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2004.—Carbon monoxide (CO) and nitric oxide (NO) are important
paracrine messengers in the newborn cerebrovascul ature that may act
as comessengers. Here, we investigated the role of NO in CO-
mediated dilations in the newborn cerebrovasculature. Arteriolar
branches of the middle cerebral artery (100—200 um) were isolated
from 3- to 7-day-old piglets and cannulated at each end in a super-
fusion chamber, and intravascular pressure was elevated to 30 mmHg,
which resulted in the development of myogenic tone. Endothelium
removal abolished dilations of pressurized pial arterioles to bradyki-
nin and to the CO-releasing molecule Mny(CO)10 [dimanganese
decacarbonyl (DMDC)] but not dilations to isoproterenol. With en-
dothelium intact, N“-nitro-L-arginine (L-NNA), 1H-[1,2,4] oxadiazol o-
[4,3-a)quinoxalin-1-one (ODQ), or tetraethylammonium chloride
(TEA™), inhibitors of NO synthase (NOS), guanylyl cyclase, and
large-conductance Ca?*-activated K+ (Kcz) channels, respectively,
also blocked dilation induced by DMDC. After inhibition of NOS, a
constant concentration of sodium nitroprusside (SNP), a NO donor
that only dilated the vessel 6%, returned dilation to DMDC. The stable
cGMP anaog 8-bromo-cGMP aso restored dilation to DMDC in
endothelium-intact, L-NNA-treated, or endothelium-denuded arte-
rioles, and this effect was blocked by TEA™. Similarly, in the
continued presence of ODQ, 8-bromo-cGMP restored DMDC-in-
duced dilations. These findings suggest that endothelium-derived NO
stimulates guanylyl cyclase in vascular smooth muscle cells and,
thereby, permits CO to cause dilation by activating Kca channels.
Such a requirement for NO could explain the endothelium depen-
dency of CO-induced dilation in piglet pia arterioles.

nitric oxide; carbon monoxide

cARBON MoNoxIDE (CO) is produced endogenously by catabo-
lism of heme to CO, freeiron, and biliverdin during enzymatic
degradation of heme by heme oxygenase (HO) (24). The
congtitutive isoform, HO-2, is highly expressed in the newborn
piglet brain (29). Furthermore, in newborns, CO appears to be
an important paracrine messenger in controlling cerebrovascu-
lar circulation. Both the cGMP/PKG signaling pathway (27)
and cGMP/PK G-independent mechanisms via activation of
Cea?*-activated K™ (Kcg) channels (15, 41) have been pro-
posed to explain the vascular dilatory action of CO. In the
newborn piglet cerebral circulation, CO causes vascular
smooth muscle hyperpolarization via a mechanism requiring
functional large-conductance K ¢, channels (43). CO isapotent
dilator of cerebra arterioles in vivo and contributes to cere-
brovascular dilation induced by hypoxia and excitatory amino
acids (10, 22).

Another potential paracrine dilator in the newborn cerebral
circulation is nitric oxide (NO) (20). NO released from the
endothelium or from NO donors is an effective vasodilator. In
piglets, neurally mediated dilation (26) and possibly dilation to
hypoxia (1) appear to involve NO. Although guanylyl cyclase
is markedly more sensitive to NO than to CO (27), both gases
can activate soluble guanylyl cyclase (9), and both molecules
appear to be modulators of neuronal activity, particularly in the
brain (45). NO appears to be involved in maintenance of low
basal cerebrovascular tone (7, 25). NO can interact with CO to
control the cerebral circulation. Inhibition of NO synthase
(NOS) with N®-nitro-L-arginine (L-NNA) blocks CO-induced
cerebral vasodilation in piglets, and the inhibition of dilation is
reversed by sodium nitroprusside (SNP) (21). In newborn pig
cerebral arterioles, glutamate induces dilation by stimulating
CO production via the HO pathway (10). Most available data
suggest that CO can induce vasodilation independently of
endothelium. The vasodilatory effect of CO has been attributed
to endothelium-independent mechanisms in the rat tail artery
(39), porcine coronary artery and vein (11), dog carotid and
coronary arteries (37), and rat thoracic aorta (23). However,
recent data indicate that glutamate-induced dilations mediated
by CO in piglet cerebral arterioles are endothelium dependent
(20). Furthermore, L-NNA, a NOS blocker, inhibits glutamate-
induced pia arteriolar dilation (18, 26). The dilation to gluta-
mate can be partially restored with 8-bromo-cGMP and com-
pletely restored with SNP (18). These data suggest the permis-
sive role of NO in CO and glutamate-induced vasodilations
(18) may involve a minimum necessary background cellular
level of cGMP to alow CO to cause dilation. Similarly, in the
adult rat cerebral circulation, hypercapnia-induced dilation
requires NO to maintain a minima background cGMP level
(12, 13, 38, 38a). The dilator actions of CO involve both
prostacyclin and NO as permissive enablers (21). Interestingly,
both NO and prostacyclin are produced in the endothelium and
can increase cGMP in vascular smooth muscle (2, 3).

The present study was designed to address the hypothesis
that CO-induced dilation of piglet pia arterioles depends on
endothelia factors. CO may directly increase smooth muscle
cell Kca channel Ca2* senditivity, but a minimum necessary
background level of cGMP, which can be produced by endo-
thelial NO, is necessary for CO to cause vasodilation.

MATERIALS AND METHODS
Pressurized Arteriole Preparation

Protocols using piglets were reviewed and approved by the Animal
Care and Use Committee of the University of Tennessee Health
Science Center. Arterioles were collected from 3- to 7-day-old piglets
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of either gender. Ketamine (33 mg/kg im) and acepromazine (3.3
mg/kg im) were used to anesthetize the animals. The brain was
removed and placed in 4°C physiological saline solution (PSS) of the
following composition (in mM): 4.8 KCl, 112 NaCl, 26 NaHCOg, 1.2
M@gSO,, 1.2 KHzPO,4, 10 glucose, and 1.8 CaCl,. The PSS was
equilibrated with 6% O2-6% CO>-88% nitrogen, with pH maintained
at 7.4. The PSS was equilibrated with 6% O, because we measured
the Po, in cerebrospinal fluid (CSF) that had been placed under the
cranial window of piglets for 30 min and found the Po, in the CSF
mirrors the arterial Po,. The arterial Po, of newborn piglets before
mechanical ventilation is usually 80—-90 mmHg; thus we presumed
that the normal pressure to which the arteriole is exposed in vivo from
both the luminal and abluminal side would be in this range. With the
use of 6% O, the Po, when the liquid is equilibrated with the gas is
~43 mmHg (compared with 150 mmHg if 21% O, is used). Because
the superfusion chamber is not covered, O, increases in the bath
during superfusion to around the normal for the vessel in vivo. It is
reasonable to presume and we have found anecdotally that lower Po,
results in more stable and apparently endothelium-intact preparations,
probably as a result of the proportional reductions in ROS. Bath
temperature was maintained at 35-36°C.

Branches of the middle cerebral artery (100—200 wm) wereisolated
and cleaned of basolateral connective tissue. An arteriolar segment
was cannulated at each end and placed in a superfusion chamber
(Living Systems), where it was maintained at 35-36°C and pressur-
ized to 10 mmHg for ~10 min. After the diameter stabilized, intra-
vascular pressure was increased to 30 mmHg, and the arteriole was
allowed to devel op a stable diameter (~30-50 min). The intravascular
pressure used was lower than what is customary because the newborn
has alower arterial pressure. Sixty millimeters of mercury is atypical
mean arterial pressure for a newborn pig resulting in an approximate
pressure in afirst-order pial arteriole of 30 mmHg. The arteriole wall
was observed using a charge-coupled device camera (Sanyo), and
diameter was monitored continuously using the automatic edge de-
tection of lon Wizard software (lonoptix; Milton, MA).

To denude endothelium, air was perfused through the arteriole
lumen for 5-10 min, followed by PSS. Denudation was confirmed by
the absence of a dilatory response to bradykinin, an endothelium-
dependent vasodilator, and a normal dilation to isoproterenol, an
endothelium-independent vasodilator.

Chemicals

Isoproterenol, bradykinin, 8-bromo-cGMP, SNP, Mn,(CO)40 [di-
manganese decacarbonyl (DMDC)], tetraethylammonium chloride
(TEA™), L-NNA, and 1H-[1,2,4]oxadiazolo-[4,3-a]quinoxalin-1-one
(ODQ) were purchased from Sigma-Aldrich (St. Louis, MO).

DMDC was prepared in DM SO (10 mM stock), stored in a closed
vial wrapped with foil, and kept at room temperature. After DMDC
was mixed with PSS, the release of CO progressively increases upon
light exposure and peaks at ~45 min. We previously reported values
for CO released from DMDC in seadled vials measured using gas
chromatography/mass spectroscopy anaysis of the head space gas
(43). These measurements showed that 1 .M DMDC produced a CO
concentration of 3 wM in a sealed container after 10 min of light
activation.

ODQ was used to inhibit guanylyl cyclase. ODQ was dissolved in
DMSO (25 mM). ODQ (25 M) was superfused over the arteriole for
~10 min before and during the experiments to achieve guanylyl
cyclase inhibition.

Experimental Design

Dilatory responses to bradykinin, isoproterenol, and DMDC. First,
the arteriole was superfused with bradykinin (10 pwM) for 3 min.
Arteriolar diameter was continually recorded, and the maximal diam-
eter was taken as the response. The superfusion solution was then
returned to PSS, and the diameter of the arteriole was monitored until
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the baseline diameter was again achieved. |soproterenol (1 wM) was
then superfused over the arteriole for 3 min, maximum dilation was
recorded as the response, and the arteriole was superfused with PSS
until a return to baseline diameter was observed.

Next, the arteriole was superfused with DMDC (1 wM) for 5 min
under subdued light. An incandescent light (General Electric 60-W
soft white light at 40 cm and at a 45° angle along the longitudinal
vector of the arteriole) was then shown on the vessel chamber for 5
min. The light was then turned off, and the arteriole was allowed to
return to its basal myogenic tone while being superfused with PSS
(~35-40 min). We found that this procedure was most effective at
producing reversible and repeatable dilation.

In other arterioles, the response to DMSO (100 wM) was deter-
mined by adding DM SO to the PSS without DMDC and superfusing
the arteriole. DM SO did not affect arteriolar diameter. Furthermore,
DMSO aone had no effect on responses to either isoproterenol or
bradykinin.

Inhibition of NOS and NO clamp with SNP. First, the dilatory
response to DMDC was determined as above. The arteriole was then
superfused with L-NNA (1 mM) for 15 min to inhibit NOS, followed
by L-NNA and DMDC in combination for 5 min. DMDC was
activated as above in the continued presence of L-NNA. Superfusion
was returned to L-NNA, and, when a stable baseline was evident, SNP
(50—-100 nM to produce detectible dilation) was added. When a stable
baseline was observed, the arteriole was superfused with a combina-
tion of DMDC, L-NNA, and SNP for 5 min, followed by light
activation for 5 min.

Inhibition of guanylyl cyclase and cGMP clamp. Dilation to
DMDC was determined. To inhibit guanylyl cyclase, the arteriole was
then superfused with ODQ (25 wM) for 9—14 min until diameter
stabilized. Next, the arteriole was superfused with a combination of
DMDC and ODQ, the bright light was turned on for 5 min, and the
response was recorded. DMDC was washed away with PSS-contain-
ing ODQ, and the arteriole was then superfused with ODQ (25 wM)
and 8-bromo-cGMP (10 pM). After 10-15 min of stabilization,
DMDC (1 M), dong with 8-bromo-cGMP and ODQ, was super-
fused over the arteriole for 5 min under subdued light. The bright light
was then turned on for 5 min to activate the accumulated DMDC.

Additional experiments used different combinations of the above
treatments (L-NNA plus 8-bromo-cGMP, endothelium denudation
plus SNP, etc.). To determine whether cGMP supplementation could
bypass K ca channels and allow dilation to DMDC to occur, TEA™ (1
mM) was used in the superfusion to inhibit Kca channels, and
responses to DMDC were measured in the absence and presence of
8-bromo-cGMP.

Satistical Analysis

Data are expressed as means + SE. Statistical comparisons of
independent populations among al groups were made with one-way
ANOVA. Comparisons between two groups were made with the
Tukey-Kramer multiple-comparison test. P < 0.05 was considered
statistically significant.

RESULTS

CO-Induced Dilation is Endothelium Dependent in Piglet
Cerebral Arterioles

An elevation in intravascular pressure from 10 to 30 mmHg
resulted in the development of myogenic tone that was 79 +
12% of passive diameter. Although endothelium removal ap-
peared to increase the level of myogenic tone induced by a
pressure of 30 mmHg (70 = 15% of passive diameter), the
differences were not significant at P < 0.05. In endothelium-
intact arterioles, bradykinin, DMDC, and isoproterenol each
dilated the arterioles (Figs. 1 and 2). Endothelium removal
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Fig. 1. Diameter tracings of newborn piglet pressurized cerebral arterioles. A:
arteriole with intact endothelium superfused with bradykinin (Brad; 10 pM),
dimanganese decacarbonyl (DMDC; 1 wM), and isoproterenol (I1so; 1 M),
respectively. B: arteriole denuded of endothelium superfused with 1so (1 wM),
Brad (10 uM), and DMDC (1 puM).

abolished dilations of isolated pial arterioles to bradykinin and
DMDC but not to isoproterenol (Figs. 1 and 2). Figure 1 shows
representative recordings of two pia arterioles, one with intact
endothelium (A) and another denuded of endothelium (B). In
the endothelium-intact arteriole, isoproterenol, bradykinin, and
DMDC caused reversible dilations. Dilations to isoproterenol
were reproducible, even when applied 2 h apart. In contrast,
neither bradykinin nor DMDC dilated endothelium-denuded
arterioles (Fig. 1B). Figure 2 shows the mean percent dilations
caused by bradykinin, DMDC, and isoproterenol in intact
arterioles and those denuded of endothelium. These data show
that CO-induced dilations require the presence of an intact
endothelium. Bradykinin and isoproterenol were used to verify
the intact endothelium and smooth muscle function, respec-
tively.

L-NNA Blocks CO-Induced Dilation and a Constant
Dilator Threshold Concentration of SNP Restores
the CO-Induced Dilation

In endothelium-intact arterioles, application of L-NNA, a
NOS inhibitor, produced a small constriction (from 178 + 12
to 172 = 17 pm). Similarly to endothelium removal, L-NNA

H1461

blocked DMDC-induced dilations (Fig. 3). However, in the
continued presence of L-NNA, a low concentration of SNP
(50—-100 nM) that dilated the arteriole from 184 + 13t0 188 *+
13 wm returned a strong dilation to DMDC (Fig. 3). Neither
L-NNA nor application of L-NNA and SNP blocked isoproter-
enol-induced dilations (36 = 1%, 26 = 1%, and 36 + 2% for
control, L-NNA, and L-NNA+SNP, respectively). These data
show that dilation to CO does not result from stimulation of
NO production, but, nevertheless, complete removal of NO
production prevents CO from causing dilation.

S\P Restores CO Vasodilatory Response in Endothelium-
Denuded Piglet Pial Arterioles

Similarly to after L-NNA, a low concentration of SNP
(50—100 nM) that caused only a small dilation (~6%) by itself
restored vasodilation to DMDC in endothelium-denuded arte-
rioles (Fig. 4). These data suggest the role of endothelium in
CO-induced dilation involves providing a necessary basal level
of NO.

cGMP Analog Restores Vasodilation to CO to Vessels
Treated With L-NNA

After L-NNA (1 mM) blocked the dilatory effect of DMDC
in arterioles with intact endothelium, the dilatory response to
DMDC was returned when 8-bromo-cGMP (10 wM) was
added to the superfusion solution (Fig. 5). 8-Bromo-cGMP
itself caused no sustained change in arteriole diameter (Fig. 5).
These data suggest the permissive contribution of NO involves
stimulation of cGMP production.
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Fig. 2. Responses of pressurized piglet cerebral arterioles with and without
endothelium to Brad (10 uM), DMDC (1 nM), and Iso (1 wM) (n = 5in each
group). Shown are the percent diameter changes before and after the treatment.
%Dilation is the maximum diameter achieved during treatment minus the
diameter immediately before the treatment was applied (control diameter)
divided by control diameter times 100. Values are means + SE. *P < 0.05
compared with zero change in diameter; TP < 0.05 compared with endothe-
lium intact.
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Fig. 3. Effect of DMDC (1 wM) on endothelium-intact arterioles before and in
the presence of N“-nitro-L-arginine (L-NNA; 1 mM) and L-NNA with sodium
nitroprusside (SNP) (100 nM). Shown are percent diameter changes comparing
the diameters before and after the treatment (n = 5). Values are means += SE.
*P < 0.05 compared with zero change in diameter; TP < 0.05 compared with
before L-NNA.

cGMP Returns Dilation to CO in Endothelium-Denuded
Pial Arterioles

DMDC did not dilate endothelium-denuded arterioles. How-
ever, in the presence of 8-bromo-cGMP (10 wM), which only

*
16

14
124

104

% Dilation
[s+]

DMDC
+
SNP
Fig. 4. Effect of SNP (100 nM) on dilation of endothelium-denuded pial
arterioles to DMDC (1 wM). Dilation to Brad (10M) is shown to confirm
removal of endothelium. Shown are the percent diameter changes comparing

the diameter before and after every treatment (n = 5). Values are means = SE.
*P < 0.05 compared with no change in diameter and before SNP treatment.
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Fig. 5. Pial arteriolar diameter responses to DMDC (1 M) before and after
treatment with L-NNA (1 mM) and L-NNA plus 8-bromo-cGMP (8-br-cGMP;
10 wM). Vaues are means = SE; n = 5. *P < 0.05 compared with the
preceding control.

dilated endothelium-denuded pial arterioles 2 = 1%, DMDC
caused strong dilation (Fig. 6). These data suggest that an
endothelium-derived factor(s), presumably NO, activates
smooth muscle guanylyl cyclase to produce a necessary basal
cGMP level and permits CO-induced dilation.

8-Bromo-cGMP Restores Dilation to CO that is Blocked
by ODQ

In endothelium-intact arterioles, ODQ (25 wM), a guanylyl
cyclase inhibitor, blocked the dilatory effect of DMDC. How-
ever, in the continued presence of ODQ, 8-bromo-cGMP (10
M), but not SNP (data not shown), restored DMDC-induced

111 *

% Dilation

DMDC
+
8-br-cGMP

Brad DMDC

Fig. 6. Dilation to DMDC (1 uM) in endothelium-denuded pia arterioles
before and in the presence of 8-br-cGMP (10 M). Dilation to Brad (10 wM)
is shown to confirm absence of endothelium (n = 5). Values are means = SE
of percent dilations. *P < 0.05 compared with zero change and to without
8-br-cGMP.
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dilations (Fig. 7). These data further support the hypothesis that
aminimum necessary background level of cGMP is necessary
to permit CO to cause dilation.

8-Bromo-cGMP Does Not Restore Dilation to CO After TEA™

TEA™ (1 mM), a Kca channel blocker, prevented DMDC-
induced arteriolar dilation (Fig. 8). Moreover, the concentra-
tion of 8-bromo-cGMP that restored the dilatory effect of CO
in endothelium-denuded, L-NNA-treated, and ODQ-treated ar-
terioles did not return the arteriolar response to CO in the
presence of TEA™. These data suggest the final effector of
CO-induced dilation is activation of Kca channels and the
contributions of cGMP/PKG are upstream of this activation.

DISCUSSION

The major novel findings of the present study using isolated
pressurized piglet pial arterioles are as follows: 1) the vasodi-
latory action of CO is endothelium dependent and 2) the
endothelial dependence of CO-induced dilation includes a
permissive role of NO, which involves maintaining a necessary
cGMP concentration in smooth muscle cells.

The mechanism(s) by which CO causes vasodilation remains
under investigation. CO can hyperpolarize vascular smooth
muscle via the activation of K¢, channels (15, 39—-41, 43). In
piglet cerebral arterioles, CO increases the Ca?* sensitivity of
Kca channel a-subunits (43). In smooth muscle cells, Kca
channels are sensitive to Ca?* in the micromolar range, such as
that produced by a Ca?" spark (30). Ca?* sparks induce
arterial hyperpolarization by activating Kc, channels (16).
Membrane hyperpolarization reduces L-type voltage-dependent
Ca?* channel activity, leading to a decrease in global intracel-
lular Ca?* concentration and dilation (16). With the elevation

34 4 *
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2 20 *
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[m] 16
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Fig. 7. Dilation to DMDC (1 nM) in pressurized pial arterioles with intact
endothelium before and in the presence of 1H-[1,2,4]oxadiazolo-[4,3-a]qui-
noxalin-1-one (ODQ; 10 M) and ODQ plus 8-br-cGMP (10 iM). Shown are
percent diameter changes from the same conditions without DMDC (n = 5).
Values are means = SE. *P < 0.05 compared with zero change; TP < 0.05
compared with DMDC and DMDC + ODQ + 8-br-cGMP.

H1463

13
12 Ii
114
10 -

o]
g 1
7:
6__
67

% Dilation

4] *
3—
P
1
0

DMDC DMDC DMDC
+ +
TEA TEA
+
8-br-cGMP

Fig. 8. Effect of TEA™ on dilations of piglet pial arterioles to DMDC. The
percent changes of endothelium-intact arteriolar diameters to DMDC (1 uM)
are presented before and in the presence of TEA* (1 mM) and TEA™ plus
8-br-cGMP (10 wM). DMDC values shown are from the new baselines (n =
5). Values are means = SE. *P < 0.05 compared with before TEA™.

of Kca channel Ca?* sensivity, CO enhances effective cou-
pling to Ca?* sparks (15). CO also increases Ca2™ spark
frequency, which would contribute to the increase in Kca
channel activity (15). In the rat aorta, CO elevates cGMP in
both autocrine and paracrine fashions (6), but CO-induced
dilation can be produced without elevating cGMP (18, 22). In
fact, exogenous administration of NO and CO to cause equiv-
alent dilations is accompanied by elevations of cGMP when
NO is applied but not when CO is applied (4, 22). Neverthe-
less, CO-induced vasorelaxation is inhibited by blocking gua
nylyl cyclase (18). Thus, even though dilator concentrations of
CO do not activate guanylyl cyclase, paradoxicaly, cGMP
appears necessary for CO to cause dilation.

CO and NO have been implicated as mediators of the
increased cerebral blood flow in response to elevated brain
activity (5, 8). NOS and HO colocalize in endothelial cells and
neurons, which may provide the potential for complimentary,
coordinated, and modulatory interactions between the two
gaseous mediators (14, 36, 44, 45). CO can inhibit endothelial
NOS, thus causing a reduction in NO production (35). Con-
versely, inhibiting NOS with L-NNA blocks cerebral vasodila-
tion to CO in piglets (21). This blockade can be reversed by a
constant application of SNP to provide a constant background
NO concentration. Previous data clearly demonstrated that the
effect of NO in the cerebral microcirculation is connected to
guanylyl cyclase (28). Thus we hypothesize that NOS is
necessary for CO dilation because it provides CO with the
permissive molecule cGMP.

CO can directly activate TEA-sensitive K™ channelsevenin
the presence of ODQ (17) and even in pulled patches where
neither NO nor cGMP would be available (43). These data, on
the surface, appear at odds with the present report. However,
increasing the open probability (Po) of Kca channelsin awhole
cell patch of an isolated myocyte and producing dilation of an
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intact pressurized arteriole are very different. Kaide et al. (17)
demonstrated that CO could increase P, without activating
guanylyl cyclase. They also showed that channel activity was
very low when neither cGMP nor CO was present. When 10
wM CO was added, P, of K¢, channels was increased, but it is
far from certain whether the elevation of P, would be sufficient
to cause enough hyperpolarization to produce the marked
dilation obtained in pressurized arterioles with 1 .M DMDC
(equivalent to maximally 3 uM CO). As we have shown
before, CO can increase the P, even of channels composed of
only the a-subunit expressed in HEK cells (43). However, in
the studies on isolated myocytes, transient K¢, channel current
frequency is relatively low but increases with exposure to CO.
In the presence of cGMP, and probably multiple additional
inputs that would be present in intact arterioles, the activation
of transient K¢, channel currents by CO may be much greater.
Therefore, although CO can increase the Ca?™ sensitivity of
Kca channels by affecting the a-subunit and this action is the
final effector mechanism for CO dilation, it islikely additional
conditions are required for CO to dilate an intact arteriole. As
discussed in more detail below, potential targets for PKG-
catalyzed phosphorylation that would modify transient Kca
channel currents include Kca channels themselves, an associ-
ated protein, and sacroplasmic reticulum ryanodine receptors.

CO has been reported to cause endothelium-independent
dilation (39), but we report here that in isolated piglet cerebral
arterioles, CO requires an intact endothelium to cause dilation.
As noted above, the vasodilatory effect of CO can be blocked
by L-NNA. In piglet pressurized pia arterioles treated with
L-NNA, dilation to CO was restored either by providing con-
stant NO in the form of SNP or constant cGMP in the form of
8-bromo-cGMP. Consistent with a critical role for cGMP,
ODQ, asoluble guanylyl cyclase inhibitor, inhibited dilation to
CO (18). The CO-induced dilation was restored to ODQ-
treated arterioles when 8-bromo-cGMP was provided. Further-
more, both NO and 8-bromo-cGMP restored CO-induced di-
lation in endothelium-denuded pial arterioles. These data sug-
gest that the endothelium generates NO that activates vascular
smooth muscle guanylyl cyclase, thereby providing the back-
ground cGMP/PK G activity needed to permit CO to dilate pial
arterioles.

Neither CO (22) nor DMDC (18) elevate cGMP production
in the newborn brain and cerebral arterioles at concentrations
that cause maximal dilation. Nevertheless cGMP is clearly
involved in the piglet cerebrovascular dilation to CO. As noted
above, the vascular smooth muscle response to CO is due
primarily to an effect on K, channels (16, 18, 43). cGMP, via
activation of PKG and phosphorylation of the Kca channel
itself or an associated protein, may increase Kc, channel Ca?™*
or CO sensitivity (32). If the action of cGMP is on K¢, channel
Ca?" sengitivity, it may be indirect because it has been re-
ported that cGMP does not directly activate K, channels in
arterial smooth muscle cells (32). Also, phosphorylation of
sarcoplasmic reticulum ryanodine receptors would activate
Ca?* sparks (31), which would facilitate CO-induced dilation.
The effects of NO and 8-bromo-cGM P appear to be all or none
(18), suggesting the minimum necessary level of NO/cGMP
must be a maximal response.

In summary, the vasodilatory effect of CO on newborn
cerebral arterioles involves a permissive role of NO. Endothe-
lial cells appear to be necessary to produce NO to stimulate the

ROLE OF ENDOTHELIAL NO IN CO-INDUCED CEREBROVASCULAR DILATION

production of cGMP in vascular smooth muscle cells. Such a
requirement for NO would explain the endothelium depen-
dency of CO-induced dilation and the endothelium and CO
dependence of glutamatergic dilation of piglet pia arterioles
(10, 33).

ACKNOWLEDGMENTS

We thank G. Short for preparing the figures and M. Lester for clerica
assistance.

GRANTS
The research was supported by the National Institutes of Health.

REFERENCES

1. Armstead WM. Opioids and nitric oxide contribute to hypoxia-induced
pial arterial vasodilation in newborn pigs. AmJ Physiol Heart Circ Physiol
268: H226-H232, 1995.

2. Armstead WM. Role of nitric oxide and cAMP in prostaglandin-induced
pia arterial vasodilation. Am J Physiol Heart Circ Physiol 268: H1436—
H1440, 1995.

3. Armstead WM. cGMP and cAMP in prostaglandin-induced pial artery
dilation and increased CSF opioid concentration. Am J Physiol Heart Circ
Physiol 271: H166-H172, 1996.

4. Armstead WM, Zuckerman SL, Shibata M, Parfenova H, and L effler
CW. Different pia arteriolar responses to acetylcholine in the newborn
and juvenile pig. J Cereb Blood Flow Metab 14: 1088—1095, 1994.

5. Carratu P, Pourcyrous M, Fedinec A, Leffler CW, and Parfenova H.
Endogenous heme oxygenase prevents impairment of cerebral vascular
functions caused by seizures. Am J Physiol Heart Circ Physiol 285:
H1148-H1157, 2003.

6. Christodoulides N, Durante W, Kroll MH, and Schafer Al. Vascular
smooth muscle cell heme oxygenases generate guanylyl cyclase-stimula-
tory carbon monoxide. Circulation 91: 2306—2309, 1995.

7. Dieguez G, Garcia JL, Fernandez N, Garcia-Villalon AL, Monge L,
and Gomez B. Role of NO in goat basal cerebral circulation and after
vasodilatation to hypercapnia or brief ischemias. Am J Physiol Regul
Integr Comp Physiol 265: R1410-R1415, 1993.

8. Faraci FM and Brian JE Jr. Nitric oxide and the cerebral circulation.
Sroke 25: 1760-1764, 1994.

9. Faraci FM and Sobey CG. Role of soluble guanylate cyclase in dilator
responses of the cerebral microcirculation. Brain Res 821: 368—373, 1999.

10. Fiumana E, Parfenova H, Jaggar JH, and Leffler CW. Carbon mon-
oxide mediates vasodilator effects of glutamate in isolated pressurized
cerebral arterioles of newborn pigs. Am J Physiol Heart Circ Physiol 284:
H1073-H1079, 2003.

11. Graser T, Vedernikov YP, and Li DS. Study on the mechanism of
carbon monoxide induced endothelium-independent relaxation in porcine
coronary artery and vein. Biomed Biochim Acta 49: 293-296, 1990.

12. ladecola C and Zhang F. Permissive and obligatory roles of NO in
cerebrovascular responses to hypercapnia and acetylcholine. Am J Physiol
Regul Integr Comp Physiol 271: R990—R1001, 1996.

13. ladecola C, Zhang F, and Xu X. SIN-1 reverses attenuation of hyper-
capnic cerebrovasodilation by nitric oxide synthase inhibitors. Am J
Physiol Regul Integr Comp Physiol 267: R228—R235, 1994.

14. Ingi T, Cheng J, and Ronnett GV. Carbon monoxide: an endogenous
modulator of the nitric oxide-cyclic GMP signaling system. Neuron 16:
835-842, 1996.

15. Jaggar JH, Leffler CW, Cheranov SY, Tcheranova D, E S, Cheng X.
Carbon monoxide dilates cerebral arterioles by enhancing the coupling of
Ca?* sparksto Ca?"-activated K™ channels. Circ Res 91: 610—617, 2002.

16. Jaggar JH, Porter VA, Lederer WJ, and Nelson MT. Calcium sparks
in smooth muscle. Am J Physiol Cell Physiol 278: C235-C256, 2000.

17. Kaide JI, Zhang F, Wei Y, Jiang H, Yu C, Wang WH, Balazy M,
Abraham NG, and Nagjletti A. Carbon monoxide of vascular origin
attenuates the sensitivity of renal arterial vesselsto vasoconstrictors. J Clin
Invest 107: 1163-1171, 2001.

18. Koneru P and Leffler CW. Role of cGMP in carbon monoxide-induced
cerebral vasodilation in piglets. Am J Physiol Heart Circ Physiol 286:
H304-H309, 2004.

19. Laintinen KS, Salovaara K, Severgnini S, and Laitinen JT. Regulation
of cyclic GMP levelsin therat frontal cortex in vivo: effects of exogenous

AJP-Heart Circ Physiol - VOL 287 « OCTOBER 2004 « Www.gjpheart.org

2102 ‘g Jlaquiardas uo 1sanb Aq /Bio ABojoisAyd-ueaydles:dny woiy papeojumoq



http://ajpheart.physiology.org/

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

ROLE OF ENDOTHELIAL NO IN CO-INDUCED CEREBROVASCULAR DILATION

carbon monoxide and phosphodiesterase inhibition. Brain Res 755: 272—
278, 1997.

Leffler CW. Nitric oxide in control of the cerebral circulation. In: Nitric
Oxide and the Regulation of the Peripheral Circulation, edited by Kad-
owitz PJ and McNamara DB. Boston, MA: Birkhauser, 2000.

Leffler CW, Nagletti A, Johnson RA, and Fedinec AL. Contributions
of prostacyclin and nitric oxide to carbon monoxide-induced cerebrovas-
cular dilation in piglets. Am J Physiol Heart Circ Physiol 280: H1490—
H1495, 2001.

Leffler CW, Nagletti A, Yu C, Johnson R, Fedinec AL, and Walker N.
Carbon monoxide and cerebral microvascular tone in newborn pigs. Am J
Physiol Heart Circ Physiol 276: H1641-H1646, 1999.

Lin H and McGrath JJ. Vasodilating effects of carbon monoxide. Drug
Chem Toxicol 11: 371-385, 1988.

Maines M D. The heme oxygenase system: a regulator of second messen-
gers gases. Annu Rev Pharmacol Toxicol 37: 517-554, 1997.
McPherson RW, Kirsch JR, Ghaly RF, and Traystman RJ. Effect of
nitric oxide synthase inhibition on the cerebral vascular response to
hypercapnia in primates. Stroke 26: 682—687, 1995.

Meng W, Tobin JR, and Busija DW. Glutamate-induced cerebral vaso-
dilatation is mediated by nitric oxide through NMDA receptors. Sroke 26:
857—863, 1995.

MoritaT, PerrellaMA, Lee ME, and Kourembanas S. Smooth muscle
cell-derived carbon monoxide is a regulator of vascular cGMP. Proc Natl
Acad Sci USA 92: 14751479, 1995.

Moro MA, Russel RJ, Cellek S, Lizasoain |, Su 'Y, Darley-Usmar VM,
Radomski MW, and Moncada S. cGMP mediates the vascular and
platelet actions of nitric oxide: confirmation using an inhibitor of the
soluble guanylyl cyclase. Proc Natl Acad Sci USA 93: 14801485, 1996.
Parfenova H, Neff RA 111, Alonso JS, Shlopov BV, Jamal CN,
Sarkisova SA, and Leffler CW. Cerebral vascular endothelia heme
oxygenase: expression, localization, and activation by glutamate. Am J
Physiol Cell Physiol 281: C1954—-C1963, 2001.

Perez GJ, Boner AD, and Nelson MT. Micromolar Ca?* from sparks
activates Ca? " -sensitive K™ channelsin rat cerebral artery smooth muscle.
Am J Physiol Cell Physiol 281: C1769—C1775, 2001.

Porter VA, Bonev AD, Knot HJ, Heppner TJ, Stevenson AS, Klep-
pisch T, Lederer WJ, and Nelson MT. Frequency modulation of Ca?*
sparks isinvolved in regulation of arterial diameter by cyclic nucleotides.
Am J Physiol Cell Physiol 274: C1346—C1355, 1998.

Robertson BE, Schubert R, Heschler J, and Nelson MT. cGMP-
dependent protein kinase activates Ca-activated K channels in cerebral
artery smooth muscle cells. Am J Physiol Cell Physiol 265: C299-C303,
1993.

33.

34.

35.

36.

37.

38.

39.

41.

42.

45.

H1465

Robinson JS, Fedinec AL, and Leffler CW. Role of carbon monoxidein
glutamate receptor-induced dilation of newborn pig pia arterioles. Am J
Physiol Heart Circ Physiol 282: H2371-H2376, 2002.

Rosenblum WI, Nishimura H, and Nelson GH. Endothelium-dependent
L-Arg- and L-NMMA-sensitive mechanisms regulate tone of brain mi-
crovessels. Am J Physiol Heart Circ Physiol 259: H1396-H1401, 1990.
Thorup C, Jones CL, Gross SS, Moore LC, and Goligorsky MS.
Carbon monoxide induces dilation and nitric oxide release but suppresses
endothelial NOS. Am J Physiol Renal Physiol 277: F882—~889, 1999.
Tomimoto H, Nishimura M, Suenaga T, Nakamura S, Akiguchi I,
WakitaH, KimuraJ, and Mayer B. Distribution of nitric oxide synthase
in the human cerebral blood vessels and brain tissues. J Cereb Blood Flow
Metab 14: 930-938, 1994.

Vedernikov YP, Graser T, and Vanin AF. Similar endothelium-inde-
pendent arterial relaxation by carbon monoxide and nitric oxide. Biomed
Biochim Acta 48: 601-603, 1989.

Wang Q, Bryan RM Jr, and Pelligrino DA. Calcium-dependent and
ATP-sensitive potassium channels and the “permissive” function of cyclic
GMP in hypercapnia-induced pia arteriolar relaxation. Brain Res 793:
187-196, 1998.

Wang R, Wang Z, and Wu L. Carbon monoxide-induced vasorel axation
and the underlying mechanisms. Br J Pharmacol 121: 927-934, 1997.

. Wang R, Wu L, and Wang Z. The chemical modification of Kca

channels by carbon monoxide in vascular smooth muscle cells. J Biol
Chem 272: 8222-8226, 1997.

Wang R, Wu L, and Wang Z. The direct effect of carbon monoxide on
Kca channels in vascular smooth muscle cells. Pfliigers Arch 434: 285—
291, 1997.

Wang Q, Bryowsky J, Minshall RD, and Pelligrino DA. Possible
obligatory functions of cyclic nucleotides in hypercapnia-induced cerebral
vasodilation in adult rats. Am J Physiol Heart Circ Physiol 276: H480—
H487, 1999.

. Xi Q, Tcheranova D, Parfenova H, Horowitz B, Leffler CW, and

Jaggar JH. Carbon monoxide activates K ca channelsin newborn arteriole
smooth muscle cells by increasing apparent Ca?* sensitivity of «-subunits.
Am J Physiol Heart Circ Physiol 286: H610-H618, 2004.

. Zakhary R, Gaine SP, Dinerman JL, Ruat M, Flavahan NA, and

Snyder SH. Heme oxygenase 2: endothelial and neuronal |ocalization and
role in endothelium-dependent relaxation. Proc Natl Acad Sci USA 93:
795-798, 1996.

Zhuo M, Small SA, Kandal ER, and Hawkins RD. Nitric oxide and
carbon monoxide produce activity-dependent long-term synaptic enhance-
ment in hippocampus. Science 260: 1946—1950, 1993.

AJP-Heart Circ Physiol - VOL 287 « OCTOBER 2004 « Www.gjpheart.org

2102 ‘g Jlaquiardas uo 1sanb Aq /Bio ABojoisAyd-ueaydles:dny woiy papeojumoq



http://ajpheart.physiology.org/

