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Abstract

We recently reported that microinjection of ethanol into the rostral ventrolateral medulla (RVLM)

elicits modest increases in local extracellular signal-regulated kinase (ERK) and blood pressure

(BP) in conscious normotensive rats. In this study, we tested the hypothesis that RVLM ser/thr

phosphatases dampen the ERK-dependent pressor effect of ethanol in normotensive rats. We show

that the pressor response elicited by intra-RVLM ethanol (10 μg) was: (i) abolished following

local ERK inhibition with PD98059 (1 μg); (ii) associated with significant reduction in local

phosphatase activity. Inhibition of the RVLM ser/thr phosphatase activity by okadaic acid (OKA,

0.4 μg) or fostriecin (15 pg) caused significant increases in blood pressure (BP) and potentiated

the magnitude and duration of the pressor response as well as the phosphatase inhibition elicited

by subsequent intra-RVLM administration of ethanol. Intra-RVLM acetaldehyde (2 μg), the main

metabolic product of ethanol, caused no changes in BP or RVLM phosphatase activity but it

produced significant increases in BP and inhibition of local phosphatase activity in rats treated

with OKA or fostriecin. Together, the RVLM phosphatase activity acts tonically to attenuate the

ERK-dependent pressor effect of ethanol or acetaldehyde in normotensive rats.
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1. Introduction

The mitogen-activated protein kinases (MAPKs) are a group of serine/threonine kinases that

convert extracellular stimuli into a wide range of cellular responses. They include the

extracellular signal-regulated kinases (ERK), c-Jun amino (N)-terminal kinases, and p38

(English and Cobb, 2002; Cargnello and Roux, 2011). MAPKs have been implicated in

many actions of ethanol such as hepatotoxicity, pancreatitis, neurotoxicity and increased

cancer risk (Yang et al., 2001; Kalluri and Ticku, 2003; Aroor and Shukla, 2004). Reported

studies suggest that ethanol may upregulate or downregulate the phosphorylation of MAPKs

depending on the experimental settings including dose and duration of exposure, MAPK

isoform under investigation, and cell or tissue type (Aroor and Shukla, 2004). Our previous

reports showed that systemic (Mao et al., 2003) or intra-RVLM (Li et al., 2005) ethanol

elicits sympathoexcitation and pressor response in conscious spontaneously hypertensive

(SHR) but not in their normotensive counterparts, Wistar Kyoto rats (WKY). Acetaldehyde,

the oxidative product of ethanol (Correa et al., 2003; Zhang et al., 2004), appears to mediate,

at least partly, the pressor effect of ethanol (El-Mas and Abdel-Rahman, 2012). In a more

recent study (El-Mas et al., 2013), we established evidence that implicated alterations in the

phosphorylation/dephosphorylation profile of RVLM-MAPKs in ethanol- or acetaldehyde-

evoked pressor response in SHRs because: (i) the latter response was associated with

increase in the RVLM level of phosphorylated ERK, (ii) both the neurochemical and BP

responses were abolished after pharmacologic inhibition of ERK, and (iii) the inhibition of

local phosphatases by OKA increased the level of phosphorylated ERK in the RVLM and

BP (El-Mas et al., 2013).

The reason for the reduced pressor effect of ethanol in normotensive compared with

hypertensive rats (Li et al., 2005; El-Mas and Abdel-Rahman, 2012) is not clear. In the

present study, we tested the hypothesis that a compromised phosphatase-dependent

dephosphorylation of phospho-ERK accounts for the negligible pressor response caused by

intra-RVLM ethanol or acetaldehyde in normotensive rats. To test this intriguing hypothesis,

we investigated the effects of intra-RVLM ethanol or acetaldehyde on the BP and heart rate

(HR) in conscious normotensive rats following the inhibition of local activity (i) ERK with

PD98059, and (i) phosphatases with OKA or fostriecin. Further, we investigated the impact

of intra-RVLM ethanol or acetaldehyde alone or in combination with OKA on the RVLM

phosphatase activity.

2. Results

Baseline MAP and HR values in all rat groups prior to the RVLM microinjections of the

vehicle or drug regimens were not statistically different (Table 1).

2.1. The inhibitory effect of ethanol or acetaldehyde on RVLM phosphatase activity is
potentiated by OKA

The effects of ethanol, acetaldehyde, or their vehicle (ACSF) on the RVLM serine/threonine

phosphatase catalytic activity in the absence and presence of the phosphatase inhibitors

(OKA or fostriecin) are shown in figure 1. The RVLM phosphatase activity was

significantly reduced by microinjection of ethanol or acetaldehyde (Fig. 1). Phosphatase
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activity was also significantly reduced in RVLM neurons after microinjection of OKA or

fostriecin. The inhibition of phosphatase activity was potentiated in rats treated with ethanol

or acetaldehyde along with the phosphatase inhibitors (OKA or fostriecin) (Fig. 1).

2.2. Exaggerated pressor effects for ethanol or acetaldehyde in OKA- or fostriecin-treated
rats

Intra-RVLM ethanol (10 μg) caused modest but significant increases in MAP compared with

corresponding ACSF values (Fig. 2A). By contrast, no changes in MAP were demonstrated

after intra-RVLM administration of acetaldehyde (2 μg, Fig. 3A). The inhibition of RVLM

phosphatases by OKA (0.4 μg, Fig. 2A) or fostriecin (15 pg, Fig. 2C) significantly increased

MAP compared with corresponding DMSO values. The increases in MAP caused by OKA

appeared at 10 min, then MAP showed gradual decline but remained significantly higher

than corresponding DMSO values throughout the 90-min observation period (Fig. 2A).

Fostriecin increased MAP for 20 min, after which MAP returned to DMSO values (Fig. 2C).

Additional and sustained increases in MAP were seen when OKA- or fostriecin-pretreated

WKY rats subsequently (30 min later) received intra-RVLM ethanol (Fig. 2A-C) or

acetaldehyde (Fig. 3A-C).

The inhibition of ERK by PD98059 (1 μg) in the RVLM neurons had no effect on baseline

MAP, compared with corresponding vehicle (DMSO) values, but it virtually abolished the

pressor effect of ethanol (Fig. 4A). On the other hand, changes in MAP caused by the

PD98059/acetaldehyde regimen were not statistically different from those caused by their

vehicle (Fig. 5A). Unlike MAP, HR was not significantly affected by any of the drug

regimens employed in the present study (Figs. 2-5, bottom panels) except for a significant

and brief (10 min) increase in HR after the administration of PD98059 in the PD98059/

acetaldehyde group (Fig. 5, bottom panel).

3. Discussion

The current study extends our previous work in which we showed that intra-RVLM ethanol

or acetaldehyde elicits substantially greater pressor effects in conscious SHRs compared

with WKY rats (El-Mas and Abdel-Rahman, 2012) and that enhanced phosphorylation of

the MAPK/ERK in tissues of the rostral medulla underlies the pressor action of ethanol in

SHRs (El-Mas et al., 2013). Given the importance of phosphatases in the deactivation

(dephosphorylation) of MAPKs (Cargnello and Roux, 2011), evidence was sought in this

study to implicate the phosphatase/ERK cascade in the diminished pressor effect of intra-

RVLM ethanol or acetaldehyde in WKY rats. Several new findings are reported in this

study. First, in contrast to negligible effects of acetaldehyde, ethanol caused modest but

significant elevations in BP and inhibition of the RVLM phosphatase activity. Second,

additive increases in BP and reductions in RVLM phosphatase activity were observed upon

intra-RVLM administration of phosphatase inhibitors (OKA or fostriecin) along with

ethanol or acetaldehyde. Third, ERK inhibition abolished the pressor effect of ethanol. It is

concluded that the RVLM phosphatases act tonically to dampen the ERK-dependent pressor

effect of ethanol in WKY rats.
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Comparison of our present data in WKY rats and previous studies in SHRs (El-Mas et al.,

2013) reveals some important inter-strain similarities and differences with regards to the

interaction of ethanol with the RVLM phosphatase/ERK cascade. Like its effects in SHRs

(El-Mas et al., 2013), the inhibition of ERK1/2 by PD98059 abolished the pressor effect of

intra-RVLM ethanol in WKY rats, suggesting a key role for ERK1/2 signaling in the BP

response to ethanol. It is worth noting that the RVLM ERK1/2 signaling positively

correlates with sympathetic activity in several rat models including stroke-prone SHRs

(Kishi et al., 2010) and in heart failure (Gao et al., 2010). Moreover, the activation or

inhibition of the angiotensin AT1 receptors in the RVLM is paralleled with qualitatively

similar changes in BP and ERK1/2 signaling (Seyedabadi et al., 2001; Kishi et al., 2010).

Considering the major role of RVLM neurons in controlling central sympathetic discharges

(Turner et al., 2013) and in the sympathoexcitatory action of ethanol (Mao et al., 2003), the

findings that pharmacologic inhibition of ERK1/2 abolished the pressor action of ethanol in

WKY rats (this study) or SHRs (El-Mas et al., 2013), despite the exaggerated pressor effect

of ethanol in the SHR, suggests a crucial role for ERK1/2 in the increased sympathetic

activity, which led to the rise in BP. Nonetheless, these findings highlight a potential role for

local regulation of ERK phosphorylation/dephosphorylation in the compromised pressor

effect of ethanol in normotensive rats.

Reported neurobiological studies suggest a primary role for serine/threonine phosphatases in

the deactivation (dephosphorylation) of MAPKs (Cargnello and Roux, 2011). In SHRs for

example, pharmacologic inhibition of RVLM phosphatases (OKA) upregulates ERK1/2 and

elevates BP (El-Mas et al., 2013). Also, estrogen protects cells against glutamate-induced

oxidative stress through preserving phosphatase activity in the face of oxidative insults,

resulting in attenuation of the persistent phosphorylation of ERK associated with neuronal

death (Yi et al., 2008). With this idea in mind, we tested the hypothesis that RVLM

phosphatases act tonically to offset the pressor effect of intra-RVLM ethanol in WKY rats.

The likelihood of this assumption was verified by examining the individual and combined

effects of ethanol and the phosphatase inhibitors (OKA or fostriecin) on phosphatase activity

and BP. The results showed that the combined microinjection of ethanol along with OKA or

fostriecin caused significantly more inhibition of phosphatase activity compared with the

inhibitory effects of the individual drugs (Fig. 1). Interestingly, the BP response followed a

similar pattern as indicated by the greater and more sustained elevations in BP observed

following intra-RVLM administration of the ethanol/OKA or ethanol/fostriecin regimen.

This parallelism in the magnitudes of the pressor effect and RVLM phosphatase inhibition

seems to favor a causal relationship between the two phenomena. Because OKA inhibits the

catalytic activity of all ser/thr phosphatase isoforms (PP1 through PP6) whereas fostriecin

selectively inhibits PP1 and PP2A (Swingle et al., 2007), it is conceivable to suggest that the

2 latter isoforms of phosphatases might be selectively involved in the modulation of the

ERK-dependent pressor effect of ethanol. Notably, fostriecin also offers a better

experimental tool for phosphatase inhibition because of the reported cytotoxicity associated

with the use of nanomolar concentrations of OKA (Herschman et al., 1989; Yoshizawa et

al., 1990). Notably, ethanol, compared with vehicle, inhibited RVLM phosphatase activity in

WKY rats (0.5±0.1 vs. 1.2±0.1 mol/min/mg protein, P<0.05), but not in SHRs (1.5±0.3 vs.
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1.4±0.3 mol/min/mg protein) in our previous study (El-Mas et al., 2013), reflecting a strain-

dependent effect for ethanol on RVLM phosphatases.

The latter conclusion is further bolstered by data obtained from the acetaldehyde

experiment. Acetaldehyde is the oxidative product of ethanol (Quertemont et al., 2005) and

has been implicated in some of its biological actions including the ethanol-evoked pressor

response (Pastor and Aragon, 2008; Karahanian et al., 2011; El-Mas and Abdel-Rahman,

2012). Here we report that although intra-RVLM acetaldehyde inhibited phosphatase

activity by ~ 30% and caused 3-4 mmHg increase in BP, these changes were not statistically

different from those of vehicle-treated values. More importantly, the two effects of

acetaldehyde (BP elevation and RVLM phosphatase inhibition) were intensified when it was

microinjected following OKA or fostriecin. In fact, comparison of the present findings

(figures 1-3) revealed comparable pressor and phosphatase inhibitory profiles for the

ethanol/OKA and acetaldehyde/OKA regimens. The data further corroborate our previous

report concerning the role of acetaldehyde in mediating the pressor effect of ethanol (El-Mas

and Abdel-Rahman, 2012) and highlight the capacity of local phosphatases to downregulate

the pressor response elicited by intra-RVLM ethanol or its metabolic product acetaldehyde.

It is important to comment on the microinjected doses of ethanol and acetaldehyde in the

current study. The 10 μg dose of ethanol has been used in reported studies from our

laboratory (El-Mas and Abdel-Rahman, 1993b, 2012) and others (Varga and Kunos, 1990;

1992). This dose of ethanol interacts selectively with subsets of MAPKs (El-Mas et al.,

2013) and central GABA and glutamate receptors (El-Mas and Abdel-Rahman, 1993b;

Varga and Kunos, 1990) and its effects disappear within 1-2 hr. Such selectivity and

reversibility eliminate the possibility of involvement of nonspecific neuronal damage in the

ethanol effects. More importantly, the 10 μg intra-RVLM dose of ethanol elicits

cardiovascular effects comparable to those caused by the 1 g/kg dose of systemic ethanol

(El-Mas and Abdel-Rahman, 1993a, 1993b, 1998; Varga and Kunos, 1990, 1992). The 1

g/kg systemic dose of ethanol produces blood alcohol levels similar to those seen in humans

after consumption of moderate to heavy amounts of alcohol (Ireland et al., 1984; Abdel-

Rahman et al., 1987), which establishes the clinical relevance of our findings. The

microinjected dose of acetaldehyde (2 μg) was selected based on reported relative potencies

of acetaldehyde and ethanol in cardiovascular (El-Mas and Abdel-Rahman, 2012) and

behavioral studies (Quertemont et al., 2005). A higher intra-RVLM dose of acetaldehyde (4

μg) increased BP to levels that were not different from those produced by the 2 μg dose (El-

Mas et al., 2013).

Overall, the current data underscore the role of the RVLM phosphatases, particularly the

PP1 and PP2A isoforms, in the ERK-dependent pressor action of ethanol in normotensive

rats. We demonstrate an inverse relationship between BP and phosphatase activity in the

RVLM tissues because (i) phosphatase inhibition by ethanol, OKA, or fostriecin was

coupled with BP elevations, and (ii) greater increases in BP and decreases in phosphatase

activity developed after combined RVLM administration of OKA or fostriecin along with

ethanol or acetaldehyde. It is conceivable that the residual phosphatase activity in rats

receiving the individual treatments (ethanol, acetaldehyde, or phosphatase inhibitor) might

have acted to hamper the excessive rises in BP.
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4. Materials and methods

Male WKY rats (12–13 weeks old, Charles River, Raleigh, NC) were used. All experiments

were approved by the institutional animal care and use committee and carried out in

accordance with the Declaration of Helsinki and with the Guide for the Care and Use of

Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health.

4.1. Intracranial and intravascular cannulations

The methods described in our previous studies for the intra-RVLM (El-Mas and Abdel-

Rahman, 2012; El-Mas et al., 2013) and femoral artery (El-Mas and Abdel-Rahman, 1995,

1997, 1999) cannulations and drug administration were employed.

4.2. Measurement of phosphatase activity

Micropunches were taken from the RVLM of frozen brains with a stainless steel bore (i.d.

0.94 mm, Stoelting Co, Wood Dale, IL) as reported in previous studies including ours

(Bardgett et al., 2010; El-Mas et al., 2013). Tissues were mixed in 20 μl buffer (20 mM

imidazole HCl, 2 mM EDTA, and 2 mM EGTA) and centrifuged at 2000 × g for 5 min.

After quantification of the total protein content with the Bradford assay (Bradford, 1976),

the ser/thr phosphatase activity in the protein extract of RVLM tissue was measured

colorimetrically using the Ser/Thr Phosphatase Assay Kit 1 (Malachite Green Assay,

Upstate Cell Signaling Solutions, Lake Placid, NY) according to the manufacturer’s

instructions and as described in our previous studies (El-Mas et al., 2013). Briefly, 2 μl of

the protein extract (~ 10 μg protein) was transferred into a 96-well microtiter plate and

mixed with 25 μl assay buffer and threonine phosphopeptide. After 30 min, the enzymatic

reaction was terminated by the addition of 100 μl of freshly prepared malachite green

solution. The absorbance was measured at 640 nm and enzyme activity was estimated from

a standard curve prepared with standard phosphate solutions.

4.3. Protocols and experimental groups

We investigated the effects of OKA (0.4 μg, nonselective ser/thr phosphatase inhibitor),

fostriecin (15 pg, selective PP1/PP2A inhibitor), or PD98059 (1 μg, ERK inhibitor) on BP

and HR responses elicited by intra-RVLM ethanol or acetaldehyde. The doses of OKA

(Choe et al., 2004), fostriecin (Chao et al., 2007), and PD98059 (Gerdjikov et al., 2004; El-

Mas et al., 2013) were selected based on reported studies. A total of 9 groups of conscious

WKY rats (n=5-10 each), pre-instrumented with intra-RVLM and intra-arterial cannulas as

indicated under methods, were used. A period of at least 60 min was allowed at the

beginning of each experiment for BP stabilization. All injections (80 nl) were made

unilaterally into the RVLM according to established protocol in our lab (El-Mas and Abdel-

Rahman, 2012; El-Mas et al., 2013). Control rats received 80 nl of 5% DMSO, the vehicle

for the pharmacologic inhibitors, followed by the artificial cerebrospinal fluid (ACSF) to

control for ethanol/acetaldehyde microinjection. Treatment groups received one of the

inhibitors or the vehicle followed 30 min later by 80 nl of 15.7% ethanol (10 μg), 2.5%

acetaldehyde (2 μg) or ACSF. These selected doses of ethanol and acetaldehyde produce

similar cardiovascular (El-Mas and Abdel-Rahman, 2012) and behavioral (Quertemont et
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al., 2005) effects. BP and HR were monitored for 60 min following intra-RVLM ethanol,

acetaldehyde or ACSF.

At the conclusion of the experiments, rats were euthanized with an overdose of pentobarbital

sodium (100 mg/kg) and their brains were rapidly removed and stored at −80°C until used

for the determination of phosphatase activity in RVLM neurons as detailed above.

4.4. Drugs

PD98059, okadaic acid, fostriecin, acetaldehyde (Sigma Chemical Co., St. Louis, MO),

ethanol (Midwest Grain Products Co., Weston, MO) were purchased from commercial

vendors.

4.5. Statistical analysis

Values are expressed as means±S.E.M. Mean arterial pressure (MAP) was computed via

integration of the area under the pulse pressure curve using the LabChart software. The

analysis of variance (ANOVA) followed by a Newman-Keuls post-hoc analysis was used

for multiple comparisons with the level of significance set at P<0.05.
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BP blood pressure

HR heart rate

OKA okadaic acid

ACSF artificial cerebrospinal fluid

MAPKs mitogen-activated protein kinases

ERK extracellular signal-regulated kinase

RVLM rostral ventrolateral medulla

SHRs spontaneously hypertensive

WKY Wistar Kyoto rats
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Highlights

• Phosphatase activity in the RVLM is inversely related to BP

• Phosphatase inhibition mediates the pressor effect of intra RVLM ethanol

• Phosphatase inhibition by OKA or fostriecin exacerbates ethanol evoked pressor

response Acetaldehyde mimics the BP and neurochemical effects of ethanol
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Fig. 1.
Effects of intra-RVLM ethanol (10 μg) or acetaldehyde (2 μg) on local serine/threonine

phosphatase activity in WKY rats in the absence and presence of okadaic acid or fostriecin

(phosphatase inhibitors). Values are mean±S.E.M. of 5-10 observations. *P<0.05 vs.

“DMSO+ACSF”, +P<0.05 vs. “OKA+ACSF”, #P<0.05 vs. “DMSO+Etoh”, $P<0.05 vs.

“DMSO+acetaldehyde”, %P<0.05 vs. “fostriecin+ACSF”.
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Fig. 2.
Changes in mean arterial pressure (MAP) and heart rate (HR) caused by intra-RVLM

ethanol (Etoh, 10 μg) in the absence or presence of phosphatase inhibitors (0.4 μg okadaic

acid, OKA, or 15 pg fostriecin). Values are mean±S.E.M. of 5-10 observations. *P<0.05 vs.

“DMSO+ACSF”, +P<0.05 vs. “DMSO+Etoh”, #P<0.05 vs. “OKA+ACSF” or “fostriecin

+ACSF”.
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Fig. 3.
Changes in mean arterial pressure (MAP) and heart rate (HR) caused by intra-RVLM

acetaldehyde (ACA, 2 μg) in the absence and presence of phosphatase inhibitors (0.4 μg

okadaic acid, OKA, or 15 pg fostriecin). Values are mean±S.E.M. of 5-10

observations. *P<0.05 vs. “DMSO+ACSF”, +P<0.05 vs. “DMSO+ACA”, #P<0.05 vs.

“OKA+ACSF” or “fostriecin+ACSF”.
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Fig. 4.
Changes in mean arterial pressure (MAP) and heart rate (HR) caused by intra-RVLM

ethanol (Etoh, 10 μg) in the absence and presence of PD98059 (1 μg, ERK1/2 inhibitor).

Values are mean±S.E.M. of 6-10 observations. *P<0.05 vs. “DMSO+ACSF”.
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Fig. 5.
Changes in mean arterial pressure (MAP) and heart rate (HR) caused by intra-RVLM

acetaldehyde (ACA, 2 μg) in the absence and presence of PD98059 (1 μg, ERK1/2

inhibitor). Values are mean±S.E.M. of 6-10 observations. *P<0.05 vs. “DMSO+ACSF”.
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Table 1

Average baseline values of mean arterial pressure (MAP, mmHg) and heart rate (HR, beats/min) prior to any

drug or vehicle treatments.

Groups n MAP HR

DMSO/ACSF 10 121±7 299±8

DMSO/ethanol 6 121±5 304±6

DMSO/acetaldehyde 6 125±3 311±10

Okadaic acid/ACSF 7 118±4 304±11

Okadaic acid /ethanol 10 121±3 326±15

Okadaic acid /acetaldehyde 7 124±3 301±30

Fostriecin/ACSF 5 122±3 273±12

Fostriecin/ethanol 7 117±3 300±6

Fostriecin/acetaldehyde 6 116±4 295±7

Values are mean±SEM of 5-10 observations.
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