, no studies have specifically 
demonstrated and compared the importance of either 
Cx37 or Cx40 in models of ischemic vascular injury or 
disease. For this study, we use Cx37–/– and Cx40–/– mice 
to determine the requirement for either Cx in the sur-
vival, repair and remodeling processes. To insure the de-
tection of possible beneficial as well as detrimental effects 
of gene deletion, we used a severe form of unilateral 
hindlimb ischemia that wild-type (WT) animals typical-
ly recover from over a 2- to 3-week period  [15, 16] . Tissue 
survival and repair in models of hindlimb ischemia de-
pend on both acute vasodilatory mechanisms and long-
term vascular remodeling processes  [1, 2, 15, 17] . We 
demonstrate that limb recovery and survival are compro-
mised in Cx40–/–, but accelerated in Cx37–/– animals.

  Methods

  Animals
  Two- to six-month-old WT C57Bl/6 animals were compared 

to age-matched and sex-matched animals bearing a systemic dele-
tion of either Cx37 (Cx37–/–)  [18]  or Cx40 (Cx40–/–)  [19] . Ani-
mals were provided access to food (Harlan No. 7013 NIH-31) and 
water ad libitum, and studies were conducted in accordance with 
the University of Arizona’s Institutional Animal Care and Use 
Committee.

  Femoral-Saphenous Artery-Vein Pair Resection
  Two models for induction of hindlimb ischemia are common-

ly used: femoral artery occlusion  [2, 20]  and femoral-saphenous 
artery-vein pair resection (FSAVPR)  [15, 17] . The WT C57Bl/6 
mouse recovers blood flow to the ischemic hindlimb over a course 
of 14 days with the more severe form of ischemia, a period that is 
long enough to enable the detection of potential beneficial as well 
as detrimental effects of gene deletion. Consequently, to maxi-
mize our chances of observing improved as well as compromised 
recovery in Cx-ablated animals we applied the FSAVPR model for 
these studies. Ischemia was induced as previously described 
( fig. 1 a)  [15] . In brief, animals were anesthetized with 1.5–5% iso-
flurane in O 2  until the toe pinch reflex was lost. The femoral-sa-
phenous artery-vein pair of the left hindlimb was exposed and 
dissected away from the overlying nerve under sterile conditions, 
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and the epigastric fat pad was removed by cauterization to reveal 
the upstream ligation site. 6-0 silk sutures were placed around the 
femoral artery-vein pair upstream of the epigastric branch and 
downstream on the saphenous artery-vein pair midway between 
the knee and ankle. The intervening portion of blood vessel was 
resected, and the wound was closed using 7-0 absorbable prolene 
suture. The animals received two injections of an analgesic (Bu-
prenorphine, 10 mg/kg), one immediately and the other 24 h after 
surgery.

  Assessment of Surgical Limb Survival and Recovery
  At multiple time points following FSAVPR, an investigator 

blinded to animal genotype and surgical manipulation scored 
the appearance and use of the surgical limb according to the de-
scriptors in  tables 1  and  2  (modified from Stabile et al.  [21] ). 
Animals experiencing severe necrosis or autoamputation were 
sacrificed at the time of detection, which in some cases occurred 
prior to the end of the standard 14-day recovery period. For 
those animals, appearance scores subsequent to the time of eu-
thanasia were assigned a value of –4 based on the assumption 
that distal tissue death or autoamputation is an irreversible 
event.

  Laser Doppler Scanning
  Animals were anesthetized with 1.5–5% isoflurane in O 2  until 

loss of righting reflex. The hindquarters of the animals were then 
depilated, and the animals were placed supine on a heated block 
to maintain body temperature at 37   °   C. A Periflux Pim II (Peri-
med) small-animal laser Doppler scanner was used to assess the 
perfusion of surgical and control limbs  [15] . Scanning range was 
between 5 and 10 V, and the threshold was set at 5.6 V based on 
scans made of a dead animal wherein flow was absent. Pixel in-
tensities above threshold were converted by LDPIWin software 
(Perimed, version 2.3.14) to a perfusion value within a range of 
0–10 V. Surgical and control limb perfusion were quantified from 
each scan by creating an 11  !  24 pixel region of interest around 
each limb, and determining the average perfusion voltage of 
above-threshold pixels contained therein. Mean surgical limb 
perfusion was calculated for each image by normalizing surgical 
limb pixel intensities to that of the control limb in each image. 
Animals were scanned in triplicate over a 10- to 15-min period, 
and the mean surgical limb perfusion for the three scans was cal-
culated and expressed as surgical limb perfusion (%) for each an-
imal at each time point. The perfused area (%) of the surgical limb 
was determined as the average across three scans of the number 
of above-threshold pixels within the region of interest of the sur-
gical limb and normalized to the same value calculated for the 
control limb. Total limb flow (%) was calculated as the product of 
limb perfusion level and perfused limb area for each image and 
averaged across three scans. Graphs plot the means of the indi-
cated parameter for all animals for each time point; perfusion 
level and area for animals sacrificed prior to day 14 were assumed 
to be zero for all time points after sacrifice.

  Histology
  Experimental animals were euthanized and gastrocnemius 

skeletal muscle was harvested from control and surgical limbs 
and fixed in 4% paraformaldehyde (in PBS) for 24 h. Tissue was 
dehydrated by progressive alcohol washes, cleared with xylene, 
and embedded in paraffin. Seven-micrometer-thick cross-sec-

tions were stained using a standard hematoxylin and eosin stain-
ing protocol to assess the morphological characteristics of the tis-
sue.

  Statistics
  Nonparametric hindlimb use and appearance scores are ex-

pressed as median values as a function of time, and were com-
pared using a rank-sum test. All other comparisons were per-
formed using Student’s t test. In all cases,  �  was set at 0.05.

  Results

  In this study, we tested the hypothesis that Cx37 and 
Cx40 are necessary for survival and recovery of the 
hindlimb following femoral-saphenous artery-vein liga-
tion and resection. We induced ischemia in WT, Cx37–/– 
and Cx40–/– animals by unilateral FSAVPR ( fig. 1 a), a 
well-established surgical model of peripheral artery dis-
ease that requires native and remodeled vasculature to 
maintain sufficient perfusion to preserve downstream 
tissue health  [15] . We confirmed induction of ischemia by 
laser Doppler scanning of control and surgical limbs be-
fore surgery and 24 h after surgery ( fig. 1 b). Both mean 
( fig. 1 c) and total (data not shown) surgical limb perfu-
sion of WT animals were significantly reduced compared 
to presurgical scans, demonstrating that FSAVPR pro-
duced an acute ischemic insult that decreased subcutane-
ous blood flow by about 90%. Although older animals 
fare less well than juveniles in similar models of hindlimb 
ischemia  [22] , no differences in postischemic limb flow 
were detected at 24 h after surgery between younger (8-
to 12-week-old) and older (16- to 25-week-old) WT ani-
mals within the 8- to 25-week age range (online suppl. 
fig.  1; for all online supplementary material see, www.
karger.com/doi/10.1159/000329616), suggesting that age-
dependent differences within our experimental group are 
unlikely to alter postischemic outcome in this model.

  No differences in initial animal weight were detected 
across animal genotype (online suppl. fig. 2A). Following 
induction of unilateral ischemia by FSAVPR, limb recov-
ery and overall animal health were assessed for 14 days. 
FSAVPR induced a temporary decrease in animal weight 
that recovered in all three genotypes by day 14 (online 
suppl. fig. 2B). At most postischemic time points, no ge-
notype-specific differences were detected, indicating that 
overall animal health was not significantly or differen-
tially compromised in any of our experimental groups. 
Indeed, the initial reduction in, and subsequent recovery 
of, whole-animal weight was observed to be modestly im-
proved for Cx37–/– animals, suggesting improved resil-
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ience to FSAVPR in these animals. Additionally, macro-
scopic assessment of overall surgical limb appearance in 
WT, Cx37–/– and Cx40–/– animals during the 14-day re-
covery period revealed obvious genotype-specific differ-
ences in post-FSAVPR limb recovery. From gross images 
of the distal surgical limb of Cx40–/– mice at day 7 ( fig. 2 ), 
we observed morphological characteristics consistent 
with failure of this tissue to recover following ischemia, 
including distal edema ( fig. 2 c), necrosis ( fig. 2 f) and au-

toamputation of the toes ( fig. 2 g). By contrast, the surgi-
cal limbs of WT ( fig. 2 a, e) and Cx37–/– (not shown) an-
imals typically appeared indistinguishable from control 
limbs ( fig. 2 b) by day 7. By 2 weeks following FSAVPR, 
71% (10 of 14) of Cx40–/– animals experienced distal limb 
necrosis and autoamputation, compared to 0% (0 of 9) of 
Cx37–/– and 33% (4 of 12) in WT ( fig. 2 h), suggesting that 
Cx40, but not Cx37, is required for postischemic limb 
survival.
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  Fig. 1.   a  Ischemia was surgically induced in experimental animals 
by FSAVPR. In brief, the femoral and saphenous artery (red)-vein 
(blue) pair was dissected away from the overlying nerve (orange), 
sutures were placed as indicated (arrowheads), and the interven-
ing length of vessel was resected.  b  Unilateral loss of limb flow 
was confirmed by laser Doppler imaging of the surgical (box) and 
control limb before and 1 day after surgery (scale bar = 1 cm).  c  A 
significant decrease in mean surgical limb perfusion (vs. control 
limb) was observed relative to presurgical scans ( * , n = 8).
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  Fig. 2.   a–d  Representative images taken on day 7 after FSAVPR of 
the surgical and control limbs of Cx40–/– and WT animals, which 
demonstrate failure of the Cx40–/– surgical limb to recover. Com-
pared to WT ( e ), images of the surgical paw of Cx40–/– reveal 
distal necrosis ( f ) and autoamputation ( g ).  h  Incidence of severe 
distal necrosis was significantly increased in Cx40–/– animals 
(71%, 10 of 14) compared to WT (33%, 4 of 12). Necrosis was not 
observed in any Cx37–/– animals (0%, 0 of 9) following FSAVPR.
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  To determine the extent of ischemic damage in the 
surgical limb, cross-sections of control and surgical 
limb gastrocnemius skeletal muscle were assessed for 
morphological characteristics of ischemia and muscle 
fiber regeneration at day 14 after FSAVPR ( fig. 3 ). The 
gastrocnemius muscle was chosen for further analysis 
because it is located proximally to the regions of gross 
necrosis and autoamputation observed in Cx40–/– mice 
( fig.  2 ), and consequently this tissue was predicted to 
survive despite downstream tissue death. In all three 
genotypes, we observed centrally located muscle fiber 
nuclei, a hallmark of muscle fiber injury and regenera-
tion, in muscle harvested from surgical limbs, confirm-
ing the effect of FSAVPR on this tissue. No centrally 
located muscle fiber nuclei were seen in tissue obtained 
from control limbs. The increased severity of FSAVPR-
induced ischemic damage in Cx40–/– animals was also 
evident in these sections, which displayed hemorrhage, 

increased interfiber eosinophilic staining, and profound 
tissue disorganization ( fig. 3 e) suggestive of increased 
ischemic damage and a subsequently aggressive inflam-
matory infiltration in these animals; no such character-
istics were observed in skeletal muscle sections obtained 
from the surgical limbs of WT ( fig.  3 a) or Cx37–/– 
( fig.  3 c) animals, or in tissue harvested from control 
limbs ( fig. 3 b, d, f).

  The heightened incidence of postischemic necrosis in 
Cx40–/– mice relative to WT prompted us to examine 
limb appearance and use in greater detail. Limb appear-
ance was assessed by qualitatively scoring appearance 
( table 1 ) at multiple time points following FSAVPR. As 
expected in the FSAVPR model, WT animals experi-
enced moderate discoloration of the surgical limb imme-
diately following surgery that improved over the sub-
sequent 14 days ( fig. 4 a, b), indicative of initial ischemic 
injury and subsequent recovery. By contrast, tissue ap-
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  Fig. 3.  Representative images of cross-
sections of the gastrocnemius muscle 
stained with hematoxylin and eosin 
and harvested from the surgical and 
control limbs of WT ( a ,  b ), Cx37–/– ( c ,  
d ) and Cx40–/– ( e ,  f ) animals at day 
14 after FSAVPR (scale bar = 20  � m). 
Centrally located muscle fiber nuclei 
(black arrows) were observed in tissue 
obtained from the surgical limbs of all 
genotypes, indicating muscle fiber 
damage and regeneration. Addition-
ally, tissue from the surgical limbs of 
Cx40–/– animals exhibited substan-
tial disorganization, hemorrhage (ar-
rowhead), and interfiber eosinophilic 
staining (white arrow), indicative of 
the increased severity of ischemic 
damage in these animals. 
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pearance scores for Cx40–/– animals were significantly 
more negative immediately after FSAVPR relative to WT, 
and failed to improve at any of the subsequent time points. 
Consistent with the reduced incidence of necrosis in 
Cx37–/– animals ( fig. 2 h), appearance scores for the sur-
gical limbs of Cx37–/– animals demonstrated only a mild 
impact of FSAVPR on limb appearance at day 1 after sur-
gery, and by day 3, the appearance of the surgical limbs 
of most Cx37–/– animals was indistinguishable from that 
of control limbs. Appearance scores for Cx37–/– mice 
were significantly better than those of WT by day 3 and 
at most subsequent time points. Thus, the lack of Cx40 
leads to a more severe injury whereas the lack of Cx37 
lessens the injury induced by FSAVPR.

  Based on our finding that postischemic limb appear-
ance is improved in Cx37–/– animals and impaired in 
Cx40–/– animals, we investigated the functional impact of 
Cx37 or Cx40 ablation on the recovery of surgical hindlimb 
use. WT, Cx37–/– and Cx40–/– animals were assessed for 
recovery of normal gait at multiple time points following 
FSAVPR using the scores shown in  table 2  ( fig. 4 c, d). As 
expected, WT animals experienced moderate impairment 
of ambulation immediately following FSAVPR that fully 
recovered by day 14. Hindlimb use was significantly more 
impaired in Cx40–/– animals relative to WT at later time 
points, consistent with failure of the limb to recover fol-
lowing proximal ischemic damage ( fig. 3 ), and distal ne-
crosis and autoamputation ( fig. 2 ) although some improve-

  Table 1.   Descriptors for scoring the appearance of the ischemic 
versus nonischemic contralateral limb

 Score  Description 

0  No difference 
 –1  Mild redness 
 –2  Dark redness 
 –3  Purple coloration and/or mild necrosis 
 –4  Severe necrosis and/or autoamputation of distal 

  surgical limb 

 
 

  Table 2.   Descriptors for scoring the use of the ischemic versus 
nonischemic contralateral limb

 Score  Description 

0  Plantar flexion, toes grip with gentle traction of tail 
 –1  Plantar flexion, toes do not grip with gentle traction of 

tail 
 –2  No plantar flexion, some weight placed on foot 
 –3  No plantar flexion, movement in hip 
 –4  No use, dragging of foot 
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  Fig. 4.  Surgical limb appearance ( a ,  b ) and 
use ( c ,  d ) scores were collected at multiple 
time points after FSAVPR in WT (n = 12), 
Cx37–/– (n = 9) and Cx40–/– (n = 14) ani-
mals. Median appearance ( a ) and use ( c ) 
scores are shown as a function of time fol-
lowing FSAVPR. Asterisks indicate a sig-
nificant difference in scores relative to WT 
at the specified time point, and premature 
sacrifice of necrotic animals is denoted by 
the new sample sizes indicated in gray. For 
WT (n = 11 total, n = 8 surviving to day 14), 
Cx37–/– (n = 7) and Cx40–/– (n = 14, n = 
6 surviving to day 14) animals, appearance 
( b ) and use ( d ) scores for each animal at 
day 14 are shown; frequency of scores are 
denoted in gray. In Cx37–/– animals, both 
median hindlimb appearance and use 
were only mildly affected by FSAVPR at 
day 1 and recovered rapidly by day 3, 
whereas median limb appearance and use 
scores for Cx40–/– mice were profoundly 
more negative relative to WT at most time 
points, indicating rapid necrosis and au-
toamputation in these animals.
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ment of hindlimb use was still observed in Cx40–/– ani-
mals that survived to day 14. By contrast, Cx37–/– animals 
experienced significantly improved hindlimb use at day 1 
relative to WT, and displayed no detectable impairment in 
surgical limb use by day 3 after FSAVPR. Taken together, 

these findings are consistent with our hypothesis that 
Cx40 deletion limits ischemic limb survival whereas Cx37 
deletion improves postischemic limb recovery.

  The reduced impact of FSAVPR on surgical limb use 
and appearance in Cx37–/– animals and the rapid onset 
of necrosis in Cx40–/– animals suggest that differences 
in postischemic limb perfusion may underlie these ge-
notype-specific differences. To test this possibility, laser 
Doppler perfusion imaging was used to assess recovery of 
subcutaneous distal limb blood flow following FSAVPR 
in each genotype, and to calculate total limb perfusion at 
multiple time points during the recovery period. Repre-
sentative laser Doppler scans of Cx37–/– and Cx40–/– an-
imals before and 1 day after surgery confirm induction of 
ischemia ( fig. 5 a), and suggest that immediate postisch-
emic limb flow may be enhanced in the Cx37–/– animal 
and reduced in the Cx40–/– animal relative to similar 
scans obtained from WT controls ( fig. 1 b). Calculation of 
total limb perfusion confirmed a significant reduction at 
days 3 and 5 in Cx40–/– animals relative to WT whereas 
surgical limb perfusion appeared to be increased in 
Cx37–/– animals at multiple time points during the re-
covery period ( fig. 5 b). The genotype-specific differences 
in recovery of total ischemic limb flow seemed to be due 
primarily to differences in the size of the perfused area. 
Although no significant differences could be detected be-
tween genotypes in mean blood flow to the ischemic limb 
at any postischemic time point (data not shown),  figure 
5 c shows genotype-specific differences in the size of the 
perfused area at 24 h following ischemic insult and at sub-
sequent time points. Whereas Cx40–/– animals experi-
enced a significant reduction (vs. WT) in postischemic 
perfused area at days 1–7, the perfused area was unaf-
fected by FSAVPR in Cx37–/– animals, and significantly 
elevated at all time points relative to WT. These data dem-
onstrate that ablation of either Cx37 or Cx40 affects im-
mediate and prolonged post-FSAVPR limb flow, thereby 
altering the degree of ischemia induced by the surgical 
model employed herein. Consequently, Cx37–/– animals 
experience a reduced sensitivity to FSAVPR whereas the 
effect of FSAVPR is heightened in the Cx40–/– mouse.

  Discussion

  Cx37 and Cx40 are coexpressed at high levels by ECs 
where they colocalize to cell–cell junctions. Despite the 
potential for redundant functions, recent evidence in-
creasingly suggests unique contributions of these Cxs to 
vascular development and response to injury and disease 
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Cx40–/– animals were obtained before and 1 day after surgery of 
surgical (box) and control limbs (scale bar = 1 cm). Total limb flow 
( b ) and size ( c ) of perfused areas (both parameters normalized to 
the control limb) were elevated in Cx37–/– mice (n = 8) and re-
duced in Cx40–/– mice (n = 12) relative to WT (n = 8) throughout 
the 14-day recovery period. Asterisks denote a significant differ-
ence versus WT at the specified time point. 
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 [3, 5, 10, 12, 23] . The endothelium and Cxs expressed 
therein support conducted dilatory responses  [11]  and 
form a critical component of the blood-tissue barrier  [10] , 
and thus are likely critically involved in coordinating the 
ischemic responses induced following large-vessel liga-
tion or obstruction. The aim of this study was to test the 
necessity of Cx37 and Cx40 in postischemic tissue sur-
vival and recovery, a process requiring acute and sus-
tained vascular dilation, remodeling and repair. Using a 
surgical model of unilateral hindlimb ischemia (FSAVPR), 
we demonstrate that compared to WT mice, Cx40–/– 
mice fail to recover ischemic tissue, suffering severely de-
creased limb perfusion that leads to profound distal limb 
edema, necrosis and autoamputation by day 7 after sur-
gery. More proximal tissue also exhibits characteristics of 
profound ischemic damage, suggesting an increased se-
verity of FSAVPR in this animal model. Thus, Cx40 is 
clearly essential for limb survival and recovery following 
ischemic insult. By contrast, accelerated recovery of sur-
gical limb perfusion, appearance and use in the Cx37–/– 
mouse all suggest that Cx37 is not necessary for postisch-
emic limb survival, but instead may function to limit sur-
vival and recovery of ischemic tissue in the WT animal.

  The best predictor of poor postischemic outcome was 
the magnitude of the deficit in the perfused limb area at 
day 1 after FSAVPR and throughout the subsequent re-
covery period. In WT animals, the perfused area was no-
ticeably decreased 24 h after FSAVPR and continued to 
decline throughout the recovery period. By contrast, the 
perfused area was largely unaffected in Cx37–/– animals, 
and was significantly elevated relative to WT at all as-
sessed time points. In stark contrast, the perfused area in 
Cx40–/– animals was substantially decreased at all as-
sessed time points following FSAVPR, including at day 1. 
These data indicate that Cx37–/– animals are capable of 
rapidly restoring flow to distal tissue following FSAVPR, 
thereby limiting the severity of induced ischemia and 
promoting rapid downstream recovery. By contrast, Cx40 
appears to be necessary to return sufficient blood flow to 
ischemic tissue, and deletion of this Cx exacerbates post-
FSAVPR ischemia resulting in rapid downstream tissue 
death.

  While our data demonstrate the involvement of both 
Cx40 and Cx37 in ischemia-induced responses, the 
mechanism(s) affected by Cx deletion that alters post-
ischemic limb perfusion requires additional study
and consideration. These mechanisms might include:
(1) vasodilatory signaling to upstream collaterals, (2) 
number of upstream collaterals, (3) the inflammatory
response, and (4) renin-angiotensin signaling; dysregu-

lation of one or more of these pathways might be theo-
rized to produce the observed postischemic outcomes in 
Cx37–/– and Cx40–/– mice. We discuss below the exist-
ing evidence supporting or refuting a possible involve-
ment of each of these mechanisms in the postischemic 
outcomes of Cx37–/– and Cx40–/– mice.

  EC–EC coupling via gap junctions is thought to be re-
sponsible for upstream conduction of the vasodilatory
responses that allow for dynamic coordination of distal 
flow consequent to changes in metabolic demand  [4] . Al-
though Cx37 and Cx40 colocalize at sites of EC–EC cell 
contact, and both proteins form functional intercellu - 
lar channels, deletion of Cx40, but not Cx37, reduces
conducted vasodilatory responses in isolated arterioles 
 [9] , which suggests that Cx40 may be the endotheli -
 al Cx principally involved in mediating intercellu -
 lar communication of vasomotor signals. Vasodilatory 
agents are typically released locally at the onset of isch-
emia, and their local dilatory effects are conducted up-
stream via EC gap junctions to dilate upstream feed arter-
ies and possibly collateral vessels – arteriolar-arteriolar 
connections that typically serve to shunt blood around an 
obstruction or injury to preserve downstream flow. Thus, 
although the local release of dilatory signals could differ 
between genotypes  [24, 25] , conduction of these signals is 
predicted to be severely limited by reduced EC coupling 
in the Cx40–/– mouse. Consistent with this possibility, 
we report a significant reduction in distal limb blood flow 
at 24 h after FSAVPR in the Cx40–/– animal relative to 
WT. This result is consistent with recent findings by
Buschmann et al.  [20] , who reported reduced peripheral 
limb flow as early as 4 h after surgery using a milder uni-
lateral hindlimb ischemia model. Thus, reduced vasodi-
latory signaling associated with decreased gap junction 
coupling in the endothelium of the Cx40–/– mouse could 
contribute to the observed postischemic failure in this 
animal. In contrast, dysregulation of conducted vasodila-
tory responses are unlikely to explain the accelerated 
postischemic recovery reported in the Cx37–/– mouse. 
Deletion of Cx37 does not detectably alter conducted va-
sodilatory responses in isolated arterioles  [9] , and has 
been shown to reduce rather than enhance, intercellular 
dye coupling in intact endothelium. Neither of these ob-
servations would be predicted to improve postischemic 
outcome in the Cx37–/– mouse, suggesting that the in-
volvement of Cx37 in mechanisms activated following 
FSAVPR may not involve regulation of gap junction-me-
diated conducted vasodilation to upstream feed or col-
lateral vessels. Recently, the C-terminal domain of Cx37 
was shown to interact with and limit the activity of eNOS 
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 [24] ; improved nitric oxide production in the Cx37–/– 
mouse could improve acute vasodilation of upstream
vessels, and thereby improve postischemic outcome by 
reducing the severity of the ischemic insult to affected
tissue. Consistent with this hypothesis, we observed a
significant increase in the perfused area of the surgical 
limb at 24 h after FSAVPR in the Cx37–/– mouse relative 
to WT, associated with immediate improvements in limb 
appearance and limb use.

  Acute and long-term redistribution of blood flow to 
ischemic tissue also depends upon the number of avail-
able upstream collateral vessels and their capacity for 
outward remodeling. There are virtually no data avail-
able on these issues for the Cx40- or Cx37-deficient
animals. Preliminary data provided in supplemental
material by Buschmann et al.  [20]  showed that collateral 
number and remodeling capacity were reduced in the 
Cx40–/– mouse. Although it remains unclear how Cx40 
deficiency might limit collateral development and post-
natal remodeling, reduced native collateral number 
would be reasonably predicted to reduce postischemic 
limb flow in the Cx40–/– mouse, an effect that would 
have a profound impact on tissue survival in our model 
due to the severe nature of the surgery. Comparable data 
for collateral density and capacity for remodeling in 
Cx37–/– mice are not yet available. Nevertheless, based 
on the growth-suppressive effects of Cx37 on prolifera-
tion of tumor cells  [12, 13] , we hypothesize that expres-
sion of Cx37 may also affect collateral number, but in this 
case by limiting collateral growth and remodeling. Sev-
eral studies are consistent with a growth-suppressive role 
for Cx37 in the vasculature. Cx37 expression is not ob-
served in subconfluent primary cultures of ECs although 
its expression returns when cells reach confluence  [14] , 
suggesting an effect of proliferation and/or cell–cell con-
tact on Cx37 expression in this cell type. In addition, ex-
pression of Cx37 – but not Cx40 – is altered by coarctation 
of the aorta  [5] , a model shown to significantly enhance 
EC proliferation rates  [26] . Recently, we reported that 
Cx37 expression suppresses the growth of highly prolif-
erative cancer cells (Rin), an observation confirmed by 
Morel et al.  [13]  in SkHep1 and HeLa cells . The growth-
suppressive effect in Rin cells was unique to Cx37 of the 
three vascular Cxs assessed  [12] . If Cx37 does indeed ex-
ert a growth-suppressive effect in the vascular endothe-
lium, then Cx37–/– animals might be predicted to have 
an increased number of collaterals and an increased re-
modeling capacity, which could support an increase in 
flow to ischemic tissue acutely, and throughout the recov-
ery period, as suggested by our data. Deletion of Cx37 

would be predicted to alleviate its growth-suppressive ef-
fect on the vasculature, enhancing both the native and 
remodeled collateral number in the Cx37–/– mouse and 
thereby improving immediate and long-term postisch-
emic outcome.

  Dysregulation of the inflammatory system might also 
be predicted to affect post-FSAVPR limb survival and re-
covery. While a regulated inflammatory response is crit-
ical for postischemic vascular remodeling and conse-
quent tissue survival and repair (see Silvestre et al.  [27]  
for a review) an overly aggressive inflammatory response 
could limit (or potentially enhance) recovery through di-
rect cytotoxic effects on distal tissue or dysregulated pro-
duction of pro- or antiangiogenic factors. Recent reports 
suggest that the inflammatory response is modified in 
both Cx37–/– and Cx40–/– animals. Chadjichristos et
al.  [10]  demonstrated that endothelial Cx40 regulates
and limits macrophage adhesion via a CD73-dependent 
mechanism; deletion of this Cx from the vascular
endothelium resulted in increased macrophage infil-
tration into atherosclerotic plaques. Our data showing se-
vere proximal and distal limb injury in the Cx40–/– 
mouse are consistent with an aggressive inflammatory 
response in these animals. Deletion of Cx37 has also been 
reported to enhance monocyte adhesion and invasion, 
although this response associates with Cx37 expression 
by the monocyte, not the EC  [23] . Several inflammatory 
mediators promote angiogenesis and arteriogenesis un-
der ischemic conditions; an effect of Cx37 deletion on 
these regulatory roles of the inflammatory system on 
these vascular remodeling processes might facilitate 
postischemic limb recovery. However, we were unable to 
resolve any differences between Cx37–/– mice and WT in 
the extent of postschemic inflammatory response: in-
creased numbers of infiltrated monocytes were not evi-
dent in histological sections obtained from the surgical 
limbs of Cx37–/– mice at 14 days after FSAVPR, suggest-
ing that if such infiltration occurred, it had already fully 
resolved without detriment to gastrocnemius skeletal 
muscle prior to the time of animal sacrifice and tissue 
harvest.

  Finally, in addition to the mechanisms discussed 
above, systemic hypertension (or signaling pathways in-
volved in blood pressure regulation) may also impact 
postischemic limb flow or other processes. The Cx40–/– 
animal has been demonstrated to suffer systemic hyper-
tension, associated with dysregulation of the renin-pro-
ducing cells of the kidney  [28] . Both the hypertension and 
the underlying hyperactivity of the renin-angiotensin 
system could have a profound impact on the vasculature 
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