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Abstract
BACKGROUND—Naltrexone (NTX) is under-utilized in clinical treatment settings because it’s
efficacy is modest, it is not effective for all alcoholics and, when it is effective, a significant
number of alcoholics fail to maintain initial treatment gains and subsequently relapse to heavy
drinking. This has slowed acceptance of NTX by the treatment community and there is a clear
need for additional treatments for alcoholism and alcohol use disorders. Given that NTX and
prazosin can each reduce alcohol drinking in rats selectively bred for alcohol preference and high
voluntary alcohol drinking (alcohol-preferring “P” rats), we tested whether a combination of NTX
+ prazosin is more effective in decreasing alcohol drinking than is either drug alone.

METHODS—P rats were given access to a 15% (v/v) alcohol solution for two hrs daily. Rats
were fed NTX and prazosin, alone or in combination, prior to onset of the daily 2 hr alcohol
access period for 4 weeks and the effect of drug treatment on alcohol and water intake was
assessed.

RESULTS—During the first week of treatment neither a low dose of NTX, nor prazosin, was
effective in decreasing alcohol intake when each drug was administered alone, but combining the
two drugs in a single medication significantly reduced alcohol intake. The combination was as
effective as was a higher dose of NTX. Using a low dose of NTX in combination with prazosin
may reduce the potential for undesirable side effects early in treatment which, in turn, may
improve patient compliance and result in a more successful outcome when NTX is used for
treating alcoholism and alcohol use disorders.

CONCLUSIONS—Combining low dose NTX and prazosin in a single medication may be more
useful than is either drug alone for treating both inpatient and outpatient alcoholics and heavy
drinkers early in the treatment process.
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Alcoholism is the most prevalent and widespread of all addictive diseases and development
of effective treatments is a high priority. Only three drugs have been approved by the FDA
for the treatment of alcohol dependence in the United States: disulfiram (antabuse),
acamprosate, and naltrexone (tradename Trexan or Revia). Although naltrexone (NTX) is
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more effective than is acamprosate (Anton et al., 2006), and compliance is far greater with
NTX than with disulfiram (Anton et al., 2006; Fuller et al., 1986), NTX is under-utilized
because its efficacy is modest (Froehlich et al., 2003; O’Malley and Froehlich, 2003), it is
not effective for all alcoholics (Kranzler and Van Kirk, 2001; Oncken et al., 2001) and,
when it is effective, a significant number of alcoholics fail to maintain initial treatment gains
and subsequently relapse to heavy drinking (Anton et al., 2006; Garbutt et al., 2005; Krystal
et al., 2001). These facts have slowed acceptance of NTX by the treatment community
(O’Malley and Froehlich, 2003) and illustrate the importance of finding additional
medications for the treatment of alcoholism and alcohol abuse.

One of the strongest positively reinforcing effects of alcohol is induction of euphoria
(“high”) and feelings of well being (Gilman et al., 2008). Naltrexone, the prototypical opioid
receptor antagonist, reduces the reinforcing or euphoriant effects of alcohol by blocking
opioid receptors in the brain (Froehlich et al., 2003; Froehlich and Li, 1994; Mitchell et al.,
2012; O’Malley and Froehlich, 2003; O’Malley et al., 1996; Volpicelli et al., 1995). One of
the strongest negatively reinforcing effects of alcohol is anxiety reduction. More than 50%
of patients with anxiety, or major depression, abuse alcohol in an effort to self-medicate
since alcohol has both anxiolytic and sympatho-suppressive properties (Kushner et al., 2000;
Spanagel et al., 1995). Activation of the noradrenergic system accompanies anxiety and
hyperexcitability (Aston-Jones and Cohen, 2005) and agents that reduce central
noradrenergic signaling (anxiolytic agents) may substitute for the anxiolytic effects of
alcohol and thereby reduce motivation to drink and alcohol intake.

We recently began a research program to determine which agents that decrease central
noradrenergic signaling are effective in decreasing alcohol drinking in a rodent model of
alcoholism. One especially promising agent is prazosin, an α1-adrenergic receptor
antagonist. In preclinical studies prazosin decreased alcohol drinking/self-administration in a
variety of experimental conditions: a) in rats selectively bred for high voluntary alcohol
drinking (alcohol preferring or “P” rats) during both acute (Rasmussen et al., 2009a,b) and
prolonged (Froehlich et al., 2013) treatment, b) in P rats when access to alcohol was
reintroduced following periods of alcohol deprivation (Rasmussen et al., 2009a) and c) in
alcohol-dependent Wistar rats during acute alcohol withdrawal (Walker et al., 2008). In
humans, prazosin has been used to treat post traumatic stress disorder (PTSD) where it
reduces hyperarousal, overall PTSD severity (Raskind et al., 2003) and, parenthetically,
alcohol drinking (Raskind et al., 2009). Recently, prazosin was found to decrease relapse
drinking in alcohol-dependent men without PTSD (Simpson et al., 2009) and a preliminary
study reports that prazosin decreases stress- and cue-induced alcohol craving in alcohol-
dependent individuals (Fox et al., 2011).

Both NTX and prazosin, when given alone, can decrease alcohol drinking in rodents and
humans and both are safe, orally active, well-characterized, inexpensive, FDA-approved for
human use and well-tolerated when administered in clinically relevant doses. Therefore,
combining these two classes of drugs may be beneficial in treating alcoholism and alcohol
use disorders. Using an animal model of alcoholism, we assessed whether combining NTX
and prazosin in a single medication was more effective in decreasing alcohol drinking than
was either drug alone. NTX and prazosin were administered orally for a month in order to
determine their efficacy, alone or in combination, over the course of prolonged treatment.
We hypothesized that combining NTX + prazosin in a single medication will represent a
new clinically useful option for treating alcoholism and alcohol use disorders.
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MATERIALS AND METHODS
Subjects

In 1974, Drs. Li and Lumeng began a selective breeding program for high and low alcohol
drinking which resulted in the derivation of two rat lines: the alcohol-preferring (P) and non-
preferring (NP) lines (Li et al., 1979). The P and NP lines were developed through mass
selection from a foundation stock of outbred Wistar rats from the Walter Reed Army
Institute of Research. Rats were tested for alcohol preference during 4 days of access to
alcohol alone followed by 4 weeks of free-choice between a 10% (v/v) alcohol solution and
water with food freely available. Rats were selected for breeding based on their average
alcohol intake during the 4 weeks of free-choice between alcohol and water. Rats selected
for breeding in the P line were those that consumed alcohol in excess of 5 g alcohol/kg BW/
day and demonstrated a greater than 2:1 preference ratio for alcohol over water. Rats
selected for breeding in the NP line were those that consumed less than 1.5 g alcohol/kg
BW/day and did not exceed an alcohol to water preference ration of 0.2:1.0. Rats of the P
line have been extensively characterized both behaviorally and physiologically (Froehlich,
2010; Froehlich and Li, 1991; Li et al., 1988; 1993) and have been found to meet all of the
criteria of an animal model of alcoholism (Cicero, 1979). P rats are selectively bred in the
Indiana University Alcohol Research Resource Center using “intensive selection” where
they are tested for alcohol preference in every generation or using “relaxed selection” where
they are tested for alcohol preference every 3-4 generations. The rats in the current study
were from the 71st generation of selective breeding for alcohol preference. Generation 71
was not preference tested but generations 70 and 73 were tested and the average alcohol
intake was 8.31 g/kg BW/day and 6.85 g/kg BW/day, respectively. Prior to weaning, the
pups are housed with their dam at a density of 12 rats per cage. After weaning and up to 200
g BW they are housed with 4 males per cage and 5 females per cage. Beyond 200 g BW
they are housed with 2 males per cage and 3 females per cage until delivery to the
investigator.

Fifty nine adult male alcohol-preferring (P) rats from the 71st generation of selective
breeding for alcohol preference were purchased from the Indiana University Alcohol
Research Resource Center, and were delivered at 50-58 days of age (182-286 g BW). Only
males were used in order to avoid the potential confound of drug effects with day of the
estrous cycle in female rats. The rats were individually housed in stainless steel hanging
cages in an isolated vivarium with controlled temperature (21±1 °C) and a 12 h light/dark
cycle (lights off at 1000 h). Standard rodent chow (Laboratory Rodent Diet #7001, Harlan
Teklad, Madison, WI) and water were available ad libitum throughout the study. All
subjects were acclimated to individual housing for two weeks prior to introduction of a free-
choice between alcohol and water. All experimental procedures were approved by the
Indiana University Institutional Animal Care and Use Committee and conducted in strict
compliance with the NIH Guide for the Care and Use of Laboratory Animals.

Experimental Design
Prior to drug treatment all rats were given scheduled access to alcohol daily using a stepwise
procedure, as described below, to reach a daily 2-hr alcohol (15% v/v) access period. The
effect of NTX, prazosin, or a combination of both, on alcohol drinking was assessed in six
separate groups of rats treated daily for 4 weeks with vehicle, prazosin alone (2.0 mg/kg),
NTX alone (10 or 20 mg/kg), or prazosin (2.0) + NTX (10.0 or 20.0 mg/kg). All drugs were
administered (fed) in flavored gelatin at 45 minutes prior to onset of the daily 2 hr alcohol
access period for 4 weeks
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Alcohol Solution
The alcohol solution was prepared by diluting 95% alcohol with distilled, deionized water to
make a 15% (v/v) solution. Alcohol (15% v/v) and water were presented in calibrated glass
drinking tubes and daily fluid intakes were recorded to the nearest ml. Alcohol intake was
converted from ml alcohol/kg body weight (BW) to g alcohol/kg BW.

Alcohol Drinking Induction
Paradigms involving scheduled access to alcohol are often used to assess the effects of drugs
on alcohol intake in P rats (Froehlich et al., 1990; 2013; Rasmussen et al., 2009a,b).
Scheduling access to alcohol for a few hours a day allows for the effect of a drug with a
relatively short half-life to be easily assessed. In order to maximize alcohol intake during a
two hour daily alcohol access period, access to alcohol was reduced using a “step down”
procedure as previously described (Froehlich et al., 2013; Rasmussen et al., 2009a,b). Prior
to assigning rats to treatment groups, rats were given 24-hr access to food and water and
access to alcohol (15% v/v alcohol solution) for 8 hrs/day, constituting a daily 8 hr two-
bottle free-choice between alcohol and water, for 2 weeks, followed by a reduction in access
to alcohol to 4 hrs/day (daily 4 hr two-bottle free-choice) for two weeks, followed by a
further reduction in alcohol access to 2 hrs/day (daily 2 hr two-bottle free-choice) for the
duration of the study. Alcohol was available from 1000 hrs (onset of the dark cycle) to 1200
hrs daily 5 days a week (Mon-Fri). Alcohol intake and water intake were recorded daily at
the end of the 2-hour alcohol access period and body weight was recorded twice weekly.

Drug Preparation and Delivery
Prazosin hydrochloride and naltrexone hydrochloride (both from Sigma-Aldrich, St. Louis,
MO) were incorporated into flavored star-shaped pieces of gelatin that were voluntarily
consumed by the rats. Prazosin and NTX, alone or in combination, were dissolved in
deionized distilled water and added to a sweetened gelatin solution. The solution was
comprised of berry flavored Jell-O, gelatin, dextrose, sodium saccharin and Magnasweet in
distilled, deionized water. Prazosin or NTX, expressed as free base masses, were added to
the gelatin solution to provide the following doses: 2.0 mg prazosin/3.0 ml solution/kg BW,
10.0 mg NTX/3.0 ml solution/kg BW, 2.0 mg prazosin + 10.0 mg NTX/3.0 ml solution/kg
BW, 20.0 mg NTX/3.0 ml solution/kg BW, and 2.0 mg prazosin + 20.0 mg NTX/3.0 ml
solution/kg BW. The gelatin solution, containing drug or no drug (vehicle), was aliquoted
into star shaped molds, one per rat per day, with the volume of each aliquot determined by
the body weight of the rat, as previously described (Froehlich et al., 2013). NTX and
prazosin, alone or in combination, were fed to the rats once each day in the small
(approximately 1.8 gram) piece of gelatin inserted through a hole in the front of the cage.
The rats consistently ate the gelatin within 1 minute. Cages were checked to confirm that no
pieces of gelatin were dropped. If they were, which was rare, they were refed to the rat.
Gelatin was fed each day at 45 min prior to onset of the daily 2-hr alcohol access period
because the half-lives of NTX and prazosin are relatively short. The half-life of NTX in the
rat is 4 ±0.9 hrs (Hussain et al., 1987). The half-life of prazosin in the rat has not been
determined but is about 3 hrs in the human (Goodman and Gilman, 2006). In an earlier study
(data not shown), we found that consumption of the flavored gelatin with no drug (vehicle)
at 45 min prior to daily 2 hr access to alcohol did not alter alcohol intake. Specifically,
average daily 2 hr alcohol intake during the 5 days prior to consumption of vehicle gelatin
was 1.8 g/kg BW (N=64 adult male P rats) and average daily 2 hr alcohol intake in these
same rats during 5 days of consumption of vehicle gelatin was 1.7 g/kg BW. In the current
study, vehicle gelatin was fed to all rats each day for one week prior to initiation of drug
treatment. We have previously used this oral drug delivery approach successfully for the
prolonged administration of prazosin (Froehlich et al., 2013). It can be used for any drug
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that is water soluble and orally active as are NTX and prazosin (Froehlich et al., 2013; Liles
et al., 1997).

Assigning Rats to Treatment Groups
Rats were assigned to groups in a manner that ensured that the groups were matched on
alcohol intake prior to drug administration (Froehlich et al., 2013; Rasmussen et al.,
2009a,b). Daily alcohol intake for each rat was averaged over 3-5 consecutive days prior to
onset of drug treatment in order to minimize the effect of minor daily fluctuations in intake.
Rats were then ranked based on their average daily alcohol intake during the 2-hour alcohol
access period. The top alcohol drinkers were randomly assigned to the drug treatment
groups, followed by the next highest drinkers, until all groups were complete.

Data Analyses
Differences between treatment groups were tested for significance using a 1- or 2- way
analysis of variance (ANOVA) with repeated measures on day or week followed, when
justified, by pairwise multiple comparisons using Fisher’s least significant difference (LSD)
test. Data are presented as mean ± S.E. Occasional missing observations were estimated
using the mean of alcohol (or water) intake on the day before and the day after the day when
the missing observation occurred.

Experimental Design
Experiment 1: Four Weeks of Drug Treatment—After completion of the alcohol
“step-down” procedure and 8 weeks of access to alcohol for 2 hrs a day, rats were fed
gelatin containing NTX in a dose of 0, 10.0 or 20.0 mg/kg BW, or prazosin in a dose of 0, or
2.0 mg/kg BW (N=10), or a combination of NTX (10 or 20 mg/kg BW) + prazosin (2.0 mg/
kg BW) (N=10 and N=7 respectively) once each day for 5 consecutive days/week for 4
weeks.

Experiment 2: Test of Drug Additivity—Following completion of Experiment 1, rats
were given 3 weeks without drug to eliminate potential effects of prior drug treatment.
During this time rats were fed gelatin without drug (vehicle) daily at 45 min prior to onset of
the 2-hr alcohol access period, and alcohol and water intake were recorded daily. Alcohol
intake returned to pre-drug baseline levels in all groups prior to the initiation of Experiment
2. Rats were reassigned to treatment groups based on their mean 2 hr alcohol intake over 3
consecutive days. Rats were fed vehicle gelatin or gelatin containing NTX alone, prazosin
alone, or NTX + prazosin at 45 min prior to onset of the daily 2-hr alcohol access period for
4 consecutive days. The drug doses were NTX (10.0 mg/kg BW), prazosin (2.0 mg/kg BW),
NTX (10.0 mg/kg BW) + prazosin (2.0 mg/kg BW), NTX (7.5 mg/kg BW) + prazosin (0.5
mg/kg BW) which represents 75% of the dose of NTX alone + 25% of the dose of prazosin
alone, NTX (5.0 mg/kg BW) + prazosin (1.0 mg/kg BW) which represents 50% of the dose
of NTX alone + 50% of the dose of prazosin alone, or NTX (2.5 mg/kg BW) + prazosin (1.5
mg/kg BW) which represents 25% of the dose of NTX alone + 75% of the dose of prazosin
alone. Drug effects on 2 hour alcohol and water intake were assessed as described in
Experiment 1.

RESULTS
Alcohol Drinking Induction

Prior to assigning rats to treatment groups, alcohol access was reduced in increments from
24 hrs/day to 2 hrs/day over the course of 4 weeks. This “step down” procedure produces
stable alcohol intake of approximately 2.0 g/kg alcohol/2 hrs in P rats (Froehlich et al.,
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2013; Rasmussen et al., 2009a,b) (Figure 1). This level of alcohol intake produces
physiologically relevant blood alcohol concentrations (BACs).

Four Weeks of Drug Treatment
Weekly alcohol intake was averaged for each rat and analyzed over 4 weeks with two-way
ANOVA (treatment X week with repeated measures on week). There were significant
effects of treatment [F (5, 52) = 4.72, p<0.01] and week [F (3, 156) = 9.05, p<0.001] and a
treatment X week interaction [F (15,156) = 1.92, p<0.05] (Figure 2). Fisher’s LSD post hoc
analysis revealed that, during week one, neither a low dose of NTX (10.0 mg/kg BW) alone
nor prazosin alone reduced alcohol drinking compared to vehicle. However, combining the
ineffective low dose of NTX with the ineffective dose of prazosin produced a combination
that was effective in decreasing alcohol intake (p<0.01). In fact, it was as effective as was a
higher dose of NTX (20.0 mg/kg BW) (p<0.01) when administered either alone or in
combination with prazosin (p<0.01). During week two, prazosin became effective in
reducing alcohol drinking relative to vehicle (p<0.01), but low dose NTX did not. Prazosin,
in combination with low dose NTX, reduced alcohol intake (p<0.05) as did a higher dose of
NTX (20.0 mg/kg BW) (p<0.01) administered alone or in combination with prazosin
(p<0.05). During week three, prazosin reduced alcohol drinking relative to vehicle (p<0.05),
but low dose NTX did not. Prazosin, in combination with low dose NTX, was as effective in
reducing alcohol drinking (p<0.001) as was a higher dose of NTX (20.0 mg/kg BW)
(p<0.01) alone or in combination with prazosin (p<0.01). Although there were no significant
treatment effects in week 4, a strong trend was found (p=0.074) and the pattern of drinking
was similar to that seen in weeks 2 and 3. Weekly water intake was likewise averaged for
each rat and analyzed with two-way ANOVA (treatment X week with repeated measures on
week). There were significant effects of treatment [F (5, 52) = 9.15, p<0.001] and week [F
(3, 156) = 8.03, p<0.001] but no significant treatment X week interaction (Figure 3).

Data were also analyzed across days because number of total treatment days when a drug
effect is seen is a criterion of drug efficacy often used in clinical studies. Alcohol intake on
individual days of drug treatment was analyzed using a two-way ANOVA (treatment X day
with repeated measures on day). There were significant effects of treatment [F (5, 52) =
4.52, p<0.01] and day [F (19, 988) = 7.93, p<0.001] and a treatment by day interaction [F
(95, 988) = 1.51, p<0.01]. The effect of drug treatment on each day was assessed with a one-
way ANOVA for each day. During the first 15 days of treatment (when significant drug
effects were observed in the analyses of weekly averages), low dose NTX (10.0 mg/kg BW)
suppressed alcohol intake on only 1 of the 15 days of treatment and prazosin (2.0 mg/kg
BW) suppressed alcohol intake on 5 of the 15 days. In contrast, the combination of low dose
NTX (10.0 mg/kg BW) + prazosin (2.0 mg/kg BW) suppressed alcohol intake on 12 of the
15 days of treatment.

Test of Drug Additivity
The fact that the combination of low dose NTX + prazosin was more effective than was
either drug alone raised a question regarding the nature of the relationship between these
two drugs. The effect of two drugs is said to be additive if the response to a dose of the two
in combination does not change when a portion of one is removed from the mixture and
replaced by an equipotent portion of the other (Laska et al., 1994). If such a substitution
increases the response (eg: a larger decrease in alcohol drinking), the relationship between
the two drugs is synergistic. To determine the relationship between low dose NTX and
prazosin, rats were treated for 4 consecutive days with equipotent doses of prazosin (2.0 mg/
kg BW) alone and NTX (10.0 mg/kg BW) alone, or in three different drug dose ratios
(Figure 4). Treatment for 5 days was intended (as in experiment 1), but was interrupted on
the 5th day.
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A 2-way ANOVA (treatment X day with repeated measures on day) revealed significant
effects of treatment [F (5, 53) = 3.20, p<0.05] and day [F (3, 159) = 8.23, p<0.001) but no
treatment X day interaction. Fisher’s LSD post hoc analysis revealed that both prazosin
alone and NTX alone decreased alcohol intake compared with vehicle (p<0.05 and p<0.01
respectively). The decrease in alcohol intake did not change appreciably when 25% of NTX
or 50% of NTX was replaced with equipotent portions of prazosin (75% NTX+ 25% P,
p<0.01 vs vehicle; 50% NTX + 50% P, p=0.09 vs vehicle), suggesting that the relationship
between the two drugs is additive. At a very low ratio of NTX to P (25% NTX + 75% P) the
decrease in alcohol drinking disappeared, suggesting that threshold doses of each drug may
be needed in order to suppress alcohol drinking. The fact that prazosin (2.0 mg/kg BW) and
low dose of NTX (10.0mg/kg BW) did not reduce alcohol intake during the first 4 days of
treatment in experiment 1, but did so after 3 weeks of no drug treatment in experiment 2,
suggests that an increase in sensitivity to drug effects may have occurred.

DISCUSSION
Opioid antagonists were first shown to decrease alcohol drinking in rats selectively bred for
high voluntary alcohol intake (Froehlich et al., 1990; Froehlich and Li, 1993; 1994; Gilpin et
al., 2008; Krishnan-Sarin et al., 1995; 1998) and the results of these preclinical studies led to
clinical trials on the effect of NTX on alcohol drinking in alcoholics and heavy drinkers
(Anton et al., 2006; Pettinati et al., 2006). Despite the clear benefit of NTX for many
alcoholics, NTX is not effective for all alcoholics (Kranzler and Van Kirk, 2001; Krystal et
al., 2001). We postulated that maximizing the clinical utility of NTX might require
combining NTX with another type of medication that acts via a nonopioid pathway.

Based on our prior work, we predicted that combining a low dose of NTX with the α1 –
adrenergic receptor antagonist, prazosin, in a single medication would be more effective in
reducing alcohol drinking than would either drug alone. The results of the current study
support this view. During week one of treatment, neither the lower dose of NTX nor
prazosin, when given alone, decreased alcohol intake. However, combining an ineffective
dose of NTX with an ineffective dose of prazosin resulted in a medication that decreased
alcohol drinking during week one. During the second week of treatment, prazosin alone
became effective in decreasing alcohol drinking, but low dose NTX alone did not. In
contrast, the combination of prazosin + low dose NTX significantly reduced alcohol
drinking during the first week of treatment and continued to reduce alcohol intake
throughout 3 weeks of treatment. This drug combination was as effective in reducing
drinking as was a higher dose of NTX (20.0 mg/kg BW).

There are several benefits of combining drugs for the treatment of alcoholism and alcohol
abuse. First, people drink alcohol for different reasons, such as to induce positive feelings,
reduce anxiety, or blunt memory. A medication that targets one action of alcohol may not be
as effective as a combined medication that targets more than one action. Different
combinations of medications could be used to treat subpopulations of alcoholics and heavy
drinkers who drink for different reasons. Second, enhanced effectiveness may be achieved at
lower doses when drugs are combined, which can reduce potential side effects associated
with each drug. This may be particulary useful with regard to NTX, which is normally well
tolerated (Croop et al., 1997) but has produced dysphoria, malaise, and depression-like
symptoms in some individuals (Hollister et al., 1981; Malcolm et al., 1987; Oncken et al.,
2001). Third, combining drugs may be effective for a subset of alcoholics who are not
responsive to either drug alone.

The doses of NTX used in the current study (10.0 and 20.0 mg/kg BW) are higher than those
commonly used to decrease alcohol drinking in rats when NTX is delivered non-orally
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(Gilpin et al., 2008; Gonzales and Weiss, 1998; Le et al., 1999). This is because the
bioavailability of NTX is low when it is administered orally (Hussain et al; 1987) and hence
an upward adjustment in dose is required when moving from a non-oral to an oral route.
NTX has an oral bioavailability of only 1% in rats (Hussain et al., 1987) which is much
lower than the level of bioavailability in humans (5-40%) (Goodman and Gilman, 2006).
The low oral potency of NTX in rats is due to rapid first pass metabolism, rather than to
poor absorption (Shepard et al., 1985). For instance, 20 mg NTX/kg, when delivered via
gavage in rats, produces a peak plasma level of only 15 ng NTX/ml during the first hour and
plasma levels fall by half in the second hour (Hussain, et al 1987). In contrast, when 2.2 mg
NTX/kg (1/10 the dose delivered orally) was injected i.v.(via cardiac puncture) it produces a
peak plasma level of NTX in the first hour of approximately 300 ng NTX/ml, or 20 times
the peak level seen following oral administration of 10 times the dose (Hussain et al., 1987).
Prazosin, on the other hand, is well-absorbed after oral administration and bioavailability is
high, about 70% (Goodman and Gilman, 2006). Hence, prazosin doses that are effective
when administered IP (Rasmussen et al., 2009a,b) are also effective when administered
orally (Froehlich et al., 2013). We are not aware of any report of an interaction between
NTX and prazosin that would increase side effects of either drug in rodents or humans.

Neither NTX nor prazosin, alone or in combination, eliminated alcohol drinking in P rats.
Instead, these drugs reduced alcohol drinking. Complete “abstinence” in rats would not be
expected since rats lack the psychosocial factors (counseling, social pressure, network
support) that contribute significantly to abstinence in humans. The fact that naltrexone and
prazosin reduce alcohol drinking without the contribution of these psychosocial factors
suggests that these drugs may be even more effective for people who are motivated to
reduce their drinking, such as drinkers who voluntarily seek treatment.

The prazosin-induced decrease in alcohol intake is not due to motor impairment or induction
of generalized nausea or malaise since prazosin did not decrease water or food intake.
Instead, prazosin increased water intake, an effect that we have previously seen (Froehlich et
al., 2013; Rasmussen et al., 2009a,b) as have other investigators (Auriac et al., 1983; Oryan
et al., 2003; Osborn et al., 1993) and which occurs in response to many drugs that reduce
blood pressure (Stocker et al., 2001).

Using number of effective days as a criterion of drug efficacy, the combination of low dose
NTX + prazosin was more effective in decreasing alcohol intake (12/15 treatment days) than
was NTX alone (1/15 treatment days) or prazosin alone (5/15 treatment days). The fact that
combining a low dose of NTX with prazosin was more effective in decreasing alcohol
drinking than was either drug alone raised a question regarding the nature of the interaction
between NTX and prazosin. Experiment 2 was designed to determine whether the
relationship between NTX and prazosin is additive or synergistic (Tallarida et al., 1997).
There are various ways to assess drug additivity and synergy but the majority require that
the effect of combining two drugs be compared to the effect of each drug alone (Laska et al.,
1994; Tallarida, 2001). Two drugs are said to be additive when combining equally effective
doses of the two drugs (A and B) produces an effect that is equal to that obtained by
doubling the dose of either drug alone (2A or 2B) (Niv et al., 1995; Poch and Holzmann
1980; Trendelenburg,1962). Stated another way, the effect of two drugs are additive if the
effect of the two drugs in combination does not change when a portion of one drug is
removed from the mixture and replaced by an equipotent portion of the other drug (Laska et
al., 1994). If the substitution increases the effect, the drugs are said to be synergistic (Niv et
al., 1995). Using the drug substitution approach, NTX and prazosin were found to act
additively to decrease alcohol intake in P rats.
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The fact that the combination of NTX+prazosin is effective in the first week of treatment is
important for both inpatients and outpatients for whom the goal is to reduce drinking.
Inpatients are usually instructed to remain abstinent for 4 days before starting drug treatment
and alcohol craving is often high during this time (personal communication, Dr. Tim Kelley,
Medical Director, Fairbanks Alcohol and Drug Treatment Center, 2012), so a rapidly acting
medication may help to prevent relapse in these patients. For outpatients, increased drug
effectiveness is likely to promote drug compliance because an immediate positive outcome
with the drug reinforces the decision to continue with the treatment regimen.

In summary, the results demonstrate that NTX and prazosin act additively to reduce alcohol
drinking in a rodent model of alcoholism. During the first week of treatment, when relapse
vulnerability is high, a low dose of NTX + prazosin was as effective in decreasing alcohol
drinking as was a higher dose of NTX. Lowering the dose of NTX early in treatment may
reduce the possibility of undesirable side effects which, in turn, may improve patient
compliance and clinical outcome.
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Figure 1.
Alcohol intake in P rats given 24-hr access to food and water and scheduled access to
alcohol (15% v/v) for 8hrs/day for 2 weeks, followed by a reduction in access to alcohol to
4hrs/day for 2 weeks, followed by a reduction in access to alcohol to 2hr/day for the
duration of the study. Scheduled alcohol access was 5 days/week (Monday-Friday).
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Figure 2.
Effect of oral treatment with prazosin alone (2.0 mg/kg BW, N=10), NTX alone (10.0 or 20
mg/kg BW, N=10), or prazosin (2.0 mg/kg BW) + NTX (10.0 or 20.0 mg/kg BW; N=10 and
N=7 respectively), or vehicle (N=11) on average alcohol intake in P rats during each week
of drug treatment. Alcohol intake was averaged for each rat across each week. Each bar
represents the mean ± S.E. *p<0.05 vs vehicle, **p<0.01 vs vehicle.
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Figure 3.
Effect of oral treatment with prazosin alone (2.0 mg/kg BW, N=10), or NTX alone (10.0 or
20.0 mg/kg BW, N=10), or prazosin (2.0 mg/kg BW, N=7) + NTX (10.0 or 20 mg/kg BW;
N=10 and N=7 respectively), or vehicle (N=11) on average water intake in P rats during
each week of drug treatment. Water intake was averaged for each rat across each week
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Figure 4.
Effect of naltrexone (10.0 mg/kg BW, N=10) or prazosin (2.0 mg/kg BW; N=10) or 75%
NTX + 25% P (N=10), or 50% NTX + 50% P (N=10), or 25% NTX + 75% P (N=10), or
vehicle (N=9) on alcohol intake in P rats during 4 consecutive days of drug treatment. Each
bar represents the mean ± S.E. +p=0.09 vs vehicle, *p<0.05 vs vehicle; **p<0.01 vs vehicle.
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