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Abstract

Neuroanatomical résearch has revealed that the mesolimbic dopamine system is
involved in both drug-induced locomotion and addiction. Neurons projecting frdm the
ventral tegmental area (VTA) to forebrain areas including the nucleus accumbens (NAcc)
and central nucleus of the amygdala (CeA) may be particularly important for the
locomotor response to ethanol. To study this, we conducted electrolytic lesions of the
VTA, NAcc, and CeA in mice selectively bred for high (FAST) and low (SLOW)
sensitivity to ethanol’s locomotor stimulant effects. In addition, we measured drug-
induced changes in NAcc dopamine and glutamate using in-vivo microdialysis. -Lesions
of the VTA attenuated the locomotor stimulant response to ethanol in FAST mice, but
lesions of the NAcc and CeA had no effect. The sedative response to ethanol in SLOW
mice was not affected by any lesion. In microdialysis studies, ethanol and cocaine
resulted in increases in dopamine within the NAcc, but to a greater degree in FAST mice.
There was no effect of either drug on NAcc glutamate levels. In a final study, VTA
lesions attenuated the ethanol-induced increases in NAcc dopamine in FAST mice.
These experiments indicate that 1) the mesolimbic dopamine system modulates the
locomotor stimulant response to ethanol and 2) changes in dopamine systems within the
nucleus accumbens are genetically cofrelated with ethanol- and cocaine- induced

locomotion.
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Introduction

Drug addiction is a pervasive discase and a grievous problem for both the
individual and for society (Rice, 1999; Volpicelli, 2001). Alcohol (ethanol) abuse and
alcoholism affect approximately 14 million Americans, and the management of
alcoholism and its associated health problems costs society approximately $185 billion
per year in terms of health care, reduced productivity, and legal costs (Grant et al., 2001;
" Harwood, 2000; McGinnis and Foege, 1999). For these reasons, expérimental research
on the factors and processés that lead to the development of addiction in humans and in
animai models is important for developing treatment and prevention strategies. Human
studies, because of the prevalence of alcoholism amongst genetically related individuals,
can be utilized to study the genetic nature of alcoholism (Schuckit et al., 2004). Humans
can also give subjective reports on the affective properties of ethanol (Chutuape and de |
Wit, 1994), which is advantageous compared to making inferences from indirect
measures in animal studies. Animal models of ethanol addiction allow superior
experimental control compared to human studies, and permit the use of more invasive
techniques (Stewart and Li, 1997). Combined results from translational human and
animal research have been suécessful in describing some of the neurobiological processes
that confer sensitivity to ethanol and its addictive properties. In turn, these properties
may bear a relationship to the risk for development of alcoholism.

Modeling ethanol’s effects experimentally
The complex, multidimensional nature of alcoholism makes it difficult to model

experimentally. Therefore, most models focus on a particular feature of alcoholism.
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Human and animal studies of ethanol sensitivity involve the initial response to various
acute effects of ethanol, such as euphoria and sedation, and some attempt to relate this
sensitivity to the initiation and maintenance of sustained drinking (Da Silva et al., 2005).
Other models focus on the neuroadaptive effects of chronic ethanol drinking or exposure,
such as Withdrawal, tolerance, and sensitization (Becker and Lopez, 2004; Kalant et al.,
1971; Lopez and Becker, 2005; Phillips et al., 1995). More recently, research involving
relapse into excessive drinking after a period of abstinence has suggested that the neural
mechanisms of relapse are distinct from those regulating the initiation and maintenance
of drinking (Weiss and Porrino, 2002).

Of particular interest is that some individuals seem more likely to engage in
excessive drinking than others; a phenomenon that applies to both animal and human
| subjects (Crabbe et al., 1992; Heath et al., 1999). Most researchers assume that ethanol
drinking begins because ethanol has rewarding or reinforcing properties that encourage
further ingestion of ethanol (Gonzales et al., 2004; Koob et al., 2004; Samson and
Czachowski, 2003). Therefore, paradigms that examine the reinforcing properties of
ethanol are particularly useful in studying the sources of individual variation in ethanol
drinking (Cunningham et al., 2000; Rhodes et al., 2005). Self administration, in which an
animal drinks freely from a supply of ethanol (Richter and Campbell, 1940) or performs a
simple task such as pressing a lever for a presentaﬁon of ethanol (McMillan and Leander,
1978), is a commonly used approach. The findings that certain animals will prefer
~ ethanol to water (McClearn and Rodgers, 1959) or perform several lever presses to obtain

cthanol (Roehrs and Samson, 1981) suggest that ethanol is a reinforcer and has rewarding

properties.
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Conditioned place preference is another commonly used paradigm that utilizes
Pavlovian conditioning techniques to measure ethanol reinforcement by administering
ethanol to an animal within a particular environment and then measuring the animal’s
relative preference for that environment (Cunningham, 1995; Cunningham et al., 2000).
Research suggests that the ethanol-associated énvironment can serve as a reinforcer,
depending on the type of animal or the specific experimental procedure used
(Ciccocioppo et al., 1999; Cunningham et al., 2002; Cunningham et al., 1992b). Itis
likely that this measures a subtype of reward that is dissociable from that measure in self-
administration paradigms, because significant genetic correlations have not been
measured between ethanol drinking and ethanol-induced conditioned place preference in
BXD recombinant inbred mice (Phillips et al., 1998).

Another conditioning approach used to study ethanol reinforcement is conditioned
taste aversion, in which a taste stimulus is paired with ethanol administration. This
pairing results in the subsequent avoidance of the ethanol-paired solution (Berman and
Cannon, 1974; Linakis and Cunningham, 1979; Nachman et al., 1970). Similar findings
have been found for other abused drugs (Cappéll et al, 1973; D'Mello et al., 1977;
Goudie et al., 1978). The apparent paradox of a presumably reinforcing drug stimulus
resulting in a conditioned taste aversion has been suggested to be related to the novelty of
the drug state, which researchers have referred to as “drug shyness” (Hunt and Amit,
1987) and “taste avoidance” (Parker, 1995), rather than taste aversion. Howéver,
significant negative genetic correlations among conditioned taste aversion and ethanol
drinking have been found using a panel of inbred mouse strains (Broadbent et al., 2002).

In other words, mice that were more sensitive to ethanol-induced conditioned taste
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aversion drank less ethanol, a finding that does not support conditioned taste aversion as
a measure of reward. However, this negative correlation was not found in BXD
recombinant inbred mice (Risinger and Cunningham, 1998).

While most studies use self-administration or conditioning to assess
reinforcement and reward, other paradigms have also been used. For example, in an
intra-cranial self-stimulation (ICSS) study, an animal’s reward pathway is directly
stimulated via an intra-cerebral electrode as it presses an appropriate lever in a self-
administration chamber. Reinforcing stimuli, such as drugs of abuse, tend to decrease the
threshold current required to maintain the self-administration behavior, while aversive
stimuli tend to increase this threshold (Cassens and Mills, 1973; Olds and Milner; 1954;
Schaefer and Holtzman, 1979). Ethanol will also decrease this threshold if it is
voluntarily ingested (Bain and Kornetsky, 1989) but not if injected (Schaefer and
Michael, 1987), suggesting that the route of administration is an important variable in
determining whether ethanol is reinforcing within a particular paradigm. ICSS has been
used to study drug reinforcement (Bossert and Franklin, 2003; Mague et al., 2005;
Todtenkopf et al., 2004) and to asses various hedonic states, such as those induced by
drug withdrawal (Barr et al., 2002) and drug-associated cues (Hayes and Gardner, 2004).

These models are useful tools for studying ethanol reinforcement in that they
incorporate multiple psychological and biological processes thought to underlie the
development of alcohol addiction (Samson and Czachowski, 2003; Stewart et al., 1988).
However, these same processes complicate the interpretation of certain findings obtained
with these paradigms. For example, these models all require some form of learning or

conditioning (Bienkowski et al., 1999). Furthermore, experimental and pharmacological
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manipulations that alter performance on these tasks may have their effect by interfering
with leaming processes (Khanna et al., 1994). A particular mouse strain may display
preference for an ethanol-associated environment because it is a better learner than other
strains, and not necessarily because it finds ethanol more rewarding. Interpretational
problems are also common when pharmacological manipulations that are effective at
decreasing ethanol drinking or self-administration have sedative effects that result in non-
specific effects on behaviors such as locomotion (Escher and Mittleman, 2004), drinking
(Silvestre et al., 1996), and anhedonia (de Wit et al., 1999). Taste factors and peripheral
actions of ethanol have been suggested to play a role in ethanol drinking paradigms
(Belknap et al., 1977), although most researchers agree that ethanol-induced conditioned
taste aversion is not due to its actions on central systems (Eckardt, 1975; Sklar and Amit,
1977y
The relationship between ethanol stimulation and addiction

Limited availability of experimental control in human studies and interpretational
problerﬁs encountered during self-administration and conditioning studies make the
neurobiological determinants of ethanol’s reWarding and reinforcing effects difﬁéult to
study. However, while the rewarding effect of an acute administration of ethanol is
difficult to measure, ethanol has several acute effects easily measured in humans and
animals. Some important examples of ethanol’s acute behavioral effects are ataxia
(Crabbe, 1983; Schuckit, 1985), hypnosis (loss of righting reflex) (Baker et al., 1987;
Crabbe, 1983; Sanders et al., 1978), anti-convulsion (Newland and Weiss, 1991; Rajput
et al., 1975), anxiolysis (Lister and File, 1983; Stinchcomb et al., 1989), hypotherﬁqia

(Crabbe, 1983; Kalant and Le, 1983), psychomotor stimulation (Davidson et al., 2002;
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Dudek and Phillips, 1983), and sedation (Sanders and Sharpless, 1978; Zacny et al.,
1994). The role of these various acute effects in the development of excessive ethanol |
drinking and addiction is an actively studied area of research. In fact, some reseafchers
have suggested that the initial response to ethanol may predict an individual’s tendency to
develop an addiction to the drug (Heath et al., 2001; Holdstock et al., 2000; Kalant and
Le, 1983; Newlin and Thomson, 1991; Schuckit, 1994; Schuckit and Smith, 2001).
Human Studies

The initial sensitivity to the stimulant and sedative effects of ethanol has received
particular attention. There is evidence from both human and animal studies that suggests
the sensitivity to ethanol’s stimulant effects, as well as insensitivity to its sedative effects,
is positively associated with propensity to self-administer ethanol. For example, studies
by Shuckit and colleagues have found that sons of alcoholics were less sensitive to
different measures of ethanol intoxication, including subjective sedation (Schuckit,
1980), motor incoordination (Schuckit, 1985), and ethanol-induced alterations of EEG
recordings (Schuckit et al., 1988). However, other studies have found that heavy drinkers
were more sensitive to subjective ethanol stimulation than their light-drinking
counterparts, as measured by self-report questionnaires such as the Profile of Mood
States and the Addiction Research Center Inventory (de Wit et al., 1987; Duka et al.,
1998). These apparently discrepant findings may be due to ethanol’s biphasic actions.
Both ethanol-induced stimulation and sedation often occur after a single administration of
ethanol (Pohorecky, 1977), with stimulation occurring during the initial increase in the
blood ethanol levels, and sedétion occurring during the subsequent decline (Holdstock

and de Wit, 1998). Studies using social drinkers have suggested that subjects with



18

heavier drinking patterns are more sensitive to the stimulant effects of ethanol, but less
sensitive to its sedative effects, compared to those who only drank occasionally
(Holdstock et al., 2000; King et al., 2002). However, it is unclear if these differences in
sensitivity were pre-existing traits or a resﬁlt of the heavy drinkers’ excessive drinking
history. One way to approach this problem is by studying subjects with a family history
of alcoholism who have had limited experience with ethanol. Newlin and Thomson
(1991) investigated sons of alcoholics and found that ethanol-induced stimulation was
greater in subjects with a family history of alcoholism. This raises the possibility that
sensitivity to ethanol-induced stimulation, and insensitivity to ethanol-induced sedation,
may play an important role in the development of alcoholism.
Animal Studies

In rodents, a common effect of many drugs of abuse is their ability to stimulate
locomotor behavior (Amalric and Koob, 1993; Phillips et al., 1992; Tzschentke and
Schmidt, 2000). This has led some researchers to suggest that the locomotor and
reinforcing effects of a drug are the result of activation of a common neurobiological
substrate (Wise and Bozarth, 1987). However, support for this theory is mixed. In the
case of ethanol, several experimental studies have dissociated these drug effects.
Sprague-Dawley and Wistar rats, which can be trained to sélf—administer ethanol to the
point of physiological dependence, typically show locomotor sedétion, rather than
stimulation, in response to an ethanol injection (Erickson and Kochhar, 1985). Also,
while DBA/2J mice show robust stimulant responses to ethanol and C57BL/6J mice do
not, DBA/2J mice typically will not drink an ethanol solution, while C57BL/6J will drink

readily (Phillips, 1993). However, preabsorptive factors such as taste and smell have
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been found to influence ethanol consumption in these strains (Belknap et al., 1993;
McMillen and Williams, 1998; Phillips et al., 1994). Using the conditioned place
preference paradigm, which bypasses these taste factors, Cunnigham et al. (1992b) found
that DBA/2J mice displayed more ethanol-induced locomotor stimulation and
conditioned place preference than C57BL/6J mice. However, in a study of 20
recombinant inbred stains generated from an intercross of C57BL/6J and DBA/2J mice,
no genetic correlation between ethanol-induced stimulation and conditioned place
preference was found (Cunningham, 1995). Pharmacological support for this theory is
also mixed. Haloperidol, a non-specific dopamine receptor antagonist, blocks the
stimulant and reinforcing effects of ethanol in humans (Enggasser and de Wit, 2001) and
rodents (Pfeffer and Samson, 1988; Risinger et al., 1992). However, ethanol-induced
conditioned place preference was not affected by this drug (Cunningham et al., 1992a;
Risinger et al., 1992). Another example is baclofen, an agonist of the y-amino-butyric
acid (GABAB) receptor, which has been shown to block the locomotor response to
ethanol (Shen et al., 1998) and drinking (Colombo et al., 2004; Daoust et al., 1987), but
not ethanol-induced conditioned place preference or taste aversion (Chester and
Cunningham, 1999).
Studies with selected lines

As in humans, sensitivity to the stimulant and sedative effects of ethanol in
animals is variable among individuals (Phillips et al., 1995). Beginning with a
heterogenous population of mice created by a cross of eight inbred strains, our laboratory
has used selective breeding techniques to derive mice with high (FAST) and low

(SLOW) locomotor stimulant responses to ethanol (Crabbe et al., 1987; Phillips et al.,
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1991). The response to selection over the first 37 generations of selection is shown in
figure 1. SLOW mice are not only resistant to ethanol stimulation but also more sensitive

to ethanol’s locomotor sedative effects.
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Selected lines such as these are useful in determining traits that may be
genetically correlated with the selection trait. For example, hypothesizing that sensitivity
to ethanol’s locomotor effects is correlated with sensitivity to ethanol’s reinforcing
efficacy, Risinger et al. (1994) found that FAST mice drink larger amounts of ethanol
than SLOW mice, although the lines did not differ in ethanol reinforcement, as measured
by a place conditioning paradigm. This suggests that ethanol drinking and ethanol-
induced locomotion may be related genetically, although other studies have not found
this relationship (Sanchez et al., 1996). In studies with rats selectively bred for alcohol
drinking, including alcohol preferring/non-preferring (P/NP) rats and high/low alcohol-
drinking (HAD/LAD) rats, as well as those using Maudsely reactive/non-reactive rat
lines, alcohol preference was positively correlated with ethanol’s locomotor effects
(Krimmer and Schechter, 1992; Li et al., 1987; Waller et al., 1986). In other words,
selected lines that drank more also showed larger locomotor stimulant responses to
ethanol, compared to their non-preferring counterparts. However, while consumed
ethanol increased locomotion in another selectively bred, alcohol-preferring (AA) line of
rats, systemic injections of ethanol revealed no differences in locomotor response
compared to their ethanol-avoiding (ANA) counterparts (Paivarinta and Korpi, 1993).
Also, Grahame et al., (2000) found no differences in ethanol-induced locomotion in mice
bred for alcohol preference, althou.gh sensitization to the initial locomotor effect
correlated with high levels of ethanol drinking. Finally, another selective breeding |
project produced mice with high (lohg-sleep or LS) and low (short-sleep or SS)
sensitivity to ethanol’s hypnotic (loss of righting reflex) effects. Both FAST and SS mice

display greater levels of ethanol-induced locomotion, decreased sensitivity to ethanol’s
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hypnotic effects, and larger ethanol intake compared to their SLOW and LS counterparts
(Church et al., 1979; Erwin and Jones, 1993; Risinger et al., 1994). However, in another
set of mice bred for high and low ethanol drinking (Phillips et al., 2005), high drinking
mice displayed greater ethanol-induced conditioned place preference, but either the same
or [ess ethanol stimulation (depending on the test apparatus), compared to low drinking
mice. These apparently discrepant responses may be due to the different starting
populations used to produce FAST and SLOW (a cross of eight inbred strains) and high
and low drinking mice (an F, intercross of DBA/2J and C57BL/6J). These results
suggest that, at least in some mouse models of ethanol’s effects, sensitivity to ethanol-
induced locomotor stimulation is related to ethanol reinforcement.
The neurobiology of ethanol’s locomotor effects

Ethanol has direct effects on several neurotransmitter receptors (i.e., it associates
with ceﬁain receptors in the absence of interaction with other cellular components), as
~ well as other cellular components such as ion channels. While no single receptor or other
neural substrate is responsible for all of ethanol’s effects on locomotion, the combination
of these effects are probably responsible for ethanol-induced activatién of brain systems
that regulate locomotion. However, the neuroanatomical substrates of ethanol-induced
stimulation have not been as extensively investigated, perhaps because the stimulant
response to ethanol is not consistent across rat and mouse strains (Crabbe et al., 1994,
Erickson and Kochhar, 1985). In the following section, ethanol’s interactions with
several neurotransmitter receptors and other membrane proteins are reviewed, and how

these interactions may regulate ethanol-induced locomotion is discussed.
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GABA receptors

Ethanol potently modulates subtypes of the GABA receptor. Specifically,
ethanol acts allosterically at the GABA 4 channel to enhance the flux of chloride ions,
resulting in neuronal inhibition (Allan et al., 1988). While the GABAg receptor has been
less extensively studied, recent evidence suggests that ethanol enhances GABAp
receptor-mediated effects, either directly or by potentiation of GABA release (Ariwodola
and Weiner, 2004; Lewohl et al., 1999). Ethanoi’s GABAergic effects may be
responsible for many of its behavioral effects (Boehm et al., 2004; Koob, 2004). GABA4
receptor antagonists are effective at attenuating a variety of ethanol’s acute effects
(Grobin et al., 1998), including loss of righting reflex (Liljequist and Engel, 1982), motor
incoordination (Martz et al., 1983), and anxiolysis (Becker and Hale, 1991). Genetic
deletion of the alpha-1 subunit of the GABA 4 receptor enhanced the stimulant response
to ethanol (Kralic et al., 2003), while GABA 4 receptor antagonists reduced the stimulant
effects of ethanol (Chester and Cunningham, 1999; McKay et al., 2004). FAST mice
were more sensitive to the stimulant effects of several GABAergic compounds, including
diazepam, pentobarbital, and allopregnanolone (Palmer et al., 2002a; 2002b; 2002c), and
less sensitive to the sedative effects of th¢ GABAg receptor agonist, baclofen, in one
replicate (Shen et al., 1998). Interestingly, baclofen also decreased the stimulant
response to ethanol in FAST mice, perhaps due to its ability to inhibit dopamine-
containing neurons in the ventral tegmental area (VTA) (Boehm et al., 2002a). However,
the GABA receptor antagonists picrotoxin and bicuculline had no effect on ethanol
stimulation in FAST mice (Shen et al., 1998), suggesting that ethanol stimulation in

FAST mice occurs independently of ethanol’s actions at the GABA 4 receptor.
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Other selected lines show sim’ilar correlations. The locomotor response to ethanol
differs in rats selectively bred for high (HAS rats) and low (LAS rats) sensitivity to
ethanol-induced hypnosis (loss of righting reflex), with HAS rats showing locomotor
depression to 2 g/kg and LAS rats showing no locomotor response (Krimmer and
Schechter, 1992). Ethanol potentiated chloride flux through GABA 4 receptors stimulated
by the GABA, receptor agonist muscimol in membranes prepared from HAS mice, but
not LAS mice, which suggests that differences in GABA 4 receptor sensitivity to ethanol
may be genetically related to differences in behavioral sensitivity to ethanol (Allan et al.,
1988). For example, LS mice, which are bred for enhanced sensitivity to ethanol-induced
- loss of righting reflex, were less sensitive to ethanol-induced stimulation relative to SS
mice, and more sensitive to the hypnotic effects of various GABA , -acting barbiturates
and benzodiazepines (McIntyre and Alpern, 1985). However, GABA 4 receptor
antagonists reduced or potentiated ethanol-induced hypnosis in LS and SS mice,
depending on the genotype and the specific antagonist used (Dudek and Phillips, 1983;
Martz et al., 1983). This suggests that GABA receptors are involved in ethanol
sensitivity, but this involvement is dependent on several pharmacological and genetic
factors.

Glutamate receptors

Ethanol is an allosteric inhibitor of the N-methyl-D-aspartate (NMDA) subclass
of glutamate receptors (Dildy and Leslie, 1989; Lovinger et al., 1989; Wright et al.,
1996). Anesthetic doses of ethanol also inhibit the amino-3-hydroxy-5-methylisoxazole-
4-propionic acid (AMPA) subclass of glutamate receptors in the hippocampus (Wang et

al., 1999). Ethanol inhibition of glutamatergic transmission may be an important
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mediator of its stimulant properties, as non-competitive NMDA antagonists such as MK-
801, phencyclidine (PCP), and ketamine have been shown to increase locomotion in
rodents (Koek et al., 1989; Liljequist and Engel, 1982; Tricklebank et al., 1989). In
selected mouse lines, sensitivity to ethanol’s stimulant and hypnotic effect was
genetically correlated with sensitivity to the NMDA antagonists MK-801 and ketamine
(Hanania and Zahniser, 2002; Kuribara, 1994; Meyer and Phillips, 2003; Shen and
Phillips, 1998). Meyer and Phillips (2003) further showed that, when given in
combination, ethanol and ketamine had additive effects on locomotion, suggesting that
these drugs have convergent effects on the neurochemical systems underlying locomotor
stimulation. These convergent effects may be mediated by the NMDA receptor. Daniel
and Phillips (1994) found that microsacs containing NMDA receptors from FAST and
SLOW mice were differentially sensitive to ethanol’s inhibitory effects. This difference
in NMDA sensitivity to ethanol inhibition may be the reason that these mice were
differentially sensitive to ethanol’s stimulant effects.

| Interestingly, non-competitive NMDA antagonists such as ethanol may elicit
locomotion by actually enhancing glutamatergic transmission within the mesolimbic
dopamine system, which includes dopamine projections from the VTA to the nucleus
accumbens (NAcc; see next section for basic neuroanatomy). For example, Mathe et al.
(1998) showed that non-NMDA antagonists administered directly into the VTA blocked
the increases in NAcc dopamine as well as the increases in locomotion elicited by a
systemic injection of MK-801. This suggests that MK-801 may enhance glutamatergic
tone by inducing glutamate release, thereby resulting in the stimulation of cells in the

VTA via non-NMDA receptors. The same may be true for ethanol. While Yan et al.
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(1998) have shown that 2 g/kg ethanol caused a decrease in glutamate levels within the
NAcc of Sprague-Dawley rats, this is a relatively high ethanol dose in rats, and this strain
of rats typically show locomotor depression rather than activation in response to ethanol.
Studies in HAS and LAS rats, which differ in sensitivity to the hypnotic and locomotor
effects of ethanol, have found that HAS rats showed ethanol-induceci decreases in
glutamate levels within the NAcc while LAS rats showed an increase in glutamate levels
(Dahchour et al., 2000). This suggests that ethanol induced locomotor activity, loss of
righting reflex, and increases in NAcc glutamate may be genetically related. This further
suggests that extracellular glutamate levels in the NAcc may increase in résponse to
ethanol in FAST mice, and decrease in SLOW mice.,
Nicotinic receptors

Ethanol has direct effects on other receptors and membrane proteins that are often
overlooked. Ethanol has effects on the nicotinic subclass of acetylcholine receptors (El-
Fakahany et al., 1983; Yu et al., 1996), which may participate in ethanol-induced
stimulation and addiction (Bowers et al., 2005). Blomgqvist et al. (1992) have shown
that mecamylamine, a non-specific antagonist of nicotinic receptors, blocks the stimulant
response to ethanol in DBA/2J and NMR1 mice. FAST and SLOW selected lines are
differentially sensitive to nicotine’s locomotor effects (Bergstrom et al., 2003), and the
locomotor stimulant response to ethanol was blocked by mecamylamine in FAST mice
(Kamens and Phillips, unpublished data). In mice with a genetic deletion of the a7
subunit of the nicotinic receptor, ethanol’s stimulant and reinforcing effects were
enhanced (Bowers et al., 2005), which also provides support for ethanol’s locomotor

stimulant and reinforcing effects having similar neural substrates.



28

Serotonin receptors

Ethanol has been shown to potentiate the effects of serotonin at 5—HT(3) serotonin
receptors directly (Lovinger and White, 1991), which may tonically excite VTA neurons
(Minabe et al., 1991; Rasmussen et al., 1991). Administration of 5-HT(3) antagonists
blocked ethanol-induced increases in dopamine (Campbell and McBride, 1995) and
reduced ethanol drinking (McKinzie et al., 1998), but the effects of these antagonists on
ethanol stimulation has not been extensively studied. Genetic deletion of the 5-HT(3A)
subtype of this receptor did not affect ethanol-induced locomotion, although there was no
robust ethanol-induced stimulation in either the transgenic or wild-type mice in this study
(Hodge et al., 2004). In mice bred for insensitivity to ethanol’s hypnotic effects, ethanol-
stimulated activity was blocked by 5-HT(2C) receptor antagonists but potentiated by 5-
HT(1A) agonists. There is, however, no evidence that these effects are through a direct
activity on these receptors.
Glycine Receptors

Glycine is a major inhibitory neurotransmitter in the mammalian central nervous
system, and glycinergic transmission is important for the control of both motor and
sensory functions in the spinal cord (Betz et al., 1999). Glycine has been shown to
regulate locomotor-associated neuronal activity in the spinal cord of developing mice
(Hinckley et al., 2005). Interestingly, glycine receptors within the NAcc regulate ethanol
consumption in rats (Molander et al., 2005). While direct effects at the strychnine-
sensitive glycine receptor have not been shown, injections of strychnine into the NAcc

have been shown to modulate extracellular dopamine levels and ethanol consumption i
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rats (Molander and Soderpalm, 2005a; 2005b). However, the role of glycine receptors in
ethanol-induced locomotion has not been investigated.
Ion Channels

Ethanol also regulates membrane bound ion-channels including certain potassium
and voltage gated calcium channels (Kobayashi et al., 1999; Lewohl et al., 1999; Messing
et al., 1986). While the roie of these channels in ethanol-induced locomotion is unclear,
it is likely that they play an important role in ethanol’s effects on behavior, given that
many of these channels are widely expressed throughout the brain and have direct effects
on neuronal excitability. In fact, it has been suggested that ethanol can promote
activation of dopamine neurons through its inhibition of quinidine-sensitive potassium
channels (Appel et al., 2003).
Ethanol’s interactions with the mesolimbic dopamine system

In the cases of cocaine and amphetamine, experimental research has reveaied
substantial overlap in the brain areas that mediate both the locomotor stimulant and
reinforcing effects of these drugs. Extensive studies of the mesolimbic dopamine system
have indicated that this system is crucial in controlling motivated behavior and
locomotion (Mogenson aﬁd Yang, 1991), as well as the activating and reinforcing
properties of psychostimulants and opiate drugs (Amalric and Koob, 1993; Ikemoto and
Panksepp, 1999; Kelly et al., 1975; Swerdlow et al., 1986; Tzschentke and Schmidt,
2000). Interestingly, there is no consistént evidence that ethanol acts directly upon
dopamine receptors or dopamine transporters (Eshleman et al., 1994; Robinson et al.,
2005; Yim and Gonzales, 2000). Further, there is mixed evidence for a genetic

correlation between ethanol stimulation and dopamine D2 receptors (Bergstrom et al.,
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2003; Hitzemann et al., 2003). However, ethanol likely influences dopaminergic
signaling pathways through its‘ actions at the receptor systems described above. For
example, several ethanol-sensitive neurotransmitter receptors influence dopamine
responsive proteins such as dopamine- and cAMP-regulated phosphoprotein of 32 kDa
(DARPP-32) through the accumulation of cAMP, intracellular calcium, and protein
kinase-A, as well as activation of protein phosphatases such as PP-2B. Through these
interactions, dopamine systems may be an important mediator of ethanol’s effects on
physiology and behavior.

To support this, there is a growing body of evidence that ethanol activates the |
mesolimbic dopamine system (Gonzales et al., 2004; Imperato and Di Chiara, 1986;
Phillips and Shen, 1996). Early evidence from pharmacological studies using dopamine
antagonists showed that drugs such as haloperidol blocked the locomotor response to
ethanol (Pfeffer and Samson, 1988; Risinger et al., 1992; Shen et al., 1995). Studies
showing that dopamine antagonists blocked the stimulant response to ethanol in FAST
mice (Shen et al., 1995) provide further evidgnce that dopaminergic systems are involved
in ethanol stimulation (Phillips and Shen, 1996), and that the dopaminergic system may
have been altered by selective breeding. While ethanol may regulate dopaminergic
signaling through multiple mechanisms, some investigators have suggested that ethanol
activates the dopamine system by blocking inhibitory input into dopaminergic brain
areas, resulting in a disinhibition of dopaminergic neurons (Tzschentke and Schmidt,
2000). Others have argued that ethanol activates these neurons directly (Brodie et al.,

1999). The following section discusses the basic neuroanatomy of the mesolimbic
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dopamine system, common methods used to study its function, and how ethanol and
other drugs of abuse may modulate its function.

Basic neuroanatomy

The basic neurocircuitry of the mesolimbic dopamine system is described in
figure 2. The major outputs of this system are the GABAergic projections from the NAcc
to the ventral pallidum (VP), which in turn project to the mediodorsal thalamus and on to
motor output nuclei in the cortex. The NAcc-VP projection is intefesting because
increases in locomotion may be due to the inhibition of these projections (Mogenson et
al., 1993; Pennartz et al., 1994). Glutamatergic inputs from the prefrontal cortex (PFC),
amygdala, and the hippocampus, which provide excitatory input to NAcc neurons, are
modulated by dopaminergic (and GABAergic) projections from the VTA to the NAcc
(Kalivas et al., 1993). The VTA also indirectly modulates glutamate transmission in the
NAcc through dopaminergic projections to the VP, PFC, amygdala, and hippocampus
(Carr and Sesack, 2000a; Pirot et al., 1992; Oades and Halliday, 1987; Swanson, 1982;

(Van Bockstaele and Pickel, 1995).
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Figure 2: Mesolimbic circuitry. Red arrows indicate glutamatergic pathways; black arrows indicate
GABAergic pathways; blue arrows indicate dopaminergic pathways. See text for additional details.
Figure adapted from Pierce and Kumaresan (2005).
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A number of feedback loops exist within this system. For example, NAcc
neurons project back to the VT A (Churchill and Kalivas, 1994; Kalivas et al., 1993).
Also of importance are reciprocal connections between the VTA and the amygdala
(Fudge and Haber, 2000), and caudal projections from the VTA to the raphe nucleus
(Kalen et al., 1988). The hippocampus provides glutamatergic input into the VTA

(Legault and Wise, 2001). In addition, other dopamine-containing neurons within the
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midbrain are located in the substantia nigra (SN). These neurons project to the striatum,
are vital for coordinated movement, and are involved in the pathophysiology of certain
psychiatric and neurological disorders including Parkinson’s disease, obsessive-
compulsive disorder, and drug addiction (Joel et al., 2005; Robbins and Everitt, 2002). In
addition, this projection may be involved in the maintenance of drug-taking after the
onset of dependence and contribute to cue-induced relapse (Ito et al., 2002).
Projections from the VTA to the NAcc

Based on the finding that most drugs of abuse are self-administered into the VTA
and NAcc, these findings have been most extensively studied (Wise and Hoffman, 1992).
A role for these dopaminergic projections in sensitivity to abused drugs is suggested by
studies showing that, 1) dopaminergic drugs modulate the effects of abused drugs on
locomotion and reinforcement, 2) lesions of dopamine-containing neurons in the VTA
block the stimulant and reinforcing effects of abused drugs,‘ and 3) the majority of abused
drugs augment dopamine neurotransmission within the nucleus accumbens. Studies
supporting the proposed role for dopamine have used various neuroanatomical techniques
including lesions, microinjections, microdialysis, electyrophyisology, as well human
imaging techniqﬁes.
Lesion Studies

Electrolytic and excitotoxic chemical lesions of the VTA and NAcc have been
used to investigate the role of these areas in cocaine- and amphetamine-induced
locomotor stimulation (Makanjuola and Ashcroft, 1982; Teitelbaum et al., 1979;
Woodruff etal., 1976). 6-Hydroxydopamine (6-OHDA), a neurotoxin that specifically

destroys catecholamine-containing neurons, provided further support for the role of
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dopamine in drug-induced stimulation (Bacopoulos et al., 1979, Breese et al., 1985;
Kiianmaa, 1978). Since the neurotoxic action of 6-OHDA requires thé presence of the
dopamine or norepinephrine transporter, pre-treating animals with a norepinephrine
transporter blocker such as desipramine can create dopamine-specific lesions, while pre-
treating with a dopamine transporter blocker such as GBR-12909 can create
norepinephrine-specific lesions. Using these lesioning techniques, Ventura et al. (2004;
2003) have found that noradrenergic input to the mesolimbic dopamine system is critical
for amphetamine reinforcement and stimulation. In the case of ethanol, no studies have
measured the effects of these lesions on ethanol stimulation, although some studies have
reported an effect of 6-OHDA lesions on the locomotor depressant response in rats
(Bacoporﬂos etal., 1979; Breese et al., 1985). Moreover, studies using 6-OHDA lesions
of norepinephrine-containing areas of the midbrain blocked the sedative response to an
injection of a high dose (1 g/kg) of ethanol in Wistar rats, but had no effect on the
stimulant response to a lower dose (0.1 g/kg) (Mason et al., 1979). Kiianmaa (1978)
reported that destruction of the dopamine-containing neurons of the substantia nigra with
6-OHDA was effective in blocking the incoordinating effect of ethanol on the tilting
plane task. Although these results suggested tha‘r midbrain dopamine is important for
ethanol’s locomotor effects, 6-OHDA lesions of midbrain dopamine neurons the NAcc
have not been used to study ethanol stimulation. |
Microinjection studies

A potential mechanism underlying drug reinforcement and stimulation may be net
inhibition of neurons within the NAcc. A substantial body of evidence exists suggesting

that inhibition of NAcc neurons results in locomotor stimulation, and that drugs and
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stimuli that promote this inhibition are reinforcing (for review see Pennartz et al., 1994;
Tzschentke and Schmidt, 2000). A common approach is to microinject drugs directly
into discrete brain regions through stereotaxically implanted cannulae. This technique is
amenable to studying drug sensitivity and drug self-administration. Intra-NAcc
injections of dopamine resulted in locomotor stimulation (Pijnenburg and van Rossum,
1973), and data from experiments using dopamine-depleted mice suggested that this
stimulation is due to activation of inhibitory D2/D3 receptors in the NAcc (Ross et al.,
1988). These findings support the idea that dopaminergic transmission (as well as
opioidergic transmission), upon activation by drugs of abuse, would inhibit the NAcc and
promote locomotion, as would direct administration of GABA receptor agonists and
NMDA receptor antagonists into the NAcc. In support of the idea that inhibition of the
NAcec is reinforcing, studies have shown that NMDA receptor antagonists are self-
administered by animals into the NAcc (Carlgzon and Wise, 1996), although it is
unknown whether direct infusion of GABA receptor agonists would support self-
administration. Benzodiazepines and barbiturates, which promote GABA-mediated
inhibitory transmission (Olsen, 1981; Squires et al., 1984) stimulate locomotor activity
(Dudek and Phillips, 1983; File and Pellow, 1985; Phillips et al., 1992), but acvtually
decrease NAcc dopamine transmission (Brose et al., 1988; F inlay et-al., 1992; Masuzawa
et al., 2003; Zetterstrom and Fillenz, 1990). This .rais'es the possibility that these drugs
promote locomotion independently of dopamine, p‘ossible by inhibiting NAcc directly to
promote drug induced locomotion and reinforcement. However, this idea is contradicted
by findings indicating that microinjections of GABA receptor antagonists such as

picrotoxin and bicuculline into the NAcc promote locomotion (Wong et al., 1991).
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Interestingly, in the aforementioned study, intra-NAcc administration of the GABA
receptor agonist 3-aminopropane sulphonic acid decreases locomotion at low doses but
increased locomotion at high doses. These complicated results may be due to dual
actions of GABAergic drugs presynaptically on dopamine terminals in the NAcc, and
post-synaptically on NAcc projections neurons. Ethanol may inhibit these neurons
directly and indirectly through its ability to stimulate dopaminergic, inhibit excitatory,
and potentiate inhibitory neurotransmission (Brodie et al., 1999; Tzschentke and
Schmidt, 2000). There are, however, a number of studies that contradict the idea that
NAcc inhibition stimulates locomotion (Pennartz et al., 1994). For example, intra-NAcc
glutamate agonists (Donzanti and Uretsky, 1983) have been shown to stimulate behavior,
as have intra-NAcc injections of GABA antagonists (Wachtel and Anden, 1978).
Microdialysis studies

Microdialysis is a commonly used technique to measure extracellular
neurotransmitter levels within the mesolimbic dopamine system. A proibe is placed into a
particular brain region or into a brain slice. The probe consists of a porous membrane
that allows the diffusion of neurotransmitters and other small molecules into a perfusate,
usually an artificial cerebrospinal fluid that is collected with the aid of a fraction
collector. Using chromatographic techniques, the content of the perfusate are
fractionated and quantified by sensitive fluorescence or electrochemical methods. The
advantage is that temporal fluctuations in neurotransmitter levels in the interstitial fluid of
discrete brain regions can be followed in freely-moving animals. Using microdialysis,
researchers found that intra-VTA injections of muscimol that evoked increases in

locomotor activity resulted in increases in dopamine levels within the NAcc, thereby
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supporting a role for this projection in locomotion (Klitenick et al., 1992; Oakley et al.,
1991). In addition, microdialysis studies have found that most drugs of abuse, including
psychostimulants, opiates, nicotine and ethanol, increase extracellular dopamine levels in
the NAcc (Di Chiara and Imperato, 1988; Yim and Gonzales, 2000). Furthermore,
stimuli associated with drug administration can promote increases in extracellular
dopamine levels (Duvauchelle et al., 2000). In the case of ethanol, evidencé from
microdialysis and microinjection studies indicates that ethanol, when administered
systemically or directly into the VTA, causes increases in extracellular dopamine levels
in the NAcc (Imperato and Di Chiara, 1986; Yim and Gonzales, 2000).
FElectrophysiological studies

Electrophysiological analysis of neuronal cell firing in the NAcc has been useful
in examining the effects of drugs on changes in neuronal firing and rapid dopamine
signaling during drug self-administration. In a study of the reinforcing effects of NMDA
receptor antagonists, only antagonists that were self-administered (such as PCP) were
effective in activating midbrain neurons (French, 1994). Research from
electrophysiological recordings has also provided insights into the microcircuitry of the
mesolimbic dopamine system; these recordings have suggested that the NAcc contains
neuronal ‘ensembles’ —~ groups of neurons with distinct excitatory inputs and specific
outputs (Carelli and Wightman, 2004; Pennartz et al., 1994). Further, NAcc neurons
often have.“up” and “down” states that reflect different levels of excitability (O'Donnell
et al., 1999) which can be modulated by drug treatment (Brady et al., 2005). Because a

particular firing pattern or neuronal response depends on the neuronal ensemble from
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which the recordings are made, these findings may provide an explanation for discrepant
findings obtained from different experiments.

Using electrophysiological recordings, Brodie et al. (1999) reported that ethanol
directly activates dissociated VTA neurons. Moreover, VTA neurons prepared from
DBA/2J mice were more sensitive to direct activation by ethanol than C57BL/6J mice.
This may account for the greater sensitivity to ethanol’s locomotor stimulant effects in
DBA/2J compared to C57BL/6J mice (Brodie and Appel, 2000). Ethanol activation of
dopaminergic VTA neurons is consistent with the results of a behavioral study by Rodd-
Henricks et al. (2000) showing that rats will self-administer ethanol directly into the
VTA. Subsequent work has suggested that ethanol activates the VTA directly through
‘potassium channels (Appel et al., 2003), and possibly through the potentiation of GABA4
receptors A(Nowak et al., 1998). Microinjections of low doses of muscimol increased
locomotor activity an(i dopamine in the NAcc (Kalivas et al., 1990). In addition, Boehm
et al. (2002a) have shown that intra-VTA injections of baclofen, a GABAg receptor
agonist, modulated the locomotor response to ethanol in FAST mice, suggesting that
ethanol may have its effect at the level of the VTA.

Voltammetry Studies

Another way to measure increases in neurotransmitter levels within the synapse is
with in vivo cyclic voltammetry. This technique relies on the in situ oxidation of certain
neurotransmitters such as the catecholamines and indolamines (Shellenberger and
Gordon, 1971). An oxidizing electrode is implanted into a brain slice or intra-cerebrally
via stereotaxic surgery, and neurotransmitter flux is measured as changes in oxidative

currents. The sub-second temporal resolution of this technique makes it particularly
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useful for self-administration studies (Phillips et al., 2003; Robinson et al., 2003). For
example, studies using in vivo cyclic voltammetry have shown that increases in dopamine
occur in the NAcc during the acquisition of a ICSS task, but not during maintenance of
this behavior (Garris et al., 1999). When used in combination with electrophysiogical
recordings, the release of neurotransmitters can be directly compared to neuronal firing
patterns (Carelli and Wightman, 2004). Studies using in-vivo voltammetry have found
that ethanol decreases dopamine transporter velocity (Robinson et al., 2005) which may
be an additional mechanism of ethanol’s ability to promote dopamine release. Studies
such as these have provided insights into the role of dopamine signaling during
behavioral tasks, thereby leading to more comprehensive theories of dopamine’s role in
motivated behavior (Everitt et al., 2001; Tobler et al., 2005). However, because only of
fraction of extracellular transmitter is oxidized, a major disadvantage of this technique is
that measurement of basal neurotransmitter levels is not possible. Therefore, differences
in tonic dopamine activity between rodent strains or treatment groups cannot be studied
with this technique.
Human imaging studies

In humans, many of the above techniques are too invasive and dangerous to be
practical or ethical. However, recent imaging studies have permitted the study of brain
functioning during drug administration. Studies using positron emission tomography
(PET), which use radioactive ligands to determine receptor and dopamine transporter
density, have found that subjective measures of cocaine euphoria were correlated with
dopamine transporter occupancy in striatal areas (Volkow et al., 1997). Functional

magnetic resonance imaging (fMRI) studies are especially useful in studying the
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conditioning processes involved in drug addiction. For example, in smokers, smoking
related images induced a greater fMRI signal in mesolimbic dopamine areas, compared to
neutral images (Due et al., 2002). Using PET imaging, Boileau et al., (2003) reported
ethanol-induced increases in dopamine in the NAcc in humans, confirming findings from
in-vivo microdialysis in rodents. Also, fMRI has been used in combination with PET to
study alcohol craving. Ethanol-associated stimuli activated the PFC and striatum to a
greater degree in alcoholics than in controls. In addition, the availability of D2-like
receptors in the NAéc was shown by PET to be assbciated with craving severity and by
fMRI to be associated with greater cue-induced activation of the PFC (Heinz et al.,
2004).
Dopamine in the core vs. the shell

The sites of action for each of these drugs effects may reside in different
substructﬁres of the NAcc. The “shell” of the NAcc extends slightly more ventral and
medial than the “core”, which surrounds the anterior commissure (Di Chiara, 2002;
Gonzales et al., 2004; Paxinos and Watson, 1997). Microdialysis studies have suggested
that dopamine innervation of the shell is responsive to the motivational valence and
novelty of stimuli, whereas the core is responsive to a larger range of motivational stimuli
(Di Chiara, 2002). Drug-induced stimulation and reinforcement are dissociable within
the NAcc. 6-OHDA lesions of the NAcc core blocked amphetamine-induced locomotion
but not conditioned place preference, whereas the reverse was true for lesions of the
NAcc shell (Sellings and Clarke, 2003). However, excitotoxic lesions of the NAcc shell
blocked the stimulant response to cocaine, but had no effect on cocaine self-

administration (Ito et al., 2004). These data emphasize the importance of attention to
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anatomical subregions in the study of drug effects. Systemic injection of ethanol resulted
in increases of dopamine in both the shell and core of the mouse NAcc (Zocchi et al.,
2003). These results are consistent with a study by Hitzemann and Hitzemann (1997),
which found that systemic ethanol injections increase Fos-like immunoreactivity (Fos-1i)
in both the core and the shell. However, Porrino et al. (1998) found that ethanol
" consumption increased glucose utilization in the shell but not the core, which may
indicate that the method of administration is important for determining the regional
effects of ethanol iin the NAcc.
Projections from the VTA to the PFC

While the projections from the VTA to the NAcc have received a great deal of
attention, the VTA-PFC projections are interesting because they seem to work in
opposition to the VTA-NAcc projection. Dopamine transmission within the NAcc and
PFC are generally negatively correlated with each other. For example, while 6-OHDA
lesions of the NAcc block the stimulant response to amphetamine, similar lesions of the
PFC enhance this response (Duvauchelle et al., 2000). This may be due to direct
connections from the PFC to the NAcc, or to differential noradrenergic input into these
areas (Deckel et al., 1995). Dopaminergic activity within the PFC has been shown to
inhibit both the dopaminergic and locomotor response to intra-NAcc injections of
amphetamine (Vezina et al., 1991). Psychostimulant-induced increases in glutamate
within the NAcc has been established (Reid et al., 1997), and ultrastructural (Sesack and
. Pickel, 1992) and neurophysiological (Legault and Wise, 2001; Rossetti et al., 1998;
Sesack and Pickel, 1992; You et al., 1998) experiments have supported the existence

glutamatergic projections from the PFC to the NAcc and VTA. Glutamatergic
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connections from the PFC to the NAcc may be inhibited by increases in PFC dopamine,
resulting in a decrease in excitatory input into the NAcc and a decrease in NAcc
dopamine (Vezina et al., 1991). Darracq et al. (2001) found that infusion of
metabotropic glutamate receptor antagonists into the NAcc were effective in attenuating
the dopaminergic and locomotor response to amphetamine. These data suggest that the
glutamatergic mput into the NAcc from the PFC, as well as dopaminergic input to the
NAcc from the VTA, is important for dmgjinduced locomotion.

The role of norepinephrine in the PFC and NAcc is likely to be important for the
locomotor response to drugs of abuse as well (Auclair et al., 2004). For example, in rats,
the noradrenergic receptor antagonist, prazosin, was effective in decreasing the locomotor
response to amphetamine, but not the amphetamine-induced increases in NAcc dopamine
(Darracq et al., 2001). Further, oj,-adrenergic receptor knockout mice are insensitive to
the locomotor and rewarding effects of cocaine, amphetamine, and morphine (Drouin et
al., 2002). Together, these results suggest that a norepinephrine input into the PFC is
important in the production of drug-induced locomotor behavior. There are very few
studies demonstrating an interaction of ethanol with norepinephrine in the PFC. In fact,
systemic injections of ethanol did not increase dopamine within the PFC (Bassareo et al.,
-1996). Samsoﬁ and Chapell (2003) used intra-PFC and NAcc injections of dopaminergic
drugs in an ethanol drinking paradigm, their resuits indicate that the PFC is involved with
the onset of drinking, whereas the NAcc is involved with its maintenance.

Ethanol’s interactions with other systems

The amygdala
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Recent studies have also provided evidence for the involvement of the extended
amygdala in ethanol-induced locomotion. The major output nuclei of the amygdala, the
central nucleus of the amygdala (CeA) has received particular attention. The CeA and
other major components of the extended amygdala, includin g the bed nucleus of the stria
terminalis (BNST) and NAcc shell regions, are interconnected with the mesolimbic
dopamine system. Anatomical evidence has shown extensive catecholaminergic
innervation of the CeA, including dopaminergic efferents from the VTA (Asan, 1998; -
Fudge and Haber, 2000). Using microdialysis in the rat CeA, Yoshimoto et al. (2000)
found increases in both dopamine and serotonin in respbnse to systemic ethanol
injections.

Other evidence for the involvement of the CeA was obtained by mapping studies
using c-Fos, a protein that is widely expressed in the brain, which can be easily detected
in brain sections using appropriate antibodies. Because c-Fos is expressed throughout the
brain in ‘response to a wide variety of stimuli, it is thought to be a marker of neuronal
activity. Studies using c-Fos mapping have the advantage that, since a drug can induce c-
Fos expression throughout the brain, the magnitude of expression can be correlated with
behavioral measures. Using this technique, novel ethanol-sensitive brain areas have been
discovered (Demarest et al., 1999b; Ryabinin et al., 1997). For example, Hitzemann and
Hitzemann (1997) have found differences in Fos-li in the CeA of DBA/2J and C57BL/6]
mice, suggesting that differences in ethanol activation of the CeA may underlie the
divergent locomotor responses to ethanol in these strains of mice. Interestingly, while
ethanol-induced increases in c-Fos expression were observed in the NAcc and striatal

areas of these mice, there were no differences between the strains. However, Demarest et
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al. (1999b) found greater increases in Fos-1i in the CeA of FAST mice, compared to
SLOW mice. Furthermore, Fos-li in the VTA of SLOW mice was decreased by ethanol,
raising the possibility that ethanol may induce relatively greater sedation in SLOW mice
(Shen et al., 1996) through its effects on this brain region. A correlation between
ethanol-induced locomotion and Fos-li in the CeA was corroborated by an examination of
an F2 intercross of DBA/2J and C57BL/6J mice, in which animals with high locomotor
responses to ethanol had larger Fos-li in CeA neurons than animals with low responses
(Demarest et al., 1998). However, whether the CeA directly influences ethanol-induced
locomotor activity in FAST and SLOW mice has not béen investigated.
The opioid system

Activation of opioid receptors on GABAergic interneurons has been found to
disinhibit dopamine containing neurons in the VT A (Johnson and North, 1992). Findings
that ethanol stimulated increases in B-endorphin in the NAcc (Olive et al., 2000; Rouge-
Pont et aﬂ., 2002) suggests that the effect of ethanol on the mesolimbic dopamine is
- mediated by ethanol-induced activation of opioidergic transmission (Gianoulakis, 2001;
Herz, 1997). In support of a role for opioids in ethanol-induced locomotion, lesions of
beta-endorphin containing neurons in the hypothalamus were found to block the effect of
ethanol on locomotor stimulation in Swiss-Webster mice (Sanchis-Segura and Aragon,
2002; Sanchis-Segura et al., 2000), and opioid receptor antagonists were effective as wéll
(Pastor et al., 2005, Sanchis-Segura et al., 2004). However, these findings have not been
replicated in FAST and SLOW mice (Holstein et al., 2005; Meyer and Phillips,

unpublished data), which may be due to genetic differences in these animals.



45

Neurosteroid systems

Another set of studies have suggested that ethanol’s GABAergic activity may be
related to 1ts effects on neurosteroid systems. The GABA 4 receptor contains a putative
binding site for neuroactive steroids, such as 3a-hydroxy-5a-pregnaﬁ-20—one
(allopregnanolone), an endogenous metabolite of progesterone (Im et al., 1990; Purdy et
al., 1992; Ueno et al., 2004). Acute ethanol administration has beén found to increase
concentrations of neﬁroactive steroids that act as positive allosteric modulators of the
GABA, receptor in the brains of certain strains of rats énd mice (Barbaccia et al., 1999,
Finn et al., 2004, Gabriél et al., 2004; O'Dell et al., 2004). Thus, one proposed
mechanism for the effects of ethanol on GABAergic signaling is the induction of
allopregnanolone in the brain (VanDoren et al., 2000). Previous studies have found a
genetic association between sensitivity to the acute locomotor effect of ethanol and
allopregnanolone (Korpi et al., 2001; Palmer et al., 2002a; 2002b; 2002¢). The common
neural substrate for ethanol and allopregnanolone may be the mesolimbic dopamine
system, as allopregnanolone has been shown to increase dopamine levels within the
NAcc (Rouge-Pont et al., 2002).
Summary of experiments

While several studies have investigated the neurobiological substrates of ethanol-
reinforcement, few studies have examined the neurobiology of ethanol sensitivity in
terms of locomotor behavior. The overall goal of this project was to investigate potential
brain areas and neurochemical systems responsible for ethanol-induced locomotion. The
FAST and SLOW selected mouse lines are particularly useful for this purpose. Given the

extensive literature indicating that dopamine plays an important role in ethanol-induced
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stimulation, and that ethanol has effects at'multiple neurotransmitter receptors that
modulate dopaminergic function, it seems likely that the mesolimbic dopamine system is
altered in FAST and SLOW mice. The experiments in this project investigated the
interaction of ethanol with the mesolimbic dopamine system and the amygdala in these
mice, through the use of stereotaxic electrolytic lesioning and brain microdialysis. We
hypothesized that these brain areas would be differentially sensitive to ethanol. Also,
because dopamine modulates glutamate transmission in the NAcc, and FAST and SLOW
mice are differentially sensitive to glutamatergic drugs, we hypothesized that ethanol
would Adifferentially regulate glutamate transmission in the NACC.

While the neural substrates of ethanol-induced locomotor depression (such as that
of SLOW mice) have not been extensively studied, these experiments investigated the
possible roles of the VTA and NAcc in this behavior as well. It is possible that selective
breeding for ethanol-induced locomotor depression resulted in incréased sensitivity to
ethanol-induced decreases in dopamine levels. Reductions in NAcc dopamine may be a
neurochemical mechanism for locomotor depression (Sugita et al., 1989). We tested the
hypothesis that VT A and NAcc lesions would attenuate ethanol stimulation in FAST
mice and depression in SLOW mice. Further, we tested the prediction that ethanol-
induced increases in dopamine and glutamate within the NAcc would be greater in FAST

compared to SLOW mice, and would be blocked by VTA lesions.



47

Methods

Subjects
Originating from a genetically heterogenous stock, FAST and SLOW mice were

selectively bred in two replicates for extreme sensitivity to ethanol-induced locomotor
stimulation (FAST-1, FAST-2) and depression (SLOW-1, SLOW-2) (Crabbe et al., 1987;
Phillips et al., 1991). Only males were used to decrease the number of mice needed to
complete these experiments. These mice are bred aﬁd maintained iﬁ the Portland
Veterans Affairs Medical Center animal care colony, and housed in groups of 2-5 in 28 x
18 x 13 (1x w x h) cm clear polycarbonate cages with corn-cob bedding and air-filter lids.
Food (Purina Laboratory Rodent Chow; Purina Mills, St. Louis, MO) and tap water were
suspended from stainless steel wire lids and were available at all times except during the
“test sessions. Mice were housed with dam and sire until weaning at 21+2 days of age,
and then housed 2-4 per cage in isosexual groups with mice of the same genotype.
Testing occurred between 08:00 h and 16:00 h (the colony lights were on from 06:00 to
18:00). Room temperature was maintained between 20 and 22 °C in the colony and
testing rooms. Mice were aged 50 to 100 days and weighed 14 to 30 g at the time of .
surgery. All procedures were performed in accordance with the Institutional Animal
Care and Use Committee and National Institutes of Health guidelines for the care and use
of laboratory animals. Experiments were designed in such a way as to minimize
suffering and utilize the smallest number of mice as possible. Final group sizes for each

experiment are presented in the results section.
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Drugs
All drugs were prepared in 0.9% physiological saline (Baxter Healthcare

Corporation, Deerfield, IL) except 6-OHDA, which was prepared in 0.1% ascorbic acid
dissolved in saline. Ethanol (Pharmco Products, Brookfield, CT) was diluted from 100%
to a final concentration of 20 % (v/v). Mice were injected intraperitoneally (i.p.) with 2
g/kg ethanol by varying the volume of injection, depending on the weight of the mouse.
This dose was chosen because FAST and SLOW mice were selectively bred based on
their responses to this dose of ethanol (Crabbe et al., 1987; Phillips et al., 1991). Cocaine
HCI (40mg/kg; Sigma, St. Louis, MO) was injected i.p. at volumes of 10 ml/kg. The 40
mg/kg dose was chosen because previous studies in our laboratory have shown that
FAST and SLOW mice are differentially sensitive to this dose (Bergstrom et al., 2603).
Stock ketamine/xylaz‘ine/ acepromazine was purchased from the Portland Veterans Affairs
Medical Center pharmacy, and contained 5 ml ketamine (100 mg/ml), 2.5 ml xylazine (20
mg/ml), 1.5 ml sterile NaCl solution, and 1 ml acepromazine (10 mg/ml). This stock
solution was diluted 1:6 in saline for injection. Desipramine and pargyline were
purchased from Sigma, dissolved in saline, and injected at a dose of 25 mg/kg in volumes
of 10 ml/kg. 6-OHDA was dissolved in 0.1% ascorbic acid (Sigma), and injected as
described in the surgical procedures section.

Activity monitors

Mice were tested in clear acrylic plastic boxes (40 cm long x 40 cm wide x 30 cm

‘high), covered by plastic lids with 0.64-cm diameter holes for ventilation. These boxes
were placed in automated activity monitors (Accuscan Instruments, Columbus, OH),

which consisted of 8 pairs of intersecting infrared photobeams, located 2 cm above the
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cage floor. Occlusions of these photobeams were used to calculate the distance traveled
(in cm) by a mouse during the test sessions. The activity monitors were housed in
individual, opaque sound attenuation chambers (Flair Plastics, Portland, OR) that also
contained a 15 W fluorescent bulb, and a fan that provided ventilation and masked
background noise.
Experiment 1
Surgery

Each mouse was anesthetized with ketamine/xylazine/acepromazine cocktail

according to the following equation:
Injection vol (ml) = 2 x (((body weight (g))/100)-0.08)

Final doses were approximately 141.7 mg/kg ketamine, 14.2 mg/kg xylazine, and 2.8
mg/kg acepromazine. This injection anesthetized (i.e., non-responsive to a moderate
paw-pinch) FAST and SLOW mice for approximately 90 min. After injection, mice were
left undisturbed for 10 min, and earpunched for identification. Then, a small circular area
of the scalp (~15 mm diameter) was removed with surgical scissors, and the wound was
disinfected with a cotton swab soaked in 100% ethanol. The front teeth were inserted
into the bite bar of the stereotaxic surgery stage (Cartesian Research, Sandy, OR), and a
small nose cone secured the mouse’s snout. A cotton swab was used to move the tongue
away from the bite bar so that the mouse would not suffocate. The mouse’s head was

further stabilized by placing an ear bar into each ear canal.
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Once inserted into the stereotaxic stage, a magnifying scope was used to locate
the major landmarks of the brain: bregma, lambda, and the saggital suture. The Cartesian
origin was defined aé the intersection between bregma and the saggital suture. A digital
coordinate system (Anilam, Jamestown, NY) was used to measure the distance (in mm)
frorh bregma to lambda. Paxinos and Watson (1997) constructed their mouse brain atlas
based on a C57BL/6J mouse; the average bregma-lambda distance in this mouse was
found to be 4.21 mm. By dividing the measured bregma-lambda distance from the
average obtained by Paxinos and Watson, an “adjustment factor” was obtained. This
measure was used as an estimate of the mouse’s brain size, which was used to calculate
adjusted coordinates. Using this atlas, the coordinates of the target brain areas were
obtained (in mm, relative to bregma): VTA: 3.5 caudal, 0.6 lateral, 4.5 ventral; CeA: 2.5
caudal, 2.5 lateral, 4.5 ventral; NAcc: 1.4 rostral, 1.0 lateral, 4.5 ventral. For each mouse,
these coordinates were multiplied by the “adjustment factor”. In this manner, adjusted
coordinates for each mouse were obtained, which theoretically compensated for
Variations in brain size from mouse to mouse.

After the adjusted coordinates were obtained, each mouse’s head was leveled
using a miniature level (Cartesian Research). Using a 27 gauge drill bit (Cartesian
Research), a hole was drilled in the skull above each side of the targeted brain area (VTA,
CeA, or NAcc; only one brain region was lesioned per mouse). Miniature steel
electrodes with 0.25 mm exposed copper wire (Rhodes Medical Instruments,
Summerland, CA) were lowered to the depth of the target brain area. A lesion making
device (Ugo Basile, Italy), was used to create electrolytic lesions of the target brain area.

Electrical leads were attached to the electrode for lesions and the mouse’s ear for
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grounding. For the VTA, 0.25 mA was applied for 5 seconds; for the CeA, 0.5 mA was
applied for 10 seconds; and for the NAcc, 0.5 mA was applied for 15 seconds. These
parameters, chosen from pilot studies, created partial lesions of the VTA and NAce,
extending from 0.15 to 1 mm on the rostro-caudal axis. Larger lesions were avoided
because they tended to result in aphagia and severe hypoactivity. Lesions of the CeA
typically damaged surrounding areas as well. All lesions were performed bilaterally, and
- the left-right order of the lesions was counterbalanced between animals. Electrodes were
cleaned with a cotton swab soaked in 100% ethanol upon removal from the brain. Two
sham groups were included in these studies. Sham-penetrated mice underwent the same
procedure except that no current was applied to the electrode. This group was included to
determine the effect of any damage caused by the electrode penetrating the brain. For
sham-intact mice, the electrodes were not inserted at all, although the holes above the
target brain areas were drilled. This group was included as a neurologically intact control
group for comparison to the other groups. After surgery was completed, the syringe was
removed and the incision was sealed with Durelon dental acrylic (3M, St. Paul, MN).
Mice were allowed to recover 7-21 days before behavioral testing began.

The NAcc was lesioned with 6-OHDA in a subset of FAST and SLOW mice. To
achieve this, mice were pretreated 30 min prior to surgery with 25 mg/kg desipramine, to
prevent transport of 6-OHDA into norepinephrine containing neurons, and 25 mg/kg
pargyline, to enhance the effectiveness of 6-OHDA. Surgery was conducted as described
above, except that instead of inserting the electrodes, a 1 ul Hamilton syringe (Reno, NV)
contamning either 8 mg/ml 6-OHDA or 0.1% ascorbic acid vehicle was lowered to the

target brain area using a stereotaxic syringe holder (Cartesian Research). 0.5 ul was
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injected over the course of 2 min into each side of the target brain area. After each
injection, the syringe was left in place for an additional 2 min to allow diffusion of the 6-
OHDA. Due to the small number of animals, ethanol-induced behavior was not tested in
these mice. The purpose of this experiment was to verify that the dopamine transporter
immunostaining procedure described below was able to detect decreases in dopamine
terminals caused by injections of 6-OHDA.
Activity testing proéedure

After recovery, mice underwent a four-day testing period. On each day, mice
were moved, in their home cages, from the colony room to the testing room 45-60 min
before testing began, in order to maximize their habituation to the testing environment.
On days 1-3, mice were weighed, injected with saline, and placed into the activity
monitors for 20 min. Data were collected in 5-min epochs. After the testing session,
mice were removed from the activity monitor and placed in their home cages. On day 4,
mice were weighed, injected with 2 g/kg ethanol, and placed into the activity monitors for
20 min.
Blood ethanol concentration

On the last testing day, upon removal from the activity monitors, 20 pl of blood
was obtained from the retro-orbital sinus using glass capillary tubes (Fisher, Pittsburgh,
PA). Each blood sample was placed in a microcentrifuge tube containing 50 ul of 5%
zine sulfate (Sigma), 50 pl of 0.3N barium hydroxide (Sigma), and 300 ul of distilled
deionized water. Samples were then centrifuged, and the supernatant was tested for
ethanol content using a gas chromatograph (Model HP 5890, Agilent Technologies) with

flame ionization detection. Blood ethanol concentrations were extrapolated from an
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external standard curve constructed using known concentrations of ethanol (Gallaher et
al., 1996).
Histology |

After completion of the behavioral experiments, mice were sacrificed by cervical
dislocation, decapitated, and their brains were removed using scissors and a pair of sharp
forceps. Most brains were placed in cold isopentane for 20 seconds, chilled by a slurry
mixture of dry-ice and isopropyl alcohol (Sigma). Brains for irnmunohistochemistryb
were placgd in 5 ml of 4% paraformaldehyde in phosphate-buffered saline (Sigma) for 48
hours, and then transferred to 5 ml of 20% sucrose in phosphate-buffered saline (Sigma)
for at least 48 hours.

The thionin staining procedure was adapted from previous expeyiments n our
laboratory (Boehm et al., 2002a). Frozen brains were mounted in a cryostat (Leica
CM1850, Baﬁnockburn, IL) with tissue embedding media (Sakura Finetek, Torrance,
CA) and cut in 50 um coronal sections. In some VTA-lesioned animals, saggital sections
were cut, as we have found that this facilitates the determination of the extent of the
lesion location on the rostrocaudal axis. Sections through each lesioned brain area were
mounted on frosted microscope slides (VWR, West Chester, PA) and allowed to dry for
two houfs. For thionin staining, slides were submerged in 500 ml of the following
solutions: citrisolv (2 min; Fisher), 100% ethanol (2 min), 95% ethanol (2 min), 70%
ethanol (2 min), 50% ethanol (2 min), deionized H,O (3 min), 0.1 mg/ml thionin (50
- seconds; Sigma), 70% ethanol (2 min), 95% ethanol (2 min), 100% ethanol, and citrisolv
(2x ‘1 min). Slides were then coverslipped using cytoseal-60 (Apogent, Kalamazoo, MI)

and cover glass (Fisher). Brain sections were inspected at 2.5x magnification using a
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Leica microscope (Model CM1850) attached to a SPOT Insight digital camera and
software (Diagnostic Instruments, Sterling Heights, MI), and lesion locations were
determined by areas of reactive gliosis caused by the lesion (see figure 3). The precise

location of the lesions was recorded in Cartesian coordinates according to Paxinos and

Watson (1997).
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Figure 3: Coronal brain sections showing the extent of damage caused by electrolytic lesions. Extent
of the lesions are indicated by the extent of reactive gliosis (arrows, dark purple staining).

Immunohistochemistry

For immunohistochemistry, fixed brains were cut on a cryostat as described
above, but alternating sections from the NAcc were placed in 10 mM phosphate buffered
saline (PBS; Sigma).v Using protocols adapted from Hitzemann et al. (2003), the éections
were stained for either dopamine transporter (DAT) or tyrosine hydroxylase (TH), which
have been shown to be somewhat specific markers for dopamine-containing neurons
(noradrenergic neurons also contain TH). Endogenous peroxidase in red blood cells was
inactivated by rinsing the sections in the following solutions, each for three 10 min
periods: 1.5% hydrogen peroxide (Sigma; diluted from 30% in 10 mM PBS), 10 mM
PBS, 1.5% hydrogen peroxide, 10 mM PBS. Sections were transferred to 1.5 ml

- microcentrifuge tubes (Fisher), agitated for 1.5 to 2 hours at room temperature in the
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following blocking solution: 30 ul rabbit serum (Vector Laboratories, Burlingame, CA),
25 pul 10% Triton X-100 (Sigma), 935 pl 10 mM PBS. 1.0 pl of primary DAT antibody
(Oncogene Science Inc, Cambridge, MA) or TH (Chemicon International, Temecula,
CA) was then added to each tube, and the tubes were agitated for 48 hours at 4 °C.

For secondary antibody staining, sections were rinsed in 10 mM PBS, and
agitated for 1.5 to 2 hours in microcentrifuge tubes containing 5 pl of secondary antibody
(anti-goat IgG purified from a rabbit host), 30 pl of rabbit serum, 30 pl of 10% triton X-
100, and 935 pl of 10 mM PBS. After agitation, sections were rinsed in 10 mM PBS, and
agitated for 1.5 to 2 hours in tubes containing a horseradish peroxidase avidin-biotin
complex solution (Vectastain ABC, Vector Laboratories), consisting of 9 pl avidin, 9 ul
biotinylated horseradish peroxidase, 30 pl of 10% Triton X-100, and 952 pul 10 mM PBS.
This solution was pre-incubated for 30 min before the tissue was added, in order to
stabilize the avidin-biotin complex.

After this agitation period, sections were rinsed in 10 mM PBS, incubated in a
diaminobenzidine solution (50 mg in 100 ml of 0.1 M Tris, and 1 ml nickel ammonium
sﬁlfate, pH = 7.4) for 10 min. The chromatic reaction was initiated by the addition of 35
Ql of 30% hydrogen peroxide. The reaction was stopped after 15 seconds by rinsing in
0.1M Tris. The sections were mounted on slides and dehydrated in a graded ethanol
series: 70% ethanol (2 min), 95% ethanol (2 min), 100% ethanol, and citrisolv (2 x 1
min). Slides were then coverslipped with cytoseal-60.

DAT immunoreactivity in the NAcc core and shell was quantiﬁ@d in 4 sham-
operated and 4 VTA-lesioned mice, using an adaptation of an optical density method
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