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Abstract
Dilations to endothelium-derived hyperpolarizing factor (EDHF) are significantly attenuated in the
middle cerebral artery (MCA) isolated from female compared to male rats. Since gap junctions appear
to be involved in the EDHF pathway and cAMP has been shown to enhance gap junction permeability,
we tested the hypothesis that elevation of cAMP would enhance EDHF-mediated dilations in female
rat MCA. Vascular diameter was measured in perfused MCA segments using videomicroscopy in
the presence and absence of IBMX, an inhibitor of cAMP phosphodiesterase.

In the presence of L-NAME and indomethacin, dilation to 10−4M ATP was significantly reduced in
females (48±12%) compared to males (92±2%). IBMX, an inhibitor of cAMP phosphodiesterase,
had no significant effect on ATP-mediated dilations in both males and females. Basal cAMP levels
were comparable in male and female MCAs (1.7 pmol/mg protein). Incubation with IBMX
(2X10−4M) significantly elevated cAMP in both male (12.8 pmol/mg protein) and female (11.2 pmol/
mg protein) MCAs.

Our results demonstrate that reduced EDHF dilations in female rat MCA cannot be solely attributed
to impaired cAMP signaling. Future studies will target other potential sites along the EDHF pathway
in order to identify why EDHF dilations are reduced in the female compared to the male rat MCA.
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1. Introduction
In rat middle cerebral artery (MCA), dilations mediated by endothelium-derived
hyperpolarizing factor (EDHF) are significantly attenuated in the female compared to the male
(Golding and Kepler, 2001). The underlying reason for this is as yet unknown. While the
mechanisms contributing to EDHF dilations in the male rat MCA remain incompletely
described, we know that there is an increase in endothelial cell (EC) calcium (Marrelli,
2001), followed by activation of intermediate conductance calcium-sensitive potassium
channels, EC hyperpolarization (Marrelli et al., 2003) and subsequent hyperpolarization of the
smooth muscle cell (SMC) (You et al., 1999).
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In previous studies, we predicted that EC calcium may not reach the required levels in females
in order to produce a robust dilation. However, contrary to our hypothesis, we demonstrated
that both male and female EC calcium increases to comparable levels during an EDHF response
(Golding et al., 2002). These results would suggest that in females, uncoupling of the EDHF
mechanism occurs downstream from EC calcium. In this same study, 15mM KCl produced
vessel dilation and a decrease in SMC calcium similar to that seen in males, suggesting that
when the EC-SMC coupling mechanism is bypassed, the SMC can indeed hyperpolarize and
produce vasodilation.

Recently our laboratory has provided both functional and ultrastructural evidence in male rat
MCA, implicating myoendothelial gap junctions in communicating the hyperpolarization from
the EC to the SMC (Sokoya et al., 2006). Gap peptides (inhibitors of the connexin proteins
that comprise gap junctions) nearly completely abolished EDHF dilation and SMC
hyperpolarization while EC hyperpolarization was maintained. Rather than being a stagnant
bridge between two cells, gap junctions are gated by many factors including pH, voltage and
calcium (Spray et al., 2002). Recent studies suggest that cAMP enhances gap junction
permeability (Abudara et al., 2000; Burghardt et al., 1995; van Rijen et al., 2000) and EDHF-
mediated dilations (Griffith et al., 2002). Since myoendothelial gap junctions appear to be
instrumental in the EDHF dilation (Sokoya et al., 2006) and cAMP enhances the electrical
conductance of gap junctions (Abudara et al., 2000; Burghardt et al., 1995), we speculated that
cAMP signaling may be impaired during EDHF dilations in MCA isolated from females. We
tested the hypothesis that elevation of cAMP would enhance EDHF-mediated dilations in
female rat MCA.

2. Results
EDHF-Mediated Dilations

Maximal vessel diameter as determined in calcium-free PSS was similar between males and
females (males, 292±6 um, n=13; females, 296±6 um, n=16). Development of spontaneous
tone was also comparable between groups (males, 25±1%, n=13; females, 21±1%, n=16) as
was the constriction to L-NAME and indomethacin (males, 32±1%, n=13; females, 36±6%,
n=16; calculated with respect to the maximum diameter). Following IBMX treatment there
was a reduction in tone (Table 1) however MCA diameter returned to pre-IBMX levels
following abluminal exposure to UTP. In control MCAs, DMSO had no significant effect on
vessel diameter.

EDHF-mediated dilation in response to luminal delivery of ATP showed a dose-dependent
dilation in male MCAs while the dilation in female MCAs was significantly less (Figure 1).
The maximum dilation to ATP (10−4M) was 92±2% in males compared to 48±12% in females
(p<0.05; 2-way RM ANOVA). IBMX had no significant effect on ATP-mediated EDHF
dilations in both males (Figure 2) and females (Figure 3). 2’,5’-dideoxyadenosine, a cell
permeable inhibitor of adenylate cyclase, also had no effect on ATP-mediated EDHF dilations
in males and females (data not shown).

cAMP Accumulation
cAMP levels were measured in pooled MCAs from male and female rats. Basal cAMP levels
were comparable in males and females (1.7 pmol/mg protein in both groups). Following a 40
min incubation with IBMX (2x10−4M), cAMP was significantly elevated to similar levels in
males (12.8 pmol/mg protein) and females (11.2 pmol/mg protein). This reflects a 7.5 fold and
6.6 fold increase in cAMP accumulation in the presence of IBMX in males and females,
respectively.
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3. Discussion
In the present study we demonstrated that elevations in cAMP did not restore EDHF-mediated
dilations in the female rat MCA. We have also confirmed previous findings showing that
EDHF-mediated dilations are reduced in the female compared to the male rat MCA. Our data
showing reduced EDHF dilations in the female rat MCA is consistent with previous reports
both in vitro (Golding et al., 2002; Golding and Kepler, 2001) and in vivo (Xu et al., 2001).

There is evidence to suggest that gap junctions may play a role in the impaired EDHF dilations
in the female rat MCA. First, the upregulation of EDHF effects in ovariectomized females
involves gap junctions (Xu et al., 2002) and second, gap junctions appear to be instrumental
in the EDHF dilation in males (Sokoya et al., 2006). Recent studies suggest that cAMP
facilitates EDHF dilations by enhancing gap junctional communication in the rabbit iliac artery
(Griffith et al., 2002) and the rat mesenteric artery (Matsumoto et al., 2004). However the
present studies suggest that this is not the case in the rat MCA since incubation with IBMX
had no effect on EDHF dilations in the male or female rat MCA (Figures 2 and 3). In order to
elevate cAMP levels, vessels were incubated with IBMX, an inhibitor of cAMP
phosphodiesterase, the enzyme responsible for the breakdown of cAMP to 5’-AMP. IBMX is
also known to inhibit cGMP phosphodiesterases (Elks and Manganiello, 1984) however we
can rule out a potential effect of cGMP hydrolysis inhibition since we have previously shown
that EDHF-mediated dilations in the male rat MCA does not involve cGMP using the guanylate
cyclase inhibitor, ODQ (You et al., 1999). In our study, incubation with 200uM IBMX resulted
in a significant increase in cAMP concentration in both male and female MCAs. This increase
in cAMP was similar to that reported in rabbit iliac arteries where enhancement of dye transfer
between endothelium and smooth muscle was reported (Griffith et al., 2002). Therefore, one
would predict that cAMP levels in our preparation would have been sufficient to enhance gap
junction conductivity. Although we did not directly assess gap junction conductivity, previous
studies have shown that gap junction channels comprised of Cx40 are modulated by cAMP
(van Rijen et al., 2000) and our studies have shown that Cx40 comprises gap junction channels
in the rat MCA (Sokoya et al., 2006). Myoendothelial gap junctions have been shown to
comprise both Cx37 and Cx40 in the rat basilar artery (Haddock et al., 2006) and if this was
the case in the rat MCA, the heteromeric nature of the gap junction channels may adversely
affect their modulation by cAMP.

To our knowledge, no other study has investigated the effect of sex on cAMP signaling during
EDHF-mediated vasodilations. Interestingly, the documented effect of estradiol on cAMP is
widely varying. Acute exposure to estradiol had been shown to inhibit cAMP production in
ventricular myocytes (Li et al., 2000) and to enhance cAMP in human coronary artery rings
(Mugge et al., 1993).

In conclusion, the results of our study demonstrate that the reduced EDHF dilations in the
female rat MCA cannot be solely attributed to impaired cAMP signaling. Future studies will
target other potential sites along the EDHF pathway in order to identify why EDHF dilations
are reduced in the female compared to the male rat MCA.

4. Experimental Procedure
Experiments were carried out in accordance with NIH guidelines for the care and use of
laboratory animals and were approved by the Animal Protocol Review Committee at Baylor
College of Medicine. Rats were housed under a 12 h light/12 h dark cycle with unrestricted
access to food and water. Experiments were performed on age-matched (70–90 days old) male
(n=17) and female (n=18) Long-Evans rats.
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Harvesting and Mounting Cerebral Vessels
Animals were placed in an anesthetic chamber, allowed to spontaneously breathe isoflurane
and then decapitated. The brain was removed from the cranium and placed in cold physiological
salt solution (PSS). The middle cerebral artery (MCA) was excised, cleaned of surrounding
connective tissue and cannulated with micropipettes in a vessel chamber. PSS was circulated
abluminally through a heat-exchanger in order to maintain the bath temperature at 37°C.
Monitoring of intraluminal pressure was performed via inline transducers, which were
connected to two strain gauge panel meters (Omega, Stamford, CT). Once mounted, vessels
were tested for leaks and those that did not maintain a steady pressure were discarded. The
vessel chamber was mounted on the stage of an inverted microscope. Transmural pressure was
set at 85 mmHg with a flow of 100 μl/min through the lumen, and the vessels allowed to
equilibrate for 1 h. During this time they developed spontaneous tone by constricting from their
fully dilated diameter at initial pressurization. After the development of tone, the experiment
was initiated (see EDHF-Mediated Dilations). Changes in vessel diameter were observed with
an inverted microscope (Nikon) equipped with a video camera and monitor. Outer diameters
were measured directly on-line from the video monitor (final magnification 600x). Dynamic
changes in vessel diameter were digitized (post-hoc) using image-analysis software (Optimas,
Bothell, WA), allowing an acquisition frequency of 1.1 Hz.

EDHF-Mediated Dilations
Following the development of spontaneous tone, the luminal and abluminal compartments
were exposed to L-NAME (3x10−5M) and indomethacin (10−5M) for 30 mins. Vessels were
randomly selected to be exposed to either IBMX (2x10−4M) or vehicle (DMSO) in the luminal
and abluminal baths for 40 mins. In those vessels incubated with IBMX, UTP (3X10−5M) was
added to the abluminal compartment in order to constrict the vessel to pre-IBMX levels.

EDHF-mediated dilations were assessed by performing a concentration response curve (CRC)
to luminal application of ATP (10−6 to 10−4M). Experiments were terminated by replacing
PSS with calcium-free PSS containing 1 mM EGTA in order to obtain the maximum diameter
of the vessel.

cAMP Radioimmunoassay
MCAs were incubated for 40 mins at 37°C in either IBMX (2x10−4M) or DMSO, immediately
frozen in liquid N2 and stored at −80°C. Pilot studies demonstrated that basal cAMP
concentration in a single MCA was below the lower limit of detection of the radioimmunoassay.
We therefore combined 10 MCAs from 5 rats in each treatment group. Pooled MCAs were
homogenized in 6% trichloroacetic acid, centrifuged and the pellet was frozen for the
subsequent measurement of protein (modified Lowry assay). The supernatant was neutralized
with water-saturated diethyl ether and cAMP was measured using a cAMP [125I] Biotrak Assay
System (Amersham Biosciences). [cAMP] was expressed as pmol/mg protein.

Reagents and Buffers
All chemicals were purchased from Sigma (St Louis, MO, USA). PSS buffer contained (in
mM): 119 NaCl, 19.2 NaHCO3, 4.7 KCl, 1.18 KH2PO4, 1.17 MgSO4, 1.6 CaCl2, 5.5 glucose
and 0.026 EDTA. Stock solutions of ATP (10-2M), UTP (10-2M) and L-NAME (3x10−2M)
were prepared in distilled water, a stock solution of indomethacin (10−2M) was prepared in a
solution of Na2CO3 and distilled water (1:1 by weight) and a stock solution of IBMX
(6x10−2M) was prepared in DMSO. All stock solutions were aliquotted and frozen.
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Data Analysis and Calculations
Data are presented as mean±sem. Diameter measurements were averaged over a 5 minute
period immediately following luminal exposure to ATP. Changes in vascular diameter are
presented as a percentage of the maximum diameter of MCAs, as described previously
(Golding and Kepler, 2001).

Statistical comparisons of the concentration-response curves to ATP were performed using a
two-way analysis of variance with repeated measures and all pairwise multiple comparison
procedures were made using the Holm-Sidak method. Differences were considered significant
at error probabilities less than 0.05 (p<0.05).
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endothelium-derived hyperpolarizing factor

MCA  
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physiological salt solution

SMC  
smooth muscle cell
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Figure 1.
Bar graph showing the concentration response curve for EDHF mediated vasodilation evoked
by luminal ATP in the presence of L-NAME and indomethacin. Male (closed bars, n=7) and
female (open bars, n=8) middle cerebral arteries were incubated in DMSO for 40 mins.
Dilations to 10−5M and 10−4M ATP were significantly reduced in female compared to male
MCAs (*p<0.05; 2-way repeated measures ANOVA).
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Figure 2.
Bar graph showing the concentration response curve for EDHF mediated vasodilation evoked
by luminal ATP in the presence of L-NAME and indomethacin in male middle cerebral arteries.
Incubation with IBMX (2X10−4M; open bars; n=6) for 40 mins had no significant effect on
EDHF mediated dilation compared to incubation with DMSO (closed bars; n=7).
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Figure 3.
Bar graph showing the concentration response curve for EDHF mediated vasodilation evoked
by luminal ATP in the presence of L-NAME and indomethacin in female middle cerebral
arteries. Incubation with IBMX (2X10−4M; open bars; n=8) for 40 mins had no significant
effect on EDHF mediated dilation compared to incubation with DMSO (closed bars; n=8).
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Table 1
Absolute values of male and female middle cerebral artery diameters after equilibration (Tone) and after addition
of L-NAME (3x10−5M), indomethacin (10−5M) and either vehicle (DMSO) or IBMX (2x10−4M).

Experimental Group Tone (um) L-NAME and indomethacin (um)
Male, DMSO (n=7) 210±4 191±5
Male, IBMX (n=6) 227±8 307±8*

Female, DMSO (n=8) 228±4 179±6
Female, IBMX (n=8) 231±11 301±9*

*
p<0.05 compared to pre IBMX (one-way ANOVA).
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