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Abstract
Background—The molecular mechanisms that underlie clonidine exacerbation of behavioral
impairment caused by ethanol are not fully known. We tested the hypothesis that NOS-NO
signaling in the locus coeruleus (LC) is implicated in this phenomenon.

Methods—Male, Sprague-Dawley rats, with intracisternal and jugular vein cannulae implanted 6
days earlier, were tested for drug-induced behavioral impairment. The latter was assessed as the
duration of loss of righting reflex (LORR) and rotorod performance every 15 min until the rat
recovered to the baseline walk criterion (180 s). In a separate cohort, we measured p-nNOS, p-
eNOS, and p-ERK1/2 in the LC following drug treatment, vehicle, or NOS inhibitor.

Results—Rats that received clonidine (60 μg/kg, i.v.) followed by ethanol (1 or 1.5 g/kg, i.v.)
exhibited synergistic impairment of rotorod performance. Intracisternal (i.c.) pretreatment with
non-selective NOS inhibitor L-NAME (0.5 mg) or selective nNOS inhibitor N-propyl-L-arginine
(NPLA, 1 μg) exacerbated the impairment of rotorod performance caused by clonidine-ethanol
combination. Exacerbation of behavioral impairment was caused by L-NAME enhancement of the
effect of ethanol, not clonidine. L-NAME did not influence blood ethanol levels; thus, the
interaction was pharmacodynamic. LORR caused by clonidine (60 μg/kg, i.v.)-ethanol (1 g/kg,
i.v.) combination was abolished by selective inhibition of central eNOS (L-NIO, 10 μg i.c.) but not
by nNOS inhibition under the same conditions. Western blot analyses complemented the
pharmacological evidence by demonstrating that clonidine-ethanol combination inhibits
phosphorylation (activation) of nNOS (p-nNOS) and increases the level of phosphorylated eNOS
(p-eNOS) in the LC; the change in p-nNOS was paralleled by similar change in LC p-ERK1/2.
NOS inhibitors alone did not affect the level of nitrate/nitrite, p-nNOS, p-eNOS, or p-ERK1/2 in
the LC.

Conclusions—Alterations in NOS-derived NO in the LC underlie clonidine-ethanol induced
behavioral impairment. A decrease in nNOS activity, due at least partly to a reduction in nNOS
phosphorylation, mediates rotorod impairment, while enhanced eNOS activity contributes to
LORR, elicited by clonidine-ethanol combination.
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Introduction
The interactions between alcohol and prescription drug medications, such as the
antihypertensive drug clonidine, are cause for serious public health concern. The
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antagonistic hemodynamic interaction between ethanol and clonidine renders the
antihypertensive effect of clonidine less effective (El-Mas and Abdel-Rahman, 1999; El-
Mas and Abdel-Rahman, 2001; Mao and Abdel-Rahman, 1998), while an equally important
behavioral interaction between these two drugs produces a clinically serious adverse effect.
The synergistic behavioral impairment elicited by clonidine-ethanol interaction has been
reported (Bender and Abdel-Rahman, 2009; Mao and Abdel-Rahman, 1996) and supported
by findings from interactions with related drug classes (Czarnecka et al., 1986; Durcan et al.,
1991; Idanpaan-Heikkila et al., 1995; Kushikata et al., 2002). Although the sedative effect of
clonidine is utilized in some clinical applications, such as analgesia, anesthesia, or treatment
of withdrawal symptoms (Fauler and Verner, 1993; Khan et al., 1999), the combined use of
ethanol and clonidine and the resultant synergistic behavioral impairment is a greater
concern for patients taking clonidine unsupervised as an antihypertensive agent.

The mechanisms underlying this synergistic interaction are still being elucidated. Our recent
study (Bender and Abdel-Rahman, 2009) has identified an important role for the central
α2A-adrenergic receptor in the behavioral interaction between clonidine and ethanol. Many
studies including our own have implicated nitric oxide synthase (NOS)-derived nitric oxide
(NO) in the neurobiological effects of clonidine and ethanol when administered alone (e.g.
Adams et al., 1994; El-Mas et al., 2008; Nassar and Abdel-Rahman, 2008; Pokk et al., 2001;
Soares de Moura et al., 2001; Vassiljev et al., 1998). NOS-NO signaling plays a role in a
variety of critical processes, including neurotransmission (Clementi et al., 1995; Kiss and
Vizi, 2001; Kosenko et al., 2003), vasorelaxation (Bredt et al., 1992), cytotoxicity (Clementi
et al., 1995; Nelson et al., 2003), cell proliferation (Cha et al., 2001), gene transcription
(Clementi et al., 1995), locomotor activity (Pechanova et al., 2006), and hypotension (Li and
Abdel-Rahman, 2001; Moreira et al., 2004; Sy et al., 2001). However, the effect of ethanol
or clonidine on NOS activity or NO levels and the relationship of NOS-NO signaling to
behavioral impairment remain controversial. Ethanol-induced behavioral impairment has
been attributed to augmentation (Adams et al., 1994; Pokk et al., 2001; Vassiljev et al.,
1998) or attenuation (Ikeda et al., 1999; Phung and Black, 1999) of NOS-NO signaling,
depending on the system studied. Reports are similarly contradictory for clonidine-induced
behavioral impairment (Soares de Moura et al., 2001; Vulliemoz et al., 1996). Therefore,
NOS-NO signaling has been implicated one way or the other in the behavioral effects of
both ethanol and clonidine when administered alone. Further, NOS-derived NO inhibits
firing of LC neurons (Xu et al., 1994), which are implicated in the production of ethanol
and/or clonidine behavioral effects (De Sarro et al., 1987; Verbanck et al., 1991).

Although there are three isoforms of NOS, most studies investigating the effects of ethanol
or clonidine on central NOS-NO signaling have focused on utilizing non-selective NOS or
selective nNOS inhibitors. Nevertheless, all three isozymes are found in the brain (Syapin,
1998) and could potentially contribute to the mechanism of synergy between clonidine and
ethanol (Bender and Abdel-Rahman, 2009). Further, neuronal NOS (nNOS) and endothelial
NOS (eNOS) seem to have differential effects on behavioral responses (Jiang et al., 2002;
Rickard and Gibbs, 2003). Importantly, since peak behavioral synergy occurs within the first
30 min of clonidine-ethanol interaction (Bender and Abdel-Rahman, 2009), the involvement
of inducible NOS (iNOS), which requires 1-2 hr for induction (Syapin, 1998), seems
unlikely. At the cellular level, nNOS and eNOS activity is regulated by phosphorylation at
specific serine residues by kinases (Bredt et al., 1992). Extracellular signal-regulated protein
kinase (ERK, also known as p42/44 MAPK) has been shown to increase NOS activity by
enhancing NOS phosphorylation (Wyatt et al., 2002). Both clonidine (α2A-adrenergic
receptor agonist) and ethanol have been linked to activation of ERK signaling (Alblas et al.,
1993; Bachtell et al., 2002). Nevertheless, no attempt has been made to investigate the role
of NOS-NO signaling in the LC in the behavioral interaction between clonidine and ethanol
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or to elucidate the relative contribution of nNOS vs. eNOS to the behavioral impairment
caused by the drug combination.

The aim of these studies was to test the hypothesis that a synergistic enhancement of NOS-
NO signaling in the LC underlies clonidine exacerbation of ethanol-evoked behavioral
impairment. Therefore, the first objective of these experiments was to investigate the overall
involvement of central NOS-NO signaling in the behavioral effects of clonidine-ethanol
combination. This was achieved by evaluating behavioral responses (rotorod impairment
and LORR) elicited by clonidine-ethanol combination in the absence or presence of the non-
selective NOS inhibitor Nω-nitro-L-arginine methyl ester (L-NAME). The effect of L-
NAME on the behavioral responses elicited by either drug (clonidine or ethanol) was
investigated to elucidate the relative contribution of either drug to the NOS-NO signaling
and whether the NOS inhibitor influenced blood ethanol levels. Second, we utilized the
selective nNOS (N-propyl-L-arginine, NPLA) or eNOS (N(5)-(1-iminoethyl)-L-ornithine,
L-NIO) inhibitor to elucidate the contribution of either isoform to the behavioral impairment
caused by the drug combination. Finally, we complemented the pharmacological studies and
directly tested our hypothesis by measuring nitrate/nitrite level in the LC and blood and
conducting Western blot studies to investigate the effects of NOS inhibitor, clonidine,
ethanol, and clonidine-ethanol combination on the level of p-nNOS and p-eNOS as well as
pERK1/2 in the LC. The cellular and neurochemical studies were conducted on brains
collected at a time that coincides with peak synergistic behavioral impairment caused by the
drug combination.

Methods
Animals

Male, Sprague-Dawley rats were obtained from Taconic Farms (Germantown, New York)
and housed individually in a controlled environment room with a constant temperature of 23
± 1°C, humidity of 50 ± 10%, and a 12:12 hr light-dark cycle. Food (Prolab Rodent Chow,
Prolab RMH 3000, Granville Milling, Creedmoor, NC) and water were available ad libitum.
At least 2 days were allowed for acclimatization prior to surgical or experimental
manipulation. Animals weighed approximately 325-375 g on the day of behavioral testing.
All surgical, experimental, and animal care procedures were performed in accordance with
National Institutes of Health and institutional animal care and use committee guidelines.

Surgical Procedures
All surgical procedures were conducted under sterile conditions as reported in our recent
study (Bender and Abdel-Rahman, 2009). Animals were anesthetized with sodium
pentobarbital (60 mg/kg, i.p.). A stainless steel guide cannula (23 G) was inserted
approximately 6 mm into the skull between the occipital bone and the cerebellum so that its
tip protruded into the cisterna magna. The cannula was secured in place with small metal
screws and dental acrylic cement (Durelon, Thompson Dental Supply, Raleigh, NC) as
described previously (El-Mas and Abdel-Rahman, 2001). Stainless steel wire (0.012”
diameter) inside the guide cannula served as a block until the day of the experiment.
Intracisternal cannulation was not performed in animals used for neurochemical studies. All
animals were vascularly catheterized for intravenous (i.v.) administration of drugs. For
behavioral studies, the jugular vein was isolated, and a polyethylene-50, gas sterilized
catheter filled with heparinized saline (100 U/mL) was inserted approximately 2 cm into the
vessel. In some animals, the carotid artery was similarly catheterized for collection of blood
samples during behavioral testing. For neurochemical studies, the femoral vein was isolated,
and two smaller catheters (polyethylene-10 tubing connected to polyethylene-50 tubing, gas
sterilized) filled with heparinized saline were inserted into the abdominal vena cava. All
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catheters were: (i) secured by thread to the blood vessel and muscle tissue, (ii) tunneled
subcutaneously (s.c.) and exteriorized at the back of the neck between the shoulder blades,
(iii) flushed with heparinized saline, and (iv) closed with sterilized metal pins. For carotid
artery catheterizations, muscle around the trachea was sutured prior to closing the wound.
The neck or leg wound was swabbed with povidone-iodine solution and closed by wound
clips. All rats received postoperative care that comprised buprenorphine hydrochloride (0.03
mg/kg, s.c.) and penicillin G benzathine/penicillin G procaine (100,000 units/kg, s.c).
Following recovery from anesthesia, the rats were provided with wet food (rat chow
softened in water) to facilitate food intake and gain in body weight post-surgery. Rats were
allowed to recover for approximately 6 days before the experiment following intracisternal
cannulation or 2 days following femoral catheterization only as in our reported studies (El-
Mas and Abdel-Rahman, 2001; Mao and Abdel-Rahman, 1996).

Behavioral Testing Protocol
Behavioral impairment was assessed by performance on a rotorod (Treadmill for Rats 7700,
Ugo Basile Biological Research Apparatus, Italy) operated at constant speed (～11 RPM).
Prior to surgery, rats were trained to walk on the rotorod for 180 seconds consecutively
without falling off as in reported studies (Bender and Abdel-Rahman, 2009; Dar, 1998). All
animals were successfully trained to this baseline criterion. On the day of the experiment, all
animals were retested to ensure that they could still meet the baseline criterion post-surgery.
Animals received an intracisternal (i.c.) injection (pretreatment) of pharmacological
inhibitor or vehicle (artificial cerebrospinal fluid, aCSF) followed by two i.v. injections of
drug (60 μg/kg clonidine, 1 or 1.5 g/kg ethanol, or their combination) and/or vehicle (saline)
depending on the experiment. The duration of pretreatment varied depending on the
pharmacological inhibitor used. Briefly, after removing the block, a 30 G stainless steel
injector was inserted into the guide cannula to deliver the pharmacological inhibitor or aCSF
to the cisterna magna by a microsyringe connected to the injector with polyethylene tubing.
A volume of 3-4 μL was delivered by hand over 30-60 sec. After 5-min, the injector was
removed and the block was replaced for the duration of testing. The drug given i.v. was
routinely followed by saline flush to ensure complete drug delivery. A 10-min injection
interval between clonidine and ethanol was employed throughout these studies based on our
earlier findings (Bender and Abdel-Rahman, 2009; Mao and Abdel-Rahman, 1996). Loss of
righting reflex (LORR) was assessed by placing the animal on its back and recording the
duration (in minutes) before it righted itself (all four paws touching the floor). Rotorod
performance was assessed every 15 min after the two i.v. injections until recovery to the
baseline criterion was achieved or until the end of the experiment (3 hr max). Each
assessment consisted of a maximum of 3 walk trials, with a 180 sec cutoff time as reported
(Bender and Abdel-Rahman, 2009; Dar, 1998). The highest walk time (180 sec max.) was
recorded for each time point. Steps were taken to ensure that animals were not injured by
falling. No cardiovascular parameters (e.g. blood pressure) were measured in these studies.
Animals were euthanized by pentobarbital overdose at the end of the experiment. Correct
placement of the intracisternal cannula was determined by i.c. injection of fast green dye.

Blood Alcohol Concentration (BAC)
In some animals, arterial blood samples (0.1 ml/sample) were collected every 15 min for the
first 60 min following ethanol administration. Arterial catheters used to withdraw blood
during testing were flushed with heparinized saline after each sample. All blood samples
were collected on ice in heparinized microcentrifuge tubes and centrifuged at 4°C for 10 min
at 5000 RPM. Supernatants were transferred to fresh tubes and stored at −80°C. Blood
alcohol concentration (BAC) was determined by a standard enzymatic assay (Bernt and
Gutmann, 1974) with UV-vis spectrophotometric detection (Beckman DU 640 or Nanodrop
ND-1000 Spectrophotometer).
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Western Blot Analysis
Brains were collected for neurochemical studies 15 min after the drug and/or saline
injections – the time corresponding to peak drug-induced behavioral impairment (Bender
and Abdel-Rahman, 2009). Animals received a lethal dose of sodium pentobarbital (i.p.),
and following decapitation, brains were removed, flash frozen in 2-methylbutane (cooled on
dry ice for at least 30 min), and stored at −80°C until use. Brains were equilibrated to −20°C
and sectioned with a cryostat (HM 505E, Microm International GmbH, Waldorf, Germany)
rostrally to the locus coeruleus (LC) according to atlas coordinates (Paxinos and Watson,
1998). Tissue from the LC was collected bilaterally using a 0.75-mm punch instrument as
described in other studies (e.g. Mouledous et al., 2007) from approximately −10.04 mm to
−9.30 mm from bregma (Paxinos and Watson, 1998). Tissue was homogenized on ice by
sonication in cell lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerolphosphate, 1
mM activated sodium orthovanadate) containing protease inhibitor cocktail tablet (Roche
Diagnostics, Indianapolis, IN). After centrifugation at 4°C at 10,000 RPM for 20 min,
protein in the supernatant was quantified using a standard Bio-Rad protein assay system
(Bio-Rad Laboratories, Hercules, CA). Protein extracts (20 μg per lane) were denatured at
97°C for 5-10 min, separated on NuPAGE Novex Bis-Tris 4-12% SDS-PAGE gels
(Invitrogen, Carlsbad, CA) using MOPS NuPAGE running buffer, and electroblotted to
nitrocellulose membranes (cold transfer buffer: 230 mM glycine, 25 mM Tris, 0.7 mM SDS,
20% methanol). Positive controls for actin (Sigma, St. Louis, MO), phosphorylated neuronal
or endothelial NOS (rat cerebrum or human endothelial cell lysate, respectively, BD
Transduction/BD Biosciences, San Jose, CA), and p42/44 MAPK (rat cerebrum) as well as a
marker (SeeBlue® Plus2 Pre-Stained Standard, Invitrogen, CA) were loaded on each gel as
appropriate. Non-specific binding sites on the membranes were blocked at room temperature
in wash buffer (10 mM Tris, 150 mM NaCl, 0.2% 0.5 M EDTA pH 8.0, 0.01% Triton
X-100) containing 5% non-fat milk for 1-2 hr. The membranes were then incubated
overnight at 4°C with rabbit polyclonal antibodies to phospho-nNOS (pSer1416) (1:400,
Affinity BioReagents, Golden, CO), phospho-eNOS (pSer1179) (1:100, Zymed/Invitrogen,
Carlsbad, CA), or p42/44 MAPK (also known as pERK1/2, 1:100, Promega, Madison, WI)
in block solution. The blots were washed 4× then incubated for 60 min at room temperature
with anti-rabbit IgG horseradish peroxidase-linked secondary antibody (1:2,000, GE
Healthcare, Piscataway, NJ). After 4 more washes, protein was detected on the blots by
enhanced chemiluminescence and exposure to x-ray film. Equivalent sample loading was
confirmed by stripping the membranes with Blot Fresh Stripping Reagent (SignaGen,
Gaithersburg, MD) and reprobing with rabbit anti-actin antibody (1:2,000, Sigma); all data
were expressed as values normalized to actin. Although multiple gels were run due to the
number of samples, control and treated samples were loaded on each gel.

Nitrate/Nitrite (NO×) Assay
Portions of the protein homogenate supernatants collected for Western blot analyses were
ultrafiltered through Microcon, Ultracel YM-10 filters (Millipore/Fisher, Bedford, MA) by
centrifuging at 25°C for 20 min at 10,000 RPM. Total nitrate/nitrite (NO×) concentrations of
LC homogenates and plasma from blood samples were determined by standard colorimetric
assay (kit from Cayman Chemical, Ann Arbor, MI) using Griess reagents and a 3 hr
incubation period. Values for LC homogenates were normalized to protein as in our recent
studies (El-Mas and Abdel-Rahman, 2009; El-Mas et al., 2008).

Protocols and Experimental Groups
Experiment 1. Behavioral effect of clonidine, ethanol or their combination—
Four groups of rats were used to investigate the effect of a single drug (clonidine or ethanol)
or their combination on animal behavior assessed as rotorod performance and LORR. The
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data generated under this experiment also served as controls for the data generated following
pretreatment with selective or nonselective NOS inhibitors under experiment 2. Therefore,
all rats that comprised the 4 groups received i.c. aCSF (vehicle for NOS inhibitors)
pretreatment 90 min prior to the following i.v. injections: (i) saline + saline, (ii) clonidine
(60 μg/kg) + saline, (iii) saline + ethanol (1.5 g/kg), or (iv) clonidine (60 μg/kg) + ethanol
(1.5 g/kg).

Experiment 2. Effect of non-selective or selective NOS inhibition on
behavioral impairment caused by clonidine-ethanol combination—A total of 9
groups of rats (in addition to the control groups from experiment 1) was used in this
experiment to investigate the effect of nonselective or selective NOS inhibition on
behavioral effects elicited by clonidine (60 μg/kg) given alone or in combination with one of
two doses (1 or 1.5 g/kg) of ethanol. The doses of clonidine and ethanol are based on
preliminary and reported findings (Bender and Abdel-Rahman, 2006; Bender and Abdel-
Rahman, 2009; Mao and Abdel-Rahman, 1996). Three groups of rats received pretreatment
with the nonselective NOS inhibitor L-NAME (0.5 mg, i.c.) 90 min prior to i.v. injections of
the following: (i) clonidine (60 μg/kg) + saline, (ii) saline + ethanol (1.5 g/kg), or (iii)
clonidine (60 μg/kg) + ethanol (1.5 g/kg). The effects of a larger dose (1 mg, i.c.) of L-
NAME or the selective nNOS inhibitor NPLA (1 μg, i.c.) on the synergistic behavioral
impairment elicited by clonidine (60 μg/kg) + ethanol (1.5 g/kg) were investigated in two
additional groups. L-NAME doses and pretreatment time were chosen based on preliminary
experiments and reported findings (Ayers et al., 1997; Noda et al., 1995). Blood samples
from these 5 groups, in addition to the ethanol and clonidine + ethanol control groups from
experiment 1, were collected for blood alcohol analysis as described above. Given the
relatively high blood ethanol concentration achieved following the administration of the 1.5
g/kg dose of ethanol, subsequent behavioral and neurochemical studies were conducted with
1 g/kg dose of ethanol; BAC achieved following this dose are comparable to levels achieved
following social drinking (Abdel-Rahman, 1989; El-Mas and Abdel-Rahman, 1998). Two
control groups, added for the lower ethanol dose, received aCSF (i.c.) pretreatment 90 min
prior to i.v. injections of: (i) saline + ethanol (1 g/kg) or (ii) clonidine (60 μg/kg) + ethanol
(1 g/kg). To investigate the effect of selective NOS inhibition on clonidine-ethanol
interaction, the last two groups of rats received NPLA (1 μg, i.c.) or L-NIO (10 μg, i.c.)
pretreatment 15 min prior to i.v. injections of clonidine (60 μg/kg) + ethanol (1 g/kg). NPLA
and L-NIO doses were selected based on reported findings (El-Haddad et al., 2002; Ferreira
et al., 1999). The shorter pretreatment time (as opposed to 90 min) was based on preliminary
experiments as well as several studies employing times no more than 30 min (Jiang et al.,
2002; Klamer et al., 2004; Li et al., 2003).

Experiment 3. Effect of clonidine, ethanol, and their combination on ERK1/2,
eNOS, and nNOS phosphorylation in the locus coeruleus—For neurochemical
studies, four groups of rats, which received no pretreatment, were given two i.v. injections
as follows: (i) saline + saline, (ii) clonidine (60 μg/kg) + saline, (iii) saline + ethanol (1 g/
kg), or (iv) clonidine (60 μg/kg) + ethanol (1 g/kg). Brain tissue from the locus coeruleus
(LC) was collected, as described above, 15 min after i.v. injections (time of peak clonidine-
ethanol behavioral synergy) and processed for measurements of protein levels of p42/44
MAPK (p-ERK1/2) and phosphorylated neuronal (p-nNOS) and endothelial (p-eNOS) NOS
by Western blot as described in our previous study (Bender and Abdel-Rahman, 2009).
Total nitrate/nitrite (NO×) levels in the LC tissue homogenates were also determined as in
our previous studies (El-Mas and Abdel-Rahman, 2009; El-Mas et al., 2008). Behavioral
testing was conducted in two additional groups of rats, which were pretreated with the p-
ERK1/2 inhibitor PD98059 (6 μg, i.c.) 10 min prior to i.v. injections of (i) saline + saline or
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(ii) clonidine (60 μg/kg) + ethanol (1 g/kg). The dose and pretreatment time for PD98059
were selected based on reported findings (Lin et al., 2004).

Experiment 4. Effect of central NOS inhibition on ERK1/2, eNOS and nNOS
phosphorylation in the locus coeruleus—In this experiment we investigated whether
pretreatment with the NOS inhibitors used prior to clonidine-ethanol combination
(Experiment 2) reduced NOS phosphorylation and nitrate/nitrite level or influenced
pERK1/2 in the LC. Furthermore, the possibility that the centrally injected NOS inhibitors
leaked into peripheral circulation and inhibited peripheral NOS was investigated in this
experiment by measuring plasma nitrate/nitrite level in treatment and control groups. Four
groups of rats received two i.v. injections of saline (control vehicle for clonidine and
ethanol) following i.c. pretreatment with: (i) aCSF, (ii) L-NAME (0.5 mg), (iii) NPLA (1
μg), or (iv) L-NIO (10 μg). As described in Experiment 3, brain tissue from the LC was
collected for Western blot analysis of p42/44 MAPK (p-ERK1/2), p-nNOS, and p-eNOS as
well as total nitrate/nitrite (NO×) levels. Blood samples (femoral artery catheter) taken
before and after NOS inhibitor pretreatment were also assayed for total NO× level.

Drug Preparation
All drugs and chemicals were obtained commercially. Ethanol (Pharmco, Brookfield, CT)
was given as a 100% solution as in earlier studies from our lab (e.g. Bender and Abdel-
Rahman, 2009; Mao and Abdel-Rahman, 1996). Clonidine hydrochloride (Sigma, St. Louis,
MO) was prepared in sterile saline (0.9% sodium chloride, Abbott Labs, North Chicago, IL).
Saline injections were given at 0.1 mL/100 g body weight. Artificial CSF was prepared as:
123 mM NaCl, 0.86 mM CaCl2, 3 mM KCl, 0.89 mM MgCl2 • 6 H2O, 0.5 mM NaH2PO4,
0.25 mM Na2HPO4, and 25 mM NaHCO3. L-NAME (Sigma), NPLA and L-NIO
dihydrochloride (Tocris Bioscience), and fast green dye (Sigma) were prepared in aCSF.
PD98059 (Sigma) was dissolved in dimethyl sulfoxide (DMSO, Sigma) and delivered i.c.
over 5 min.

Data Analysis and Statistical Procedures
Data were input into Excel and Prism for graphical analysis and calculation of averages ±
S.E.M. and area under the curve (AUC). Statistical analyses were performed using SPSS or
Prism software. Rotorod data were analyzed by repeated measures ANOVA to determine
differences in time course trends. Differences at each time point were determined by
multiple one-way ANOVA's. Rotorod AUC and LORR treatment averages were compared
by one-way ANOVA or unpaired t-test (two-tailed) as specified in Results. Behavioral
synergy was evaluated with rotorod AUC data, where a linear combination of means was
used within the ANOVA setting (to take advantage of the pooling of error terms) to compare
the sum of the single drug treatment groups (clonidine or ethanol) to combination treatment
groups. The linear combination of means was achieved through the use of a contrast
coefficient, where the sum of the two single drug groups (each denoted “1”) could be
compared by ANOVA with the combination group (denoted “-1”). For post hoc
comparisons, Tukey's test was used when data had equal variance, and the Games-Howell
test was used when data had unequal variance. Differences in blood alcohol concentration
(BAC) were determined by two-way ANOVA (time × treatment) followed by Bonferroni
post hoc tests. Western blot bands were scanned and quantified by measuring the integrated
density (mean density × area) using NIH Image software (version 1.37). Data were
normalized in relation to actin, tested for normality (Shapiro-Wilk test) to identify and
exclude outlier values, and analyzed by univariate ANOVA which included a blocking
factor to remove variability associated with running samples on multiple gels. Treatment
differences were determined by least significant difference (LSD) post-hoc tests. For
graphical presentation, group means are shown as % saline or aCSF control. Treatment
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means for nitrate/nitrite concentration (NO×) data were compared by one-way ANOVA. In
all analyses, p<0.05 was considered statistically significant.

Results
Effect of clonidine, ethanol, or their combination on behavioral performance

Animals treated with clonidine or ethanol alone exhibited impaired rotorod performance that
peaked at 15-20 min before returning to baseline rotorod performance within 90 min (Fig.
1A). A similar pattern was evident in the rats that received the drug combination except that
the magnitude of impairment was significantly greater [AUC, one-way ANOVA between
aCSF pretreated groups, F(3,30) = 30.883, p<0.05] than that caused by either drug and
lasted much longer (Fig. 1A, C). As shown in Fig. 1C, clonidine synergistically enhanced
ethanol-evoked impairment of rotorod performance [ANOVA with contrast, 1 = sum of
clonidine and ethanol AUC, −1 = clonidine-ethanol AUC, F(2,23) = 23.643, p<0.05].
Similarly, pretreatment with clonidine enhanced ethanol-evoked LORR (Fig. 1D). Vehicle
(aCSF or saline) treated animals exhibited no behavioral deficits.

Effect of non-selective or selective NOS inhibition or pERK1/2 inhibition on behavioral
impairment caused by clonidine-ethanol combination

The effect of the non-selective NOS inhibitor L-NAME (0.5 or 1 mg, i.c.) or the selective
nNOS inhibitor NPLA (1 μg, i.c.) on rotorod impairment and LORR elicited by 60 μg/kg
clonidine + 1.5 g/kg ethanol combination are shown in Fig. 1 and 2. Interestingly, while L-
NAME (0.5 mg) did not alter rotorod impairment elicited by clonidine (Fig. 1C), it enhanced
ethanol-evoked rotorod impairment to a level similar to that produced by clonidine-ethanol
combination (Fig. 1C). L-NAME (0.5 mg) pretreated rats that received clonidine-ethanol
combination treatment exhibited significantly more impairment on the rotorod than those
that received clonidine alone [AUC, one-way ANOVA between L-NAME (0.5 mg)
pretreated groups, F(2,11) = 5.706, p<0.05, Fig. 1C]. Compared to aCSF, L-NAME (0.5 or 1
mg, i.c.) pretreatment enhanced the behavioral impairment (rotorod performance and
LORR) caused by clonidine-ethanol combination (Fig. 1, 2). This enhancement was
significant for clonidine-ethanol induced rotorod impairment following L-NAME (0.5 mg)
pretreatment compared to aCSF pretreatment [AUC, unpaired t-test, t(10) = -2.512, p<0.05,
Fig. 1C]. As shown in Fig. 2, NPLA (1 μg, i.c.) pretreatment significantly enhanced
impairment of rotorod performance caused by 60 μg/kg clonidine + 1.5 g/kg ethanol
combination [AUC, one-way ANOVA between clonidine-ethanol treated groups, F(2,19) =
4.678, p<0.05, Fig. 2B]. Although the difference did not achieve statistical significance,
LORR responses caused by the drug combination in animals pretreated with L-NAME or
NPLA paralleled rotorod responses [LORR, one-way ANOVA between all groups in figure,
F(6,41) = 5.224, p>0.05, Fig. 1D; LORR, one-way ANOVA between clonidine-ethanol
treated groups, F(2,19) = 2.385, p>0.05, Fig. 2C].

Because the 1.5 g dose of ethanol resulted in relatively high BAC, which was further
increased by NPLA pretreatment (see below), we reduced the dose of ethanol to 1 g/kg in
another set of experiments in which the effect of nNOS-selective inhibitor (NPLA) or
eNOS-selective inhibitor (L-NIO) on behavioral impairment induced by clonidine (60 μg/
kg) + ethanol (1 g/kg) combination was investigated. The lower dose (1 g/kg) of ethanol was
also used in the neurochemical studies discussed below. In rats pretreated with i.c. aCSF
(vehicle for NOS inhibitors), clonidine (60 μg/kg) + ethanol (1 g/kg) combination elicited
synergistic behavioral impairment [ANOVA with contrast, 1 = sum of clonidine (60 μg/kg,
Fig. 1) and ethanol (1 g/kg, Fig. 3) AUC, -1 = clonidine-ethanol (Fig. 3) AUC, F(2,29) =
25.066, p<0.05]. As shown in Fig. 3, NPLA (1 μg, i.c.) or L-NIO (10 μg, i.c.) pretreatment
exacerbated rotorod impairment caused by clonidine-ethanol combination compared to
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aCSF pretreatment [AUC, one-way ANOVA between ethanol and three combination treated
groups, F(3,28) = 25.302, p<0.05, Fig. 3B]. LORR elicited by clonidine-ethanol
combination was not altered by NPLA pretreatment (Fig. 3C). By contrast, L-NIO abolished
the LORR caused by clonidine-ethanol combination [LORR, one-way ANOVA between
ethanol and three combination treated groups, F(3,31) = 3.388, p<0.05, Fig. 3C]. Finally,
pharmacological inhibition of ERK1/2 phosphorylation with PD98059 did not produce any
behavioral deficits per se (Table 1, PD98059 + Saline + Saline). However, at the selected
dose (6 μg, i.c.), while PD98059 only slightly increased rotorod impairment induced by
clonidine-ethanol combination [AUC, unpaired t-test, t(15) = -1.210, p>0.05], it prolonged
LORR duration [LORR, unpaired t-test, t(18) = -1.970, p=0.064, Table 1].

Blood alcohol concentrations (BAC) achieved following 1.5 g/kg ethanol administration
alone (after saline, vehicle) or after clonidine in the absence (aCSF pretreatment, vehicle) or
presence of NOS inhibitor pretreatment (behavioral data shown in Fig. 1 and 2) are shown in
Table 2. In general, all pretreatments (except for 0.5 mg L-NAME + clonidine) resulted in
greater blood ethanol concentration (Table 2) compared to ethanol alone. However, the
difference was only significant (based on two-way ANOVA followed by Bonferroni post
hoc tests) in the case of NPLA + clonidine pretreatment (Table 2). Blood ethanol level
declined as expected over the time course.

Effect of clonidine, ethanol, and their combination on p-ERK1/2, phosphorylated NOS, and
nitrate/nitrite levels in the locus coeruleus (LC)

Levels of p-ERK1/2 in LC of animals treated with clonidine (60 μg/kg, i.v.) or ethanol (1 g/
kg, i.v.) were increased compared to saline treated animals (Fig. 4A), though the difference
was only significant for ethanol treatment. Interestingly, clonidine-ethanol combination
treatment resulted in a decrease in p-ERK1/2 (Fig. 4A), which was significantly lower than
levels found in ethanol-treated animals [p44 MAPK univariate ANOVA, F(3,18) = 23.855,
p<0.05, LSD post hoc test]. The same expression pattern was observed for levels of
phosphorylated (Ser1416) nNOS in the LC, where clonidine or ethanol treatment slightly
increased the phosphorylated (active) nNOS (p-nNOS) level compared to saline treated
animals and combination treatment decreased the level of p-nNOS to a significantly lower
level than in ethanol treated animals [p-nNOS univariate ANOVA, F(3,18) = 28.671,
p<0.05, LSD post hoc test, Fig. 4A]. LC level of phosphorylated (Ser1179) eNOS (p-eNOS)
was not different for clonidine- or ethanol-treated, compared to saline-treated, animals;
however, combination treatment increased p-eNOS level over control (saline treatment) and
single-drug (clonidine or ethanol) treatment level [p-eNOS univariate ANOVA, F(3,17) =
17.706, p<0.05, LSD post hoc test, Fig. 4A]. Central inhibition of NOS with L-NAME (0.5
mg), NPLA (1 μg), or L-NIO (10 μg) did not significantly alter the level of p42/44 MAPK
(p-ERK1/2), p-nNOS, or p-eNOS in LC compared to aCSF control (Fig. 4B).

Total nitrate/nitrite (NO×) level measured in the same LC homogenates used for Western
blot analyses showed no significant difference between treatments (Table 3), nor did the
NO× level in blood change significantly following treatment with NOS inhibitor (unpaired t-
tests between blood samples taken before and after NOS inhibitor administration, data not
shown).

Discussion
In the present studies, we utilized pharmacological interventions (non-selective and selective
NOS inhibitors and pERK1/2 inhibitor) and conducted biochemical and molecular studies to
elucidate the role of NOS-NO signaling in the LC in synergistic behavioral impairment
elicited by clonidine-ethanol combination. The most important findings of these studies are:
(i) non-selective NOS inhibition (L-NAME) enhances clonidine-ethanol induced rotorod
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impairment and LORR duration (Fig. 1, 2), (ii) L-NAME enhancement of clonidine-ethanol
induced behavioral impairment is due primarily to enhancement of ethanol effects (Fig. 1C,
1D), (iii) selective nNOS inhibition enhances clonidine-ethanol induced behavioral
impairment (both rotorod and LORR tests, Fig. 3), (iv) selective eNOS inhibition enhances
clonidine-ethanol induced rotorod impairment but abolishes clonidine-ethanol evoked
LORR (Fig. 3), and (v) clonidine-ethanol treatment tends to decrease p-ERK1/2 and p-
nNOS levels, while increasing p-eNOS level in the LC (Fig. 4A). Together, the present
findings yield insight into the mechanistic roles of the two constitutive NOS isoforms in the
LC in the synergistic behavioral impairment caused by clonidine-ethanol combination.

The synergistic behavioral interaction between clonidine and ethanol that we originally
reported based on LORR testing (Mao and Abdel-Rahman, 1996) has been replicated and
extended to include rotorod performance in the present and in our recent (Bender and Abdel-
Rahman, 2009) studies. Differences in neurobiological mechanisms that mediate LORR and
impairment of rotorod performance allowed us to elucidate the role of the constitutive NOS
isoforms (nNOS and eNOS) in the synergistic impairment of the two behaviors elicited by
clonidine-ethanol combination.

As a first step, we opted to evaluate the overall contribution of NOS-NO signaling to the
synergistic behavioral impairment elicited by clonidine-ethanol combination. Rotorod
impairment evoked by clonidine (60 μg/kg)-ethanol (1.5 g/kg) combination was slightly
enhanced by central L-NAME pretreatment (0.5 or 1 mg). LORR duration was also
increased by L-NAME at the higher (1 mg) dose. These findings, which contradict our
hypothesis, seem to suggest that the mechanism of synergy underlying the behavioral
interaction between ethanol and clonidine involves a decrease in NOS-NO signaling. This
notion agrees with several studies that demonstrated the ability of L-NAME itself to evoke
behavioral impairment (Adams et al., 1994; Del Bel et al., 2005; Pokk et al., 2001; Vassiljev
et al., 1998). These reported findings raise the possibility that L-NAME exacerbation of the
behavioral impairment caused by clonidine-ethanol combination was merely the result of
adding a third drug that caused behavioral impairment. It is imperative to note that the doses
of L-NAME used in our study had no impact on rotorod performance or righting reflex
when administered alone. More importantly, L-NAME does not generally exacerbate
behavioral impairment caused by another drug in our model system as discussed below.

We demonstrate the interesting finding that L-NAME exacerbation of synergistic behavioral
impairment caused by clonidine-ethanol combination was a result of its interaction with
ethanol. Whereas L-NAME had no effect on clonidine-evoked behavioral impairment, it
substantially enhanced ethanol-induced rotorod impairment (Fig. 1B, C). Importantly, in
agreement with reported findings (Adams and Cicero, 1998), blood ethanol levels were not
affected by L-NAME pretreatment. Together, these findings highlight the important role for
central NOS-NO signaling in clonidine-ethanol evoked behavioral impairment and rule out
potential contributions of nonspecific behavioral effects or changes in blood ethanol
concentration caused by L-NAME.

The hypothesis that differential modulation of nNOS and eNOS activities may underlie the
behavioral impairment caused by clonidine-ethanol combination was first tested by
investigating the effect of selective nNOS inhibitor (NPLA) on the rotorod impairment and
LORR caused by clonidine (60 μg/kg)-ethanol (1.5 g/kg) combination. The findings that
NPLA pretreatment significantly enhanced the synergistic behavioral impairment caused by
the drug combination seem to suggest that an overall reduction in NO, particularly nNOS-
derived NO underlies the synergistic behavioral responses. Notably, NPLA-pretreated
animals that subsequently received clonidine-ethanol combination exhibited significantly
higher BAC compared to animals given only ethanol (Table 2). Nevertheless, the possibility
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that the higher BAC played a major role in NPLA exacerbation of the behavioral
impairment caused by clonidine-ethanol combination is ruled out because a similar
exacerbation occurred following L-NAME (0.5 mg) in the absence of any change in BAC
(Table 2). Moreover, while there are no reports regarding the pharmacokinetic interaction
(including effects on ethanol metabolizing enzymes) between ethanol and NPLA, one report
showed that ethanol metabolism was slowed (i.e. BAC remained elevated) following a
different nNOS selective inhibitor (7-nitroindazole, 7-NI) (Vassiljev et al., 1998). It appears
therefore that pharmacokinetic interactions depend upon the specific inhibitor being used
and further studies are needed in order determine specific pharmacokinetic interactions
between ethanol and NPLA and other NOS inhibitors used in our model system. It is
notable, however, that BAC obtained with the 1.5 g/kg ethanol was much higher than the
levels achieved following social drinking. For this reason, we conducted additional studies
in which a smaller dose (1 g/kg) of ethanol was combined with the same dose (60 μg/kg) of
clonidine. This drug combination (Fig. 3) caused synergistic behavioral impairment, as
previously reported (Bender and Abdel-Rahman, 2009), in the presence of BAC comparable
to that achieved following social drinking (El-Mas and Abdel-Rahman, 1998). This dose
regimen was adopted in subsequent studies with NPLA and L-NIO as well as in the
neurochemical studies. NPLA pretreatment similarly exacerbated the impairment of rotorod
performance caused by the lower dose (Fig. 3) as it did with the higher dose (Fig. 2) of
ethanol when combined with clonidine. On the other hand, NPLA exacerbation of LORR
occurred only with the combination that contained the higher dose of ethanol (Fig. 2).

We report the intriguing finding that while NPLA did not alter LORR induced by clonidine-
ethanol (1 g/kg) combination, L-NIO abolished LORR under the same conditions. These
findings support the hypothesis that eNOS-derived NO is involved in production of LORR,
while nNOS-derived NO counterbalances or plays a minimal role in LORR caused by
combining clonidine with a moderate (1 g/kg) dose of ethanol. Together, these findings
suggest that clonidine-ethanol combination activates eNOS to produce LORR, but inhibits
nNOS to impair rotorod performance; the latter seems to be affected by ethanol dose
because it is more evident in the presence of the higher dose (1.5 g/kg) dose of ethanol.
Alternately, nNOS-derived NO may counterbalance signaling implicated in rotorod
impairment caused by clonidine-ethanol combination; therefore, inhibition of nNOS would
remove this opposition, allowing clonidine-ethanol signaling to proceed unchecked. This
suggestion could be supported by demonstrating the ability of clonidine-ethanol treatment to
cause simultaneous activation of eNOS and inhibition of nNOS signaling in a
neuroanatomical structure that is implicated in rotorod performance and LORR and serves
as a target for both drugs. As discussed earlier, the LC is considered a prime candidate for
testing this hypothesis. Although alternate explanations and the involvement of other brain
areas in the interaction may be equally valid, one interesting possibility involves differential
regulation of nNOS and eNOS activation via phosphorylation. Therefore, we investigated
the effects of clonidine, ethanol, or their combination on the levels of phosphorylated
(active) nNOS (p-nNOS) and eNOS (p-eNOS) in the LC.

The neurochemical (Western blot) studies were conducted at a time (15 min) that coincided
with peak behavioral interaction. We show that p-nNOS and p-eNOS levels tended to be
lower and higher, respectively, in the LC of clonidine-ethanol treated animals compared to
saline treated controls (Fig. 4A). Interestingly, while p-eNOS level was not affected by
either drug alone, p-nNOS level was increased over control (saline) by clonidine or ethanol
treatment. However, there are no reports on the effect of clonidine or ethanol on
phosphorylated forms of NOS, and the molecular mechanisms underlying the responses to
single drug versus combination treatment, obtained in the present study, remain to be
elucidated. Nonetheless, our pharmacological and neurochemical studies have identified p-
nNOS and p-eNOS in the LC as molecular targets that underlie, at least partly, the
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synergistic behavioral impairment elicited by clonidine-ethanol combination. Moreover, this
differential alteration in the level of the active forms of nNOS and eNOS might explain the
contradictory reports on clonidine or ethanol effects on NOS-NO signaling (Davis and
Syapin, 2005; Soares de Moura et al., 2001; Vulliemoz et al., 1996).

Although selective and nonselective NOS inhibitors are routinely used to investigate the role
of NOS isoform(s) in a particular phenomenon, the possibility must be considered that
significant reduction by these agents of NOS may influence the response to subsequent drug
treatment(s) and confound data interpretation. Another potential confounding factor in our
study is the possibility that the centrally administered NOS inhibitor might have leaked into
general circulation and inhibited peripheral NOS activity. This is particularly important
because ethanol and clonidine were administered systemically in the present investigation,
and we showed in a recent study (El-Mas et al., 2008) that a similar dose of ethanol
increased blood NO×. Our findings suggest that at the dose used, none of the three NOS
inhibitors influenced the level of p-nNOS or p-eNOS or their upstream regulator pERK1/2
in the LC. These findings were confirmed by a lack of a change in NO× in the same area.
Finally, lack of change in plasma NO× level following intracisternal administration of any
of the three NOS inhibitors argues against peripheral interaction between NOS inhibitors
and their peripheral targets. Furthermore, the new findings that centrally administered NOS
inhibitors differently influenced the behavioral responses elicited by clonidine-ethanol
combination without affecting peripherally mediated NO× generation might argue against
significant involvement of blood NO×, generated by clonidine-ethanol combination, in the
behavioral responses reported in the present study. Future studies will directly address this
issue by measuring blood NO× in clonidine-ethanol treated animals in the absence or
presence of centrally administered NOS inhibitor.

An established signaling pathway implicated in activation (phosphorylation) of nNOS and
eNOS is the p-ERK1/2–NOS pathway (Schonhoff et al., 2001; Wyatt et al., 2002).
Therefore, we considered the possibility that the alterations in LC p-ERK1/2 level might
underlie the observed changes in nNOS and/or eNOS in the LC in the present study. This
possibility is supported by the findings that clonidine or ethanol can interact with and/or
activate ERK1/2 signaling either directly or indirectly (Alblas et al., 1993; Bachtell et al.,
2002). In agreement with these findings, the present study showed that either clonidine or
ethanol treatment increased LC p-ERK1/2 level. However, we report for the first time, that
clonidine-ethanol combination decreased p-ERK1/2 level in the LC. This pattern mimics the
reduction in p-nNOS level, suggesting that a reduction in p-nNOS might be a consequence
of reduced p-ERK1/2 in the LC of clonidine-ethanol treated rats. Also, NOS inhibition alone
did not influence p-ERK1/2 level in the LC, suggesting that any reduction in p-ERK1/2 that
contributed to enhanced behavioral impairment was due entirely to the action of clonidine-
ethanol treatment. These neurochemical findings are consistent with the pharmacological
finding in which the p-ERK1/2 inhibitor, PD98059, only slightly enhanced clonidine-
ethanol induced rotorod impairment; this finding is expected if p-ERK1/2 is already
suppressed by clonidine-ethanol treatment. The dose (6 μg) of PD98059 used in the present
study was based on reported findings (Lin et al., 2004). On the other hand, the findings with
LC p-ERK1/2 do not explain the increase in p-eNOS in clonidine-ethanol treated rats, which
implicates p-ERK1/2 independent mechanisms in eNOS phosphorylation; this notion is
supported by reported studies (Dudzinski and Michel, 2007). Together, the present studies
support the hypothesis that reduction of nNOS phosphorylation in the LC, caused by
clonidine-ethanol combination, occurs as a consequence of p-ERK1/2 inhibition, while
enhancement of eNOS phosphorylation utilizes p-ERK-independent pathways.

We report that overall nitrate/nitrite level in the LC did not change following administration
of clonidine, ethanol, or their combination (Table 3). It must be remembered that Western
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blot and selective NOS inhibition data revealed contrasting effects of clonidine-ethanol
combination on nNOS (inhibition) and eNOS (enhancement) in the LC. These findings may
explain, at least partly, the lack of significant change in nitrate/nitrite level in the LC of rats
receiving the drug combination, although the contribution of iNOS, which was not
investigated in the present study, needs to be considered.

Overall, the present studies suggest that NOS-NO signaling in the LC is implicated in the
synergistic behavioral interaction between clonidine and ethanol. While the effects of
clonidine, ethanol, and their combination are expected to involve different brain structures
and signaling mechanisms, we focused on the LC because it mediates some of the
behavioral effects of each drug when administered alone. Clonidine-ethanol combination
elicits differential alteration in the level of active (phosphorylated) nNOS (inhibition) and
eNOS (enhancement) in the LC. These neurochemical findings complement, and might
explain, the pharmacological findings with non-selective (L-NAME) and selective (NPLA
and L-NIO) NOS inhibitors that demonstrated the importance of both NOS isoforms in
mediating impairment of rotorod performance and the greater role of eNOS in mediating
LORR caused by clonidine-ethanol combination. A reduction in LC p-ERK1/2 might
explain the reduced phosphorylation of nNOS in clonidine-ethanol treated rats while the p-
ERK1/2-independent cellular mechanism implicated in the enhanced phosphorylation of
eNOS remains to be elucidated. Together, the present findings yield insight into NOS-NO
signaling in the LC as a cellular mechanism that seems to underlie the synergistic behavioral
impairment caused by clonidine-ethanol combination.
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Figure 1.
Exacerbation of clonidine-ethanol evoked behavioral impairment following NOS inhibition
is predominantly mediated by enhancement of ethanol action. Rotorod time courses (A) are
shown for control groups pretreated i.c. with aCSF 90 min prior to i.v. injections of: (i)
saline + saline (Vehicle), (ii) 60 μg/kg clonidine + saline (aCSF + Clon), (iii) saline + 1.5 g/
kg ethanol (aCSF + EtOH), or (iv) 60 μg/kg clonidine + 1.5 g/kg ethanol (aCSF + Clon +
EtOH). Rotorod time courses (B) are shown for groups pretreated i.c. with 0.5 mg L-NAME
90 min prior to i.v. injections of: (i) 60 μg/kg clonidine + saline (L-NAME + Clon), (ii)
saline + 1.5 g/kg ethanol (L-NAME + EtOH), or (iii) 60 μg/kg clonidine + 1.5 g/kg ethanol
(L-NAME + Clon + EtOH). The Vehicle group is replotted in panel B for comparison.
Corresponding area under the curve (AUC, C) and LORR durations (D) are shown together
for both aCSF and L-NAME pretreated groups. The number of animals per group is shown
in parentheses (*, p<0.05). Rotorod time course trends differed between: (i) Clon + EtOH
and all other aCSF groups (panel A), and (ii) L-NAME + Clon and L-NAME + Clon +
EtOH (panel B) (repeated measures ANOVA). Clonidine-ethanol treated groups (panel A
and B) were significantly different from vehicle and single drug treated groups until the 105
min time point as determined by multiple one-way ANOVA's (p<0.05). Clonidine
synergistically enhanced ethanol-evoked behavioral impairment. The AUC for aCSF + Clon
+ EtOH was significantly greater than the sum of the AUC for aCSF + Clon and aCSF +
EtOH. Due to unequal variance (Games-Howell post hoc test), LORR data did not reach
significance.
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Figure 2.
Non-selective NOS inhibition or selective nNOS inhibition exacerbates clonidine-ethanol
evoked behavioral impairment. Rotorod time courses (A), corresponding area under the
curve (AUC, B), and LORR durations (C) are shown for groups pretreated i.c. with aCSF, 1
mg L-NAME, or 1 μg NPLA 90 min prior to i.v. injections of clonidine (60 μg/kg, Clon) +
ethanol (1.5 g/kg, EtOH). The aCSF + saline + saline (Vehicle) and aCSF + Clon + EtOH
groups are replotted from Fig. 1 for comparison. The number of animals per group is shown
in parentheses (*, p<0.05). The aCSF and NPLA pretreated groups differed in rotorod time
course trends (repeated measures ANOVA) as well as time points from 90-165 min
(multiple one-way ANOVA's).
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Figure 3.
Selective nNOS (see also Fig. 2) or eNOS inhibition exacerbates clonidine-ethanol evoked
rotorod impairment while selective eNOS, but not nNOS, inhibition abolishes clonidine-
ethanol induced LORR. Rotorod time courses (A), corresponding area under the curve
(AUC, B), and LORR durations (C) are shown for groups pretreated i.c. with aCSF, NPLA
(1 μg), or L-NIO (10 μg) 15 min prior to i.v. injections of clonidine (60 μg/kg) + ethanol (1
g/kg). The aCSF + saline + saline (Vehicle) treated group is replotted from Fig. 1 for
comparison. The aCSF pretreated control group for the lower dose (1 g/kg) of ethanol
(EtOH) is also shown. Clonidine synergistically enhanced ethanol (1 g/kg)-evoked
behavioral impairment. The AUC for aCSF + Clon + EtOH was significantly greater than
the sum of the AUC for aCSF + Clon (plotted in Figure 1) and aCSF + EtOH. The number
of animals per group is shown in parentheses (*, p<0.05). (Note: A few additional animals
were tested only for LORR in the aCSF + Clon + EtOH group.) Rotorod time course trends
differed between: (i) EtOH and all other groups, and (ii) aCSF + Clon + EtOH and NPLA +
Clon + EtOH (repeated measures ANOVA). Oneway ANOVA's at each time point indicated
that EtOH differed from combination treated groups (15-150 min), and aCSF + Clon +
EtOH differed from both the NPLA pretreated group (90-120 min) and the L-NIO pretreated
group (120 min).
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Figure 4.
Inhibition of nNOS activity in the locus coeruleus (LC) is partly mediated by clonidine-
ethanol induced attenuation of p-ERK1/2 (p42/44 MAPK) levels. LC homogenates were
processed for measurements of levels of pERK1/2 (44 kDa band; p44 MAPK), Ser1416-
phosphorylated nNOS (p-nNOS), and Ser1179-phosphorylated eNOS (p-eNOS) by Western
blot in animals treated with: (A) i.v. injections of (i) saline + saline (Saline), (ii) 60 μg/kg
clonidine + saline (Clonidine), (iii) saline + 1 g/kg ethanol (Ethanol), or (iv) 60 μg/kg
clonidine + 1 g/kg ethanol (Clon+EtOH) or (B) i.v. injections of saline + saline following
i.c. injections of (i) aCSF, (ii) 0.5 mg L-NAME, (iii) 1 μg NPLA, or (iv) 10 μg L-NIO. The
number of animals per group is shown in parentheses (*, p<0.05). Data was normalized to
actin and expressed as % saline control (A) or % aCSF control (B). Representative Western
blot bands are presented below the graph for each primary antibody (Ab) and actin. Note:
Actin representative bands may appear different because they are from different gels, as
indicated by the white space between lanes; however, these bands correspond to the samples
represented above them. The MAPK (pERK1/2) blot shows both the p42 and p44 kDa
bands; however, there was no significant difference between treatments in the level of the 42
kDa band (data not shown).
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Table 3
Total NO× (nitrate/nitrite) concentration in locus coeruleus tissue homogenates from
animals treated with clonidine (60 μg/kg, i.v.), ethanol (1 g/kg, i.v.), NOS inhibitor, or
vehicle

Values are expressed as μmol/g protein (mean ± S.E.M.).

Treatment Total NO× Concentration in LC Homogenates

Saline (i.v.) 1.96 ± 0.08 (6)

Clonidine 2.28 ± 0.26 (6)

Ethanol 2.42 ± 0.57 (6)

Clonidine + Ethanol 2.67 ± 0.33 (6)

aCSF (i.c.) + Saline (i.v.) 2.57 ± 0.32 (5)

L-NAME (0.5 mg, i.c.) + Saline (i.v.) 3.24 ± 0.50 (5)

NPLA (1 μg, i.c.) + Saline (i.v.) 2.48 ± 0.44 (5)

L-NIO (10 μg, i.c.) + Saline (i.v.) 2.89 ± 0.31 (5)

N values are indicated in parentheses. There were no significant treatment differences in NO× level of LC homogenates (one-way ANOVA).
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