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Corrections

PHARMACOLOGY. For the article ‘‘5-Methyltetrahydrofolate and
tetrahydrobiopterin can modulate electrotonically mediated
endothelium-dependent vascular relaxation,’’ by Tudor M.
Griffith, Andrew T. Chaytor, Linda M. Bakker, and David H.
Edwards, which appeared in issue 19, May 10, 2005, of Proc.
Natl. Acad. Sci. USA (102, 7008–7013; first published May 2,

2005; 10.1073�pnas.0408919102), the authors note that previ-
ously published data had been included in error. Specifically,
in Fig. 3A of the PNAS article, representative traces of the
endothelial cell patch clamp data were identical to those in
figure 2A of ref. 4. The corrected figure and its legend appear
below.

4. Chaytor, A. T., Bakker, L. M., Edwards, D. H. & Griffith, T. M. (2005) Br. J.
Pharmacol. 144, 108–114.

Fig. 3. Electrophysiological studies with connexin-mimetic peptides. (A) Whole-cell patch-clamp recordings and histogram confirming that 600 �M 37,40Gap
26 and 100 �M 43Gap 26 did not depress endothelial hyperpolarizations evoked by 30 �M CPA. (B and C) Original recordings and histograms comparing the effects
of the peptides and 2,000 units�ml catalase on subintimal (B) and subadventitial (C) hyperpolarizations evoked by CPA. 37,40Gap 26 attenuated the transmission
of endothelial hyperpolarization to subintimal smooth muscle, whereas 43Gap 26 selectively impaired transmission of subintimal hyperpolarization across the
vessel wall. The effects of both peptides were prevented by 100 �M 5-MTHF and (6R)-BH4 but not by 100 �M FA or BH2. Catalase prevented the effects of 37,40Gap
26 on subintimal hyperpolarization, but not those of 43Gap 26 on subadventitial hyperpolarization. *, P � 0.05, compared with control.

www.pnas.org�cgi�doi�10.1073�pnas.0505943102
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CELL BIOLOGY. For the article ‘‘Caveolin-1 expression by means of
p38� mitogen-activated protein kinase mediates the antiprolif-
erative effect of carbon monoxide,’’ by Hong Pyo Kim, Xue
Wang, Atsunori Nakao, Sung Il Kim, Noriko Murase, Mary E.
Choi, Stefan W. Ryter, and Augustine M. K. Choi, which
appeared in issue 32, August 9, 2005, of Proc. Natl. Acad. Sci.
USA (102, 11319–11324; first published July 28, 2005; 10.1073�
pnas.0501345102), the authors note that the following state-
ments should be added to the acknowledgments: ‘‘We thank M.
Drab (Max Planck Institute for Molecular Cell Biology and
Genetics, Dresden, Germany) for providing the caveolin-1
knockout mice. We thank K. Kuida (Vertex Pharmaceuticals,
Boston) and Richard Flavell (Yale University School of Medi-
cine, New Haven, CT) for the gifts of p38�/� and jnk-1�/� mice,
respectively.’’

www.pnas.org�cgi�doi�10.1073�pnas.0506710102

PNAS � August 30, 2005 � vol. 102 � no. 35 � 12645
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5-Methyltetrahydrofolate and tetrahydrobiopterin
can modulate electrotonically mediated
endothelium-dependent vascular relaxation
Tudor M. Griffith*, Andrew T. Chaytor, Linda M. Bakker, and David H. Edwards

Department of Diagnostic Radiology, Wales Heart Research Institute, Cardiff University, Heath Park, Cardiff CF14 4XN, United Kingdom

Edited by Louis J. Ignarro, University of California School of Medicine, Los Angeles, CA, and approved March 21, 2005 (received for review
December 1, 2004)

We have investigated the ability of 5-methyltetrahydrofolate (5-
MTHF) and tetrahydrobiopterin (BH4) to modulate nitric oxide
(NO)-independent vascular relaxations that are mediated by the
sequential spread of endothelial hyperpolarization through the
wall of the rabbit iliac artery by means of myoendothelial and
homocellular smooth muscle gap junctions. Relaxations and sub-
intimal smooth muscle hyperpolarizations evoked by cyclopiazonic
acid were depressed by the gap junction inhibitor 2-aminoethoxy-
diphenyl borate, whose effects were prevented by 5-MTHF and
BH4, but not by their oxidized forms folic acid and 7,8-dihydro-
biopterin. Analogously, 5-MTHF and BH4, but not folic acid or
7,8-dihydrobiopterin, attenuated the depression of subintimal hy-
perpolarization by a connexin-mimetic peptide targeted against
Cx37 and Cx40 (37,40Gap 26) and the depression of subadventitial
hyperpolarization by a peptide targeted against Cx43 (43Gap 26),
thus reflecting the known differential expression of Cx37 and Cx40
in the endothelium and Cx43 in the media of the rabbit iliac artery.
The inhibitory effects of 2-aminoethoxydiphenyl borate and
37,40Gap 26 against subintimal hyperpolarization were prevented
by catalase, which destroys H2O2. 5-MTHF and BH4 thus appear
capable of modulating electrotonic signaling by means of myoen-
dothelial and smooth muscle gap junctions by reducing oxidant
stress, potentially conferring an ability to reverse the endothelial
dysfunction found in disease states through mechanisms that are
independent of NO.

connexin � folic acid � methotrexate � gap junction � endothelium-derived
hyperpolarizing factor

The endothelium can mediate vascular relaxation not only
through the release of nitric oxide (NO) and vasoactive pro-

stanoids but also by promoting smooth muscle hyperpolarization,
and there is growing evidence that electrotonic spread of endothe-
lial hyperpolarization through gap junctions, rather than a trans-
ferable endothelium-derived hyperpolarizing factor (EDHF), may
underpin this electrical response (reviewed in ref. 1). NO-
independent, ‘‘EDHF-type’’ responses may thus be inhibited by
pharmacological probes that interrupt gap junctional communica-
tion and by blockade of the Ca2�-activated K� channels that
mediate endothelial hyperpolarization (1–4). EDHF-type relax-
ations are depressed in many conditions that predispose to the
development of vascular disease, including diabetes, hypertension,
hypercholesterolemia, and hyperhomocysteinemia (5–7). In such
pathophysiological states, NO-mediated endothelium-dependent
relaxations may also be impaired but can be normalized by 5-meth-
yltetrahydrofolate [5-MTHF; a reduced, biologically active form of
folic acid (FA)] and by (6R)-5,6,7,8-tetrahydrobiopterin [(6R)-
BH4]. Both agents prevent uncoupling of the NADPH oxidase
activity of endothelial NO synthase, thereby enhancing production
of NO relative to the superoxide anion, and may also increase NO
bioavailability by scavenging this radical directly (8–12). Recent
evidence suggests that the depressed NO-independent, EDHF-type
relaxations found in diabetes and hyperhomocysteinemia can also

be normalized by 5-MTHF, although underlying mechanisms re-
main unknown (7, 13).

In many cell types, redox mechanisms modulate the functionality
of gap junctions by regulating the phosphorylation status of the
connexin proteins that form these communication channels, such
that the impaired cell–cell coupling and increased connexin phos-
phorylation associated with oxidative stress can be prevented by a
wide range of antioxidants, including the enzyme catalase that
destroys H2O2 (14–22). Because electrotonic signaling may under-
pin the EDHF phenomenon, in the present study, we have inves-
tigated whether the intrinsic antioxidant activity of 5-MTHF and
(6R)-BH4 can preserve NO-independent relaxations and hyperpo-
larizations of the rabbit iliac artery by influencing cell–cell coupling.
This result was achieved by comparing the effects of 5-MTHF and
(6R)-BH4 and their oxidized forms FA and 7,8-dihydrobiopterin
(BH2) on EDHF-type responses in the presence of gap junction
inhibitors. Two structurally unrelated classes of probe were used,
namely, 2-aminoethoxydiphenyl borate (APB) (23) and synthetic
peptides homologous to the Gap 26 domain of the first extracellular
loops of the major vascular connexin proteins, Cxs 37, 40, and 43
(1). Blockade of gap junctions by such agents is effected from the
outside of the cell membrane and is reversible, with the peptides
selectively targeting specific connexin subtypes according to se-
quence homology (1, 4, 23). Because it is conceivable that 5-MTHF
and (6R)-BH4 interact with signaling pathways that are activated
when agonists occupy specific endothelial membrane receptors,
EDHF-type responses were evoked by the sarcoplasmic�
endoplasmic reticulum Ca2� ATPase inhibitor cyclopiazonic acid
(CPA) (4). This agent depletes Ca2� stores by preventing Ca2�

uptake and thereby stimulates store-operated Ca2� entry and
secondary Ca2�-activated K� channel activation (1, 24). Immuno-
staining has shown that Cx37 and Cx40 are the dominant connexin
subtypes present in the endothelium of the rabbit iliac artery,
whereas Cx43 dominates in its media (4). Connexin-mimetic pep-
tides homologous to the Gap 26 domain of the first extracellular
loop of Cx37�Cx40 and Cx43 (denoted as 37,40Gap 26 and 43Gap 26)
were therefore used to differentiate between myoendothelial and
smooth muscle communication pathways and to localize the sites of
action of 5-MTHF and (6R)-BH4. The findings suggest that these
compounds can modulate electrotonic signaling by opposing an
apparent ability of oxidant stress to depress cell–cell coupling in the
vascular wall.

Materials and Methods
Mechanical Responses. Iliac arteries were obtained from male NZW
rabbits (2–2.5 kg) killed with sodium pentobarbitone (120 mg�kg

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: EDHF, endothelium-derived hyperpolarizing factor; 5-MTHF, 5-methyltet-
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i.v.). Rings 2–3 mm wide were mounted in a myograph containing
oxygenated (95% O2 and 5% CO2) Holman’s buffer (120 mM
NaCl�5 mM KCl�2.5 mM CaCl2�1.3 mM NaH2PO4�25 mM
NaHCO3�11 mM glucose�10 mM sucrose) at 37°C and maintained
at a resting tension of 2 mN during a 1-h equilibration period,
followed by incubation for 30 min with the NO synthase inhibitor
NG-nitro-L-arginine methyl ester (L-NAME; 300 �M) and the
cyclooxygenase inhibitor indomethacin (10 �M). The rings were
incubated for another 40 min in the additional presence of APB (10
�M), 5-MTHF, FA or its structural analogue methotrexate (25),
(6R)-BH4 or its stereoisomer (6S)-BH4, BH2 (each at 100 �M), and
catalase (2,000 units�ml) as required. Tone was induced by phen-
ylephrine (1 �M) to construct cumulative concentration-relaxation
curves for CPA. It should be noted that the two BH4 stereoisomers
possess identical antioxidant activity, whereas only (6R)-BH4 is an
effective cofactor for NO synthase (10, 11).

Calcium Imaging. APB has been reported to impair gap junctional
communication and electrical coupling with an IC50 of 5–10 �M,
whereas higher concentrations may additionally attenuate store-
operated Ca2� entry and�or inositol trisphosphate-induced Ca2�

release (23, 26, 27). The isolated rabbit aortic valve was therefore
used to confirm that 10 �M APB did not affect Ca2� mobilization
by CPA. This preparation consists of endothelial cells supported by
a collagenous matrix (24), and thereby avoids alterations in endo-
thelial Ca2� homeostasis by electrical and�or chemical signals
transmitted from smooth muscle cells via myoendothelial gap
junctions in arterial segments (28, 29). Valve leaflets were incu-
bated with Fura-2AM (5 �M) for 2 h in oxygenated Holman’s
buffer at room temperature (25°C), followed by a washout, and then
maintained in buffer containing L-NAME (300 �M) and indo-
methacin (10 �M) for 30 min before additional incubation with
APB, 5-MTHF, and BH4 as required for 40 min. To study Ca2�

mobilization by CPA, the preparations were alternately excited at
340�380 nm, and images were acquired at 2-s intervals with an
exposure time of 100 ms at each wavelength. Background-corrected
Fura-2 fluorescent ratio (F340/380) was calculated to give an index of
intracellular [Ca2�] (24). Data are presented as the percentage
change in this ratio after exposure to 30 �M CPA.

Microelectrode Studies. Endothelial and smooth muscle membrane
potential were recorded with glass capillary microelectrodes filled
with 3M KCl by using conventional whole-cell patch-clamp or
intracellular sharp electrode techniques in an organ chamber
superfused (2 ml�min at 37°C) with oxygenated Holman’s buffer
containing L-NAME (300 �M) and indomethacin (10 �M). Arte-
rial strips were held adventitia down for endothelial patching and
subintimal smooth muscle impalement, and intima down for subad-
ventitial smooth muscle impalement as described (3, 4). Other
drugs were administered directly into the organ chamber and
incubated for 40 min as above under conditions of no flow before
stimulation by CPA at a concentration (30 �M) that does not affect
smooth muscle membrane potential in endothelium-denuded rab-
bit iliac arteries (4). APB (10 �M), 37,40Gap 26 (VCYDQAF-
PISHIR, 600 �M), and 43Gap 26 (VCYDKSFPISHVR, 100 �M)
were used to block gap junctional communication, with pilot studies
showing that 100 �M 43Gap 26 inhibited electrotonic signaling
between smooth muscle cells as effectively as the concentration of
600 �M used in previous studies (4). In some experiments, CPA-
evoked hyperpolarizations were studied in the presence of the NO
donor spermine-NONOate (10 �M) or the NO scavenger hemo-
globin (20 �M), prepared by lysis of rabbit erythrocytes in HPLC
grade water and purification on a Sephadex G25 column.

Statistics. EC50 values are expressed as mean with 95% confidence
intervals; results are otherwise given as mean � SEM, where n
denotes the number of animals studied for each data point. Data
were compared by the Student t test for paired or unpaired data as

appropriate and concentration–response curves assessed by
ANOVA followed by the Tukey–Cramer posttest. Maximal hyper-
polarizations evoked by CPA under different experimental condi-
tions were compared by ANOVA followed by Dunnett’s multiple
comparison test. P � 0.05 was considered significant.

Results
Mechanical Responses. In each experimental group, EDHF-type
relaxations evoked by CPA attained a maximum of 90–95% of
phenylephrine-induced tone with an EC50 of �15 �M, and con-
centration–relaxation curves were not significantly affected by 100
�M 5-MTHF, (6R)-BH4, or 2,000 units�ml catalase (Fig. 1 and
Table 1). After incubation with 10 �M APB, maximal relaxations
to CPA were reduced to 25–30% of phenylephrine-induced tone
without systematic change in EC50 (Fig. 1 and Table 1). Coincu-
bation with 100 �M 5-MTHF, 100 �M (6R)-BH4, or 2,000 units�ml
catalase prevented the loss of CPA-evoked relaxation observed in
the presence of APB, whereas 100 �M FA, methotrexate, and BH2
were ineffective (Fig. 1 and Table 1).

Aortic Valve [Ca2�]i. The peak increase in F340/380 ratio evoked by
CPA was 45.4 � 5.6% (n � 17) and was not affected by 10 �M APB
(n � 6), whereas 30 �M APB reduced this response to 25.6 � 3.3%
(n � 18, P � 0.05; Fig. 2A). The inhibitory effects of 30 �M APB
on CPA-evoked increases in [Ca2�]i were not prevented by 100 �M
5-MTHF or (6R)-BH4 (n � 6 and 14, respectively; Fig. 2A).

Endothelial Membrane Potential. Resting endothelial membrane
potential was �44.8 � 2.8 mV and 30 �M CPA evoked a peak
hyperpolarization of 11.6 � 0.7 mV (n � 9). Neither parameter was
significantly affected by 10 �M APB, 600 �M 37,40Gap 26, or 100
�M 43Gap 26 (n � 3 for each; Figs. 2B and 3A).

Effects of APB on Smooth Muscle Hyperpolarization. Resting subin-
timal membrane potential was �46.0 � 1.2 mV (n � 22) and was
unaffected by 10 �M APB (n � 22) or the combination of APB with
100 �M 5-MTHF, FA, methotrexate, (6R)-BH4, (6S)-BH4, or BH2
(n � 4 in each case, Fig. 2C; numerical data not shown). Incubation
with 10 �M APB reduced the peak subintimal hyperpolarization
evoked by 30 �M CPA from 14.5 � 1.3 mV to 6.2 � 0.8 mV (n �
22, P � 0.05; Fig. 2 C and D), and this effect of APB was prevented
by 100 �M 5-MTHF, (6R)-BH4, or (6S)-BH4, and with use of 2,000
units�ml catalase (n � 4 for each; Fig. 2 C and D). By contrast, in
preparations incubated with 100 �M FA, methotrexate, or BH2,
subintimal hyperpolarizations were 8.2 � 2.2, 8.4 � 2.8, and 5.0 �
0.5 mV, respectively (n � 4, P � 0.05 for each; Fig. 2 C and D) and
statistically similar to those observed in the presence of 10 �M APB
alone. Denatured catalase, obtained by heating a stock solution of
catalase in Holman’s buffer to 75°C for 5 min, did not prevent the
inhibition of subintimal hyperpolarization by 10 �M APB (n � 3,
data not shown).

Effects of Connexin-Mimetic Peptides on Smooth Muscle Hyperpolar-
ization. Resting subintimal and subadventitial membrane potentials
were �41.4 � 1.0 mV and �42.1 � 1.1 mV (n � 28 and 18,
respectively) and unaffected by 600 �M 37,40Gap 26 or 100 �M
43Gap 26 or by the combination of 100 �M 5-MTHF, (6R)-BH4,
FA, or BH2 with these peptides (Fig. 3 B and C; numerical data not
shown). Peak subintimal hyperpolarizations evoked by 30 �M CPA
were reduced from 13.1 � 1.2 mV to 2.4 � 0.6 mV by 600 �M
37,40Gap 26 (n � 20, P � 0.05; Fig. 3B). This inhibition was
prevented by 100 �M 5-MTHF or (6R)-BH4 (n � 4 for both), but
not with 100 �M FA or BH2, when responses were reduced to 5.0 �
1.8 mV and 3.7 � 1.7 mV, respectively, and did not differ from those
observed in the presence of 37,40Gap 26 alone (n � 4 for both; Fig.
3B). Incubation with 100 �M 43Gap 26 did not significantly affect
CPA-evoked subintimal hyperpolarization (n � 4), whereas record-
ings from subadventitial smooth muscle cells were reduced from
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8.8 � 1.1 mV to 1.8 � 0.4 mV (n � 18, P � 0.05; Fig. 3 B and C).
The ability of 43Gap 26 to depress subadventitial hyperpolarization
was prevented by 100 �M 5-MTHF or (6R)-BH4 (n � 4 for both;
Fig. 3C), but was unaffected with 100 �M FA or BH2, when

reductions to 1.7 � 0.6 mV and 1.5 � 0.2 mV were recorded, and
did not differ from those observed in the presence of 37,40Gap 26
alone (n � 4 for both; Fig. 3C). Catalase (2,000 units�ml) prevented
the inhibitory effects of 600 �M 37,40Gap 26 on subintimal hyper-
polarization, but did not significantly affect the reduction in subad-
ventitial responses caused by 100 �M 43Gap 26 (n � 3 for both; Fig.
3 B and C).

Effects of Hemoglobin and Exogenous NO. To exclude the possibility
that NO released from endothelial stores contributes to L-NAME-
insensitive EDHF-type responses (30), experiments were per-
formed with the NO scavenger hemoglobin and the NO donor
spermine-NONOate. In this series of experiments, resting subinti-
mal membrane potential was �44.4 � 3.8 mV (n � 8) and was
unaffected by incubation with 20 �M hemoglobin or 10 �M
spermine-NONOate (n � 4 for both; Fig. 4, data not shown).
Incubation with 10 �M APB reduced CPA-evoked smooth muscle
hyperpolarizations from 12.2 � 1.2 mV to 4.2 � 1.2 mV (n � 8 and
4, respectively; P � 0.05) and 20 �M hemoglobin did not affect the
ability of 100 �M 5-MTHF to prevent this decrease in subintimal
response (n � 4; Fig. 4). Administration of 10 �M spermine-
NONOate significantly reduced CPA-evoked subintimal smooth
muscle hyperpolarizations to 8.8 � 1.4 mV (n � 4, P � 0.05; Fig. 4).

Discussion
The present study has provided evidence that the redox status of
endothelial and smooth muscle cells can play a key role in regulating
the electrotonic transmission of endothelial hyperpolarization

Fig. 1. Mechanical studies with APB. (A) Original recordings showing that inhibition of CPA-evoked EDHF-type relaxations by 10 �M APB in iliac artery rings
was prevented by 100 �M 5-MTHF, (6R)-BH4, and 2,000 units�ml catalase but not by 100 �M FA or BH2. PE, 1 �M phenylephrine. (B–D) Concentration–response
curves for CPA-evoked relaxation in the presence and absence of 10 �M APB under corresponding experimental conditions. Control relaxations were unaffected
by 5-MTHF, (6R)-BH4, and catalase.

Table 1. Maximal relaxations to CPA as a percent of PE-induced
tone (Rmax) and concentrations of CPA causing half-maximal
relaxation (EC50) under different experimental conditions

Group (n) Rmax, % EC50, �M

Control (8) 95.1 � 4.7 13.2 (10.7–16.3)
5-MTHF (4) 94.2 � 6.6 11.2 (8.5–14.6)
APB (8) 23.5 � 1.9 24.1 (17.7–32.7)
5-MTHF plus APB (12) 81.0 � 5.8 19.3 (14.5–25.6)
FA plus APB (6) 22.1 � 2.3 20.2 (13.4–30.4)
Methotrexate plus APB (6) 31.9 � 6.3 23.2 (11.5–46.7)

Control (9) 90.7 � 2.0 17.6 (15.3–20.1)
(6R)-BH4 (3) 91.9 � 8.9 12.7 (5.5–29.3)
APB (9) 28.8 � 3.4 21.7 (13.7–34.3)
(6R)-BH4 plus APB (5) 79.1 � 7.4 14.4 (5.2–40.0)
BH2 plus APB (4) 30.0 � 4.2 26.9 (17.9–40.3)

Control (7) 91.5 � 6.3 12.5 (9.3–16.6)
Catalase (4) 99.6 � 3.9 8.8 (7.4–10.5)
APB (7) 30.4 � 3.8 16.8 (8.7–32.4)
Catalase plus APB (4) 86.5 � 3.4 13.9 (9.7–19.8)

7010 � www.pnas.org�cgi�doi�10.1073�pnas.0408919102 Griffith et al.
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through the wall of the rabbit iliac artery under specific experi-
mental conditions. Although control relaxations were unaffected by
5-MTHF, (6R)-BH4, and catalase, each of these antioxidants was
able to prevent the suppression of EDHF-type responses by two
structurally unrelated classes of gap junction blocker that act from
the outside of the cell membrane. The findings are likely to reflect
interactions between distinct regulatory mechanisms because redox
status is thought to modulate cell–cell coupling via intracellular
signaling pathways (14–22).

NO-independent relaxations and subintimal smooth muscle hy-
perpolarizations evoked by a nearly maximally effective concen-
tration of CPA (30 �M) were reduced by �75% in the presence of
10 �M APB. This inhibition was prevented by 5-MTHF and
(6R)-BH4, but not by their oxidized forms FA and BH2, or by
methotrexate, an analogue of FA that inhibits dihydrofolate reduc-
tase (25). The ability of 10 �M APB to inhibit gap junctional
communication appeared to be specific, because at this concentra-
tion, the compound did not impair endothelial hyperpolarization in
the iliac artery or Ca2� mobilization in the endothelium of the
rabbit aortic valve. By contrast, 30 �M APB depressed CPA-evoked
increases in Ca2� in the valvular endothelium through mechanisms
that were insensitive to 5-MTHF and (6R)-BH4, consistent with

additional effects of APB on pathways that do not contribute
directly to intercellular communication (23, 26, 27). In parallel
experiments, the sites of action of 5-MTHF and (6R)-BH4 were
localized by exploiting the ability of 37,40Gap 26 to attenuate the
transmission of endothelial hyperpolarization to subintimal smooth
muscle and 43Gap 26 to attenuate electrotonic signaling across the
media of the rabbit iliac artery without affecting CPA-evoked
changes in endothelial membrane potential. Subintimal and subad-
ventitial hyperpolarizations evoked by CPA were both reduced by
�75%, with the effects of the peptides being prevented with
5-MTHF and (6R)-BH4, but not with FA or BH2. Taken together,
the findings suggest that redox mechanisms can modulate the
EDHF phenomenon by affecting the functionality of both myoen-
dothelial and homocellular smooth muscle gap junction channels.

It is well established that authentic H2O2, organic hydroperox-
ides, and H2O2-generating enzyme systems impair dye transfer via
gap junctions (e.g.) in hepatocytes, liver epithelial cells, and myo-
metrial smooth muscle cells (14, 16, 19, 21), and in cochlear Henson
cells, oxidative stress depresses electrical coupling through mech-
anisms that are sensitive to catalase, suggesting a specific role for
endogenous H2O2 (18). In the present study, the inhibitory effects
of APB against CPA-evoked relaxation and subintimal hyperpo-

Fig. 2. Imaging and electrophysiological studies with APB. (A) Histogram showing that 10 �M APB did not affect Ca2� mobilization by 30 �M CPA in the
endothelium of the aortic valve, whereas 30 �M APB caused a significant reduction in the 380:340 fluorescent ratio that was insensitive to 100 �M 5-MTHF or
(6R)-BH4. (B) Whole-cell patch-clamp recordings and histogram showing that 10 �M APB did not depress endothelial hyperpolarizations evoked by 30 �M CPA.
(C and D) Original recordings and histogram showing that attenuation of CPA-evoked subintimal smooth muscle hyperpolarization by 10 �M APB was prevented
by 100 �M 5-MTHF, (6R)-BH4, (6S)-BH4, or 2,000 units�ml catalase but not by 100 �M FA or BH2. *, P � 0.05, compared with control.

Griffith et al. PNAS � May 10, 2005 � vol. 102 � no. 19 � 7011

PH
A

RM
A

CO
LO

G
Y



www.manaraa.com

larization and 37,40Gap 26 against subintimal hyperpolarization
were prevented by catalase, consistent with the hypothesis that
endogenous H2O2 acts synergistically with these probes to depress
myoendothelial communication. Although catalase did not prevent
the inhibition of electrotonic smooth muscle signaling by 43Gap 26,
5-MTHF, and (6R)-BH4 were both effective against this peptide. A
possible explanation for these observations is that catalase, which
reduces intracellular oxidant stress by destroying H2O2 in the
extracellular space, is unable to penetrate into the media of the
rabbit iliac artery. This thick-walled vessel possesses �10 layers of
smooth muscle cells, and its internal elastic lamina and substantial
adventitia (4) would be expected to restrict the entry of large
proteins such as catalase.

The concentration of L-NAME (300 �M) used the present study
has previously been shown to result in nearly complete loss of
endothelial NO synthase activity because it abolishes endothelium-
dependent elevations in cGMP in the rabbit iliac artery (31).
Because L-NAME also inhibits superoxide formation by NO syn-
thase (32), the ability of 5-MTHF and (6R)-BH4 to modulate the
EDHF phenomenon is unlikely to reflect decreased superoxide
production as a result of enhanced cofactor activity (8, 10). Indeed,
the (6R)- and (6S)-BH4 stereoisomers possess equivalent antioxi-
dant activity, and both compounds preserved CPA-evoked subin-
timal hyperpolarization in the presence of APB, whereas only

(6R)-BH4 is an effective cofactor for NO synthase (10, 11). In
specific artery types, release of NO from endothelial ‘‘stores’’ has
been hypothesized to mediate L-NAME-insensitive EDHF-type
responses (30), thus raising the theoretical possibility that direct
scavenging of superoxide by 5-MTHF, (6R)-BH4, or (6S)-BH4
might stabilize NO derived from this source. However, this mech-
anism was excluded by observations that: (i) the NO scavenger
hemoglobin did not attenuate subintimal hyperpolarizations
evoked by CPA in the combined presence of APB and 5-MTHF,
and (ii) the NO donor spermine-NONOate depressed subintimal
hyperpolarizations to CPA without affecting resting smooth muscle
membrane potential, thus suggesting that NO may attenuate en-
dothelial hyperpolarization and�or electrotonic coupling via
myoendothelial gap junctions in the rabbit iliac artery.

Potential vascular sources of superoxide anions and H2O2
include mitochondria and NADPH�xanthine oxidases (re-
viewed in refs. 33 and 34), but which contribute to the redox
status of endothelial and smooth muscle cells under the
present experimental conditions remains to be elucidated. The
mechanisms through which oxidant stress impairs communi-
cation via gap junctions also remain incompletely character-
ized, although there is evidence that oxidants such as H2O2 and
depletion of the endogenous antioxidant glutathione attenuate
cell–cell coupling through similar signaling pathways (16, 20,

Fig. 3. Electrophysiological studies with connexin-mimetic peptides. (A) Whole-cell patch-clamp recordings and histogram confirming that 600 �M 37,40Gap
26 and 100 �M 43Gap 26 did not depress endothelial hyperpolarizations evoked by 30 �M CPA. (B and C) Original recordings and histograms comparing the effects
of the peptides and 2,000 units�ml catalase on subintimal (B) and subadventitial (C) hyperpolarizations evoked by CPA. 37,40Gap 26 attenuated the transmission
of endothelial hyperpolarization to subintimal smooth muscle, whereas 43Gap 26 selectively impaired transmission of subintimal hyperpolarization across the
vessel wall. The effects of both peptides were prevented by 100 �M 5-MTHF and (6R)-BH4 but not by 100 �M FA or BH2. Catalase prevented the effects of 37,40Gap
26 on subintimal hyperpolarization, but not those of 43Gap 26 on subadventitial hyperpolarization. *, P � 0.05, compared with control.
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22). In the case of gap junctions constructed from Cx43,
oxidant stress can depress channel functionality by promoting
phosphorylation of residues present in the cytoplasmic car-
boxyl tail of this connexin protein by the tyrosine kinase Src,
serine�threonine kinases such as mitogen-activated protein
kinases and protein kinase C, and by inactivating tyrosine-
protein phosphatases (22, 35, 36). In liver epithelial cells,
authentic H2O2 reversibly attenuates intercellular communi-
cation through an action that has been attributed to hyper-
phosphorylation of Cx43 secondary to activation of extracel-
lular signal-regulated kinase 1�2 and p38 mitogen-activated
protein kinases (16, 21), with impairment of gap junctional
communication being prevented by antioxidants such as
N-acetylcysteine and �-tocopherol (17). By contrast, the abil-
ity of the tumor promoter 12-O-tetradecanoyl phorbol acetate
to attenuate coupling in the same cell line involves hyperphos-

phorylation of Cx43 by protein kinase C, with the protective
role of the antioxidants boldine and probucol then ref lecting
reduced translocation of this enzyme to the cell membrane
(15). Because 5-MTHF, (6R)-BH4, and catalase each pre-
vented the inhibition of myoendothelial signaling by APB and
37,40Gap 26 in the rabbit iliac artery, oxidant stress also appears
to modulate the functionality of gap junctions containing Cx37
or Cx40, although no previous reports appear to have inves-
tigated the role of redox mechanisms in regulating communi-
cation by means of channels constructed from these connexin
subtypes. Whereas the selective effects of 37,40Gap26 and
43Gap26 against signaling via myoendothelial and homocellu-
lar smooth muscle gap junctions in the rabbit iliac artery imply
that these peptides do not themselves alter redox status by
means of nonspecific membrane effects, it should be noted that
pharmacological inhibition of cell–cell coupling can markedly
exacerbate the cellular effects of superimposed oxidant stress
(e.g., in hippocampal cell cultures) without increasing oxidant
stress under basal conditions (37). Observations that EDHF-
type responses evoked by CPA were unaffected by 5-MTHF,
(6R)-BH4, and catalase in control experiments nevertheless
suggest that redox mechanisms play a prominent role in
regulating electrotonic signaling through the vascular wall only
under conditions where gap junctional communication is
already impaired (e.g., in the presence of APB or connexin-
mimetic peptides). Indeed, previous studies (38) have shown
that the Ca2� ionophore A23187 is capable of promoting
extracellular release of H2O2 from the endothelium of the
rabbit iliac artery at levels that are sufficient to evoke catalase-
sensitive smooth muscle relaxations, but are insufficient to
reduce the magnitude of a coexistent subintimal hyperpolar-
ization that is transmitted from the endothelium via myoen-
dothelial gap junctions.

In conclusion, we have demonstrated that 5-MTHF and BH4, but
not FA or BH2, can modulate arterial function through effects on
gap junctional communication and electrotonic signaling. The
findings thus raise the possibility that pharmacological manipula-
tion of oxidant stress may offer therapeutic potential in the nor-
malization of endothelium-dependent responses in the many dis-
ease states in which the EDHF phenomenon is impaired.
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Fig. 4. Original recordings and histogram showing that the ability of 100 �M
5-MTHF to prevent inhibition of CPA-evoked subintimal hyperpolarization by
10 �M APB was not diminished to 10 �M hemoglobin, and that 10 �M
spermine-NONOate depressed the hyperpolarizing response to CPA without
altering resting membrane potential. *, P � 0.05, compared with control.
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