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internal segment and thus form the 
“indirect” pathway that tends to 
dampen cortical output. The coordi­
nation of these two pathways deter­
mines one’s ability to initiate actions 
and control action sequences. Thus, 
dopamine, working through these 
two receptor subtypes, has key roles 
in controlling performance of actions, 
including those affected by intoxica­
tion and those involved in addiction. 

Dopaminergic transmission is 
targeted by many drugs, including both 

legal prescription medications and ille­
gal drugs of abuse. Perhaps the most 
widely known brain disorder involving 
the brain dopaminergic system is 
Parkinson’s disease. This debilitating 
and ultimately lethal neurological disor­
der arises from the death of dopamin­
ergic neurons and the resultant loss of 
brain dopamine (Kandel et al. 2000). 
The most common therapy for this 
disease involves dopamine replacement 
by treatment with the dopamine pre­
cursor L-Dopa (Stacy and Galbreath 

2008), which is taken up by the brain 
and used to make more dopamine. 
Dopamine receptor agonists also are 
sometimes used as an adjunct therapy 
with L-Dopa (Stacy and Galbreath 
2008). Agonists of the D2 class of 
dopamine receptors are used in the 
treatment of the movement disorder 
known as restless legs syndrome 
(Winkelman et al. 2007). Dopamine 
receptor- and transporter-targeted 
drugs also have a large role in the 
treatment of other neurological and 
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Figure 5 Neurotransmitters with discrete localization within the brain. A) The chemical structure of the monoamine neurotransmitter 
dopamine and a schematic drawing of the localization of dopamine-containing neurons in the human and rat brain and 
the sites where dopamine-containing axons are found. B) The chemical structure of the monoamine neurotransmitter 
serotonin and similar brain map showing locations of serotonin-containing cells and their axons. 



neuropsychiatric disorders. The major­
ity of antipsychotic drugs have potent 
actions at the D2-like dopamine 
receptors, although they certainly have 
effects on other targets that could 
contribute to their therapeutic efficacy 
(Kapur et al. 2006). Drugs that block 
the dopamine transporter, such as 
methylphenidate (Ritalin®) are used in 
the treatment of attention deficit 
hyperactivity disorder (ADHD) 
(Arnsten 2006) (note the potential 
abuse liability of this class of drugs, as 
discussed below) (Faraone and Wilens 
2007). Antagonists for D2 dopamine 
receptors also are used clinically to 
reduce vomiting in circumstances 
such as chemotherapy (Reddymasu 
et al. 2007). 

Cocaine, amphetamine, and other 
“stimulant” drugs block or reverse the 
action of the dopamine transporter 
(Amara and Sonders 1998). The net 
effect of these drugs is to increase levels 
of dopamine within the synapse. 
Although these drugs act on other 
molecular targets, the evidence is fairly 
convincing that it is the effect on 
dopaminergic transmission that accounts 
for the majority of the intoxicating 
and addictive actions of these drugs. 
Most other drugs of abuse also influ­
ence the brain dopaminergic system. 
Nicotine stimulates the activity of 
the dopaminergic neurons themselves 
(Pidoplichko et al. 1997) and also 
can activate dopamine release from 
axon terminals (Grady et al. 2007). 
Morphine and other opiate drugs 
depress the activity of GABAergic 
interneurons and, through this effect, 
indirectly increase the activity of 
dopaminergic neurons (Johnson and 
North 1992). Alcohol also increases 
the activity of these neurons, likely 
via both direct actions on the neurons 
and indirect actions through other 
neurons (Brodie et al. 1999; Ericson 
et al. 2008; Gessa et al. 1985; Okamoto 
et al. 2006). 

Dopaminergic transmission has 
been implicated in the actions of 
almost all drugs of abuse, and trans­
mission mediated by this neurotrans­
mitter is altered by alcohol exposure 
in both the acute and chronic phases 
(reviewed in Vengeliene et al. 2008). 

The acute alcohol-induced increase in 
firing of dopaminergic neurons appears 
to drive increases in extracellular 
dopamine levels in the brain regions 
to which these neurons project 
(reviewed in Gonzales et al. 2004). 
Imaging of dopamine receptors in 
the human brain also suggests that 
acute alcohol exposure alters dopamine 
levels in key brain structures (reviewed 
in Wong et al. 2003). These effects 
may contribute to the process by 
which animals encode the reinforcing 
value of alcohol. 

As animals learn to consume 
alcohol in the laboratory, increases in 
brain dopamine levels become associ­
ated with stimuli that predict access 
to alcohol (Gonzales et al. 2004). 
Thus, dopamine also plays a role in 
learning about environmental contexts 
that encourage drinking. Chronic 
alcohol consumption can lead to a 
hypodopaminergic state that motivates 
the drinker to seek alcohol in order 
to restore the desired levels of the 
neurotransmitter (Volkow et al. 2007). 
However, despite these findings, 
pharmacotherapies aimed at the 
dopaminergic system have not shown 
particular efficacy in reducing alcohol 
drinking either in animal models or in 
humans with alcohol abuse disorders. 
Perhaps the development of drugs with 
greater specificity for certain subtypes 
of dopamine receptors will prove 
more efficacious in this context. 

Adenosine 

Adenosine is a purine nucleoside (a 
compound with a nitrogen-containing 
base linked to a sugar molecule) that is 
produced during nucleic acid metabolism. 
This compound also participates in a 
number of types of cell–cell communi­
cation, including synaptic transmission 
in all regions of the nervous system. 
Adenosine primarily is a neuromodula­
tory transmitter and produces its actions 
via the activation of two main types of 
GPCRS, the A1 and A2a adenosine 
receptors (Fredholm et al. 2005). Other 
adenosine receptors exist but are present 
only in small quantities within the CNS. 

Activation of A1 adenosine 
receptors in turn activates Gi/o class 
G-proteins. In general, these G-proteins 
activate GIRK potassium channels, 
inhibit voltage-gated calcium chan­
nels, inhibit adenylyl cyclase, or activate 
phosphorylation of certain intracellu­
lar protein kinase enzymes (Fredholm 
et al. 2005). Adenosine A2a receptors 
activate Gs or Golf–type G-proteins 
(Fredholm et al. 2007). These G-
proteins stimulate adenylyl cyclase 
to enhance production of the second 
messenger cyclic AMP (Fredholm et 
al. 2007). 

After producing its actions on 
synaptic adenosine receptors, the 
neurotransmitter is transported back 
into cells via a cell membrane neuro­
transmitter transporter protein known 
as the adenosine transporter (Fredholm 
et al. 2005). Adenosine also can be 
metabolized by enzyme proteins 
known as adenosine deaminase and 
adenosine kinase (Fredholm et al. 
2005). The transporter and enzymes 
regulate the duration of adenosine 
signals within the synaptic cleft. 
Inhibition of either process can prolong 
the time that the neurotransmitter 
is present in the synapse and, conse­
quently, the duration of activation of 
the adenosine receptors. 

The behavioral effects of modifying 
brain adenosinergic communication 
are very familiar to many of us. Caffeine 
acts as an adenosine receptor antago­
nist (Dunwiddie and Masino 2001). 
The major behavioral effects of caf­
feine, including enhanced activity and 
focused attention, appear to involve 
inhibition of the function of both 
A1- and A2a-type adenosine receptors, 
although locomotor stimulation by 
caffeine is predominantly because of 
A2a antagonism. 

Acute alcohol exposure increases 
adenosine signaling in cell lines of 
neural origin (Nagy et al. 1990). This 
effect appears to involve inhibition of 
a nucleoside transporter that normally 
produces rapid uptake of adenosine 
into cells. This inhibitory action 
increases extracellular adenosine levels 
and prolongs the duration of adeno­
sine signaling to the cell. The role of 
these changes in adenosinergic trans-
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mission in acute intoxication is not 
clear, although removing the alcohol-
sensitive nucleoside transporter in 
mice alters intoxication and alcohol 
intake (Choi et al. 2004). Chronic 
alcohol exposure causes a compensatory 
downregulation of A2a adenosine 
receptors and decreases in the adenylyl 
cyclase signaling by these receptors 
(Diamond et al. 1991). These receptors 
predominantly are found in brain 
regions involved in neural processes 
important for reward, habit formation, 
and addiction (Jarvis and Williams 
1989). Thus, alterations in adenosine 
signaling in these brain regions could 
contribute to alcohol addiction (Choi 
et al. 2004; Naassila et al. 2002). 

Serotonin 

The neurotransmitter serotonin (also 
known as 5-hydroxytryptamine or 5­
HT) is a close molecular relative of 
dopamine that belongs to the family of 
neurotransmitters known as monoamines 
(Kandel et al. 2000). Like dopamine, 
serotonin is made by small discrete 
clusters of neurons located at the base 
of the brain (see figure 5B). These 
serotonergic neurons connect to other 
neurons located throughout the CNS, 
including neurons in the cerebral cortex 
and other forebrain structures. Thus, 
serotonin has the capacity to influence 
a variety of brain functions including 
sensations related to environmental 
stimuli, pain perception, learning and 
memory, and sleep and mood (Kandel 
et al. 2000). The role of serotonin in 
mood control has received considerable 
attention in both the laboratory and 
the clinic, as selective serotonin reup­
take inhibitors (SSRIs) such as Prozac® 

are the most widely prescribed drugs for 
depression and other mood disorders 
(Brunton et al. 2005; Kandel et al. 2000). 

The majority of serotonin actions 
in the brain occur via activation of 
GPCRs. The human brain has 15 
serotonin-activated GPCRs that activate 
a wide variety of G-protein subtypes 
(Kitson 2007). Thus, serotonin can 
produce neuromodulatory effects that 
tend to either increase or decrease 
neuronal output. Different subtypes 

of these GPCRs are found on presy­
naptic and postsynaptic neuronal 
structures in different brain regions. 
By activating these receptors, serotonin 
can enhance or inhibit neurotrans­
mitter release at certain synapses and 
can produce slow hyperpolarizing 
or depolarizing synaptic responses 
at others. Intracellular signaling via 
serotonin-activated GPCRs also can 
influence the function of intracellular 
enzymes as well as alter gene expression. 

Serotonin also can activate a single 
type of LGIC-type neurotransmitter 
receptor, the so-called 5-HT3 receptor 
(Thompson and Lummis 2007). This 
receptor contains a channel that is 
permeable to positively charged cations 
and thus produces fast activation of 
neurons when bound to serotonin. 
One interesting facet of the action 
of this receptor is that often it resides 
on axon terminals that contain and 
release GABA. Thus, activation of these 
presynaptic 5-HT3 receptors leads 
to a rapid release of GABA that will 
then inhibit downstream neurons.  

In addition to the use of SSRIs 
for neuropsychiatric therapy, as men­
tioned above, a variety of other thera­
peutic uses exist for serotonergic drugs. 
The SSRIs produce their actions via 
inhibition of the serotonin transporter 
protein, as their name implies. 
Buspirone is an anxiety-reducing drug 
that acts on the 5-HT-1A receptor 
(Barrett and Vanover 1993), and use 
of this drug has been suggested for 
other disorders. The 5-HT3 antago­
nists routinely are used to reduce 
nausea and vomiting resulting from 
chemotherapy and can be used for 
similar purposes following surgical 
anesthesia, and these drugs also have 
been used for treatment of irritable 
bowel syndrome (Thompson and 
Lummis 2007).  

The brain serotonergic system 
also is the target of psychoactive drugs, 
including many that are illegal. The 
largest class of hallucinogenic drugs, 
including LSD, mescaline, and psilo­
cybin, are all partial agonists of the 
5-HT2 receptor subtypes, and the 
5-HT2A receptor is implicated in the 
effects of these drugs (Fantegrossi et 
al. 2008). Several amphetamine 

derivatives, such as 3,4-methylene­
dioxymethamphetamine (MDMA, 
also known as ecstasy), alter serotonin 
transporter molecules and increase 
synaptic serotonin levels (McKenna 
and Peroutka 1990). This may account 
for their sensory-enhancing effects. 

Acute alcohol has mixed effects 
on serotonergic transmission (reviewed 
in Lovinger 1997). A slowing of sero­
tonergic reuptake is observed (Daws 
et al. 2006), but this does not appear 
to be because of impairment of the 
serotonin transporter targeted by 
SSRIs.  Alcohol also potentiates the 
function of the 5-HT3 receptor 
(Lovinger 1999).  

Chronic alcohol exposure has 
been demonstrated to interact with 
various aspects of serotonergic trans­
mission that could alter anxiety and 
affect (reviewed in Lovinger 1997). 
Based on the well-known role of 
serotonin in neural mechanisms 
underlying mood and stress responses, 
pharmacotherapies aimed at the 
serotonergic system have long been 
touted as potential treatments for 
alcoholism (reviewed in Ait-Daoud et 
al. 2006). Treatments with SSRIs are 
efficacious in reducing alcohol intake 
in laboratory animals (LeMarquand 
et al. 1994; Pettinati et al. 1996) but 
have had mixed success in humans 
(Ait-Daoud et al. 2006; Naranjo and 
Kadlec 1991). It is possible that these 
drugs might work best in patients 
with comorbid depression. The 5­
HT3 antagonist ondansetron reduces 
relapse in alcoholics, particularly in 
those with early onset (reviewed in 
Ait-Daoud et al. 2006). 

Opioids and Other Peptides 

Peptides have long been known to 
function as hormones within the body 
and to participate in synaptic commu­
nication in the brain (Brunton et al. 
2005; Kandel et al. 2000). All of the 
known peptide actions in the brain are 
neuromodulatory, and thus these agents 
act through GPCRs. Many peptides 
act as neurotransmitters (i.e., the so-called 
neuropeptides); this section will focus 
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on a few neuropeptides that have been 
implicated in alcohol actions on the brain. 

Most of the neurotransmitter 
molecules discussed above are synthe­
sized within the axon terminal itself 
and are then delivered into the vesi­
cles waiting near the presynaptic 
release sites. Peptide neurotransmitters, 
however, normally are synthesized in 
the neuronal cell body, some distance 
from the site of release (Kandel et al. 
2000). The neuropeptides then are 
packaged into vesicles and transported 
inside the vesicle to the axon terminal. 
Thus, it is somewhat easier to deplete 
the store of neuropeptide transmitters 
in a given axon terminal, and it can 
only be refilled after transport from 
the cell body. 

The opioid peptides are some of 
the most widely known neuropeptides. 
These include β-endorphin (which 
consists of 31 amino acids), dynorphin 
(13 amino acids), and the enkephalins 
(5-amino-acid peptides that end in 
either methionine [met-enkephalin] 
or leucine [leu-enkephalin]) (Kandel 
et al. 2000). The notoriety of these 
peptides stems from the fact that they 
serve as agonists for the receptors that 
also are activated by morphine, heroin, 
and the other opiate drugs. These 
receptors are known as opiate receptors, 
and there are three different subtypes 
designated the µ, δ, and κ receptors 
(Connor and Christie 1999). In addi­
tion, a peptide known as nociceptin or 
orphanin FQ has actions at a separate 
opiate-like receptor called the ORL-1 
receptor (Connor and Christie 1999). 
All of these receptors preferentially 
couple to Gi/o-type G-proteins and 
thus generally are known to inhibit 
neurotransmitter release and reduce 
the activity of neurons (Williams et 
al. 2001). 

Opioid peptides are found in 
many regions of the nervous system. 
Like other neuropeptides, the opioids 
usually are stored in and released from 
large vesicles different from those that 
contain the small molecules (e.g., 
glutamate or GABA). These opioid 
peptide–containing vesicles often are 
found in the same axon terminals with 
the smaller diameter, small molecule– 
containing vesicles, and thus many 

neurons have the capacity to release 
both small molecule and opioid pep­
tide neurotransmitters (Kandel et al. 
2000). Opiate receptors are found 
on both presynaptic and postsynaptic 
structures (Williams et al. 2001). The 
termination of transmission mediated 
by opioid peptides involves peptidases, 
which are specific enzymes that catalyze 
the degradation of the peptide into 
its constituent amino acids (Schwartz 
et al. 1981). These amino acids are then 
taken back into cells via amino acid 
transporters, where they can be used for 
future peptide or protein synthesis. 

Opiate receptors have been targeted 
for a number of therapeutic uses. 
Morphine, heroin, fentanyl, and other 
powerful opiate receptor agonists have 
long been used for pain reduction 
(Brunton et al. 2005). The opiate 
receptor partial agonist methoadone is 
a well-known and effective treatment 
for addiction to opiate drugs (Brunton 
et al. 2005), basically substituting for 
morphine or heroin to prevent with­
drawal symptoms without having the 
same debilitating effects. 

Of course, opiate agonists are 
among the drugs with the strongest 
abuse/addiction liability (Brunton et 
al. 2005). Injectable heroin is perhaps 
the best-known addictive opiate and 
continues to be a problem for people 
worldwide. However, abuse of power­
ful synthetic opiates taken in pill form, 
such as Oxycontin® (also known as 
Oxycodone), has been on the rise in 
recent years (Compton and Volkow 
2006). Another psychoactive drug, the 
plant derivative known as salvanorin 
A, acts as an agonist at κ-opioid 
receptors (Roth et al. 2002). When 
ingested, it produces a relatively short-
lasting disorientation, such that the 
user becomes unaware of his/her loca­
tion in space and time. 

Acute alcohol alters endogenous 
opioid peptides and opiate receptors 
(Charness 1989; Gianoulakis 1989). 
However, the contribution of these 
actions to intoxication remains unclear. 
Chronic alcohol exposure also alters 
brain opiatergic systems (Charness 
1989; Gianoulakis 1989). Interestingly, 
opiate receptors have emerged as use­
ful targets for pharmacotherapeutic 

treatment of alcohol use disorders 
(reviewed in O’Brien 2005; O’Malley 
and Froehlich 2003). Use of the gen­
eral opiate receptor antagonist nal­
trexone is approved for the treatment 
of alcoholics. This compound also 
reduces alcohol drinking in rodents, 
apparently via blockade of the µ-type 
opiate receptor (Altshuler et al. 1980; 
Gonzales and Weiss 1998; Krishnan-
Sarin et al. 1998). The mechanism 
of action may involve a reduction 
of endogenous opioid peptide actions 
that normally promote increases in 
dopamine release (Gonzales and 
Weiss 1998). 

Many other neuropeptides origi­
nally found to act as hormones also 
have been found to act as neurotrans­
mitters. Corticotrophin-releasing hor­
mone (CRH) was originally known 
for its role in the pituitary gland, where 
it stimulates a cascade of molecular 
processes that ultimately leads to the 
release of the cortisone-like steroid 
hormones (e.g., corticosteroids) 
(Brunton et al. 2005). Within the 
brain, CRH can communicate signals 
related to stress, mood, and changes 
in other bodily functions (Reul and 
Holsboer 2002). The cellular release 
of this neuropeptide is stimulated by 
alcohol (Nie et al. 2004) as well as by 
exposure to stressful stimuli. Mounting 
evidence suggests that CRH and its 
receptors participate in the interactions 
between stress and alcohol, including 
increased drinking or relapse to 
drinking following stressful events 
(Heilig and Koob 2007). 

A variety of other neuropeptides 
have been implicated in brain responses 
to alcohol and alcohol drinking behav­
ior (see Thorsell 2007 and Wurst et 
al. 2007 for more information). 

Endocannabinoids and 
Other Lipid-Derived 
Neuromodulators 

Molecules derived from the chemical 
modification of the lipids found in 
neuronal membranes are another 
class of neuromodulatory substances. 
Throughout the body, lipid-derived 
molecules are known to have paracrine 
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actions. The lipid metabolites known 
as prostaglandins are perhaps the best-
known examples of such paracrine agents 
(Brunton et al. 2005). It is worth not­
ing that lipid-derived compounds do 
not have to be released from synaptic 
vesicles. Unlike other neurotransmitters, 
they usually escape from neurons directly 
through the cell surface membrane. 

Many of these lipid-derived agents 
are involved in synaptic communica­
tion. Endocannabinoids (a contrac­
tion of endogenous cannabinoids) are 
an example (Chevaleyre et al. 2006). 
Arachidonoyl ethanolamide (AEA) 
and 2-arachidonoyl glycerol (2-AG) 
are two compounds that can be pro­
duced upon breakdown of membrane 
lipids that contain the fatty acid known 
as arachidonic acid. These compounds 
are produced throughout the brain 
and body and have been implicated 
in a number of physiological functions. 
Endocannabinoids have an intriguing 
retrograde signaling action at synapses 
(Alger 2002). In other words, synaptic 
communication by these compounds 
generally occurs in a direction opposite 
to that of traditional neurotransmitters. 
The endocannabinoids often are 
produced by postsynaptic neuronal 
elements and act on their cognate 
receptors, cannabinoid 1 (CB1) 
receptors, which are found almost 
exclusively on presynaptic axon ter­
minals in the brain. This signaling 
requires that the compound traverse 
the synapse in a backward, or retro­
grade, direction. This action of endo­
cannabinoids has now been found 
throughout the nervous system. 

The CB1 receptor is a GPCR 
that links to Gi/o-type G-proteins. 
The most common effect of activating 
this receptor is inhibition of neuro­
transmitter release (Lovinger 2008). 
Thus, retrograde endocannabinoid 
signaling results in decreased release 
of several types of neurotransmitters, 
including both GABA and glutamate. 
Endocannabinoid effects are therefore 
disinhibitory (relief from GABAergic 
inhibition) or inhibitory (decreased 
glutamatergic excitation) depending 
on the brain region and synapses in 
which they act. The presence of endo­
cannabinoids in the synapse often 

leads to inhibition of neurotransmitter 
release that persists for as long as the 
endocannabinoid is present (Chevaleyre 
et al. 2006; Lovinger 2008). Endo­
cannabinoids also can trigger a long-
lasting depression of neurotransmitter 
release called long-term synaptic 
depression (LTD) (Chevaleyre et al. 
2006; Lovinger 2008). This depression 
is set into motion by endocannabinoid 
activation of CB1 receptors but does 
not require sustained CB1 activation 
for its long-term maintenance. Accum­
ulated evidence suggests that the synap­
tic depression produced by retrograde 
endocannabinoid signaling has key 
roles in brain mechanisms of learning 
and memory as well as addiction 
(Lovinger 2008). 

The term “cannabinoid” within 
the name of these compounds reflects 
that fact that the endocannabinoids 
have something in common with drugs 
derived from the Cannabis sativa plant, 
such as marijuana. Indeed, the CB1 
receptor is itself the major target for 
Δ-9tetrahydrocannabinol (Δ-9THC), 
the primary psychoactive ingredient 
in cannabis-derived drugs (Brunton 
et al. 2005). The endocannabinoids 
produce much milder and shorter-last­
ing versions of the effects produced 
by cannabinoids in the brain, includ­
ing relief from anxiety, relief from pain, 
actions that affect movement initia­
tion, balance and coordination, and 
effects on cognition (Lovinger 2008; 
Piomelli et al. 2000). Knowledge of 
the neuronal effects of Δ-9THC pro­
vides a great deal of information on 
the effects of specific CB1 agonists. 
Indeed, a number of synthetic agonists 
have been developed for this receptor, 
and they produce strong intoxication, 
movement impairment, decreased 
learning and short-term memory, 
pain relief, and, at high doses, a loss 
of movement known as catalepsy 
(Howlett 1995). At low-to-moderate 
doses, these compounds also stimulate 
appetite, a well-known effect of mari­
juana and other illegal cannabis-derived 
drugs (Di Marzo et al. 2001). 

Antagonists for the CB1 receptor 
also have neural actions, and there is 
increasing evidence of the therapeutic 
usefulness of these compounds. Studies 

in laboratory animals indicate that 
CB1 antagonists reduce feeding and 
the metabolic changes that often 
accompany obesity (Di Marzo et al. 
2001; Ravinet Trillou et al. 2003). 
The CB1 antagonist known as 
Acomplia®, Rimonabant, or SR141716 
already is in use in Europe for treatment 
of obesity and the associated metabolic 
disorder. Antagonists for this receptor 
also reduce self-administration of a 
number of drugs of abuse, most notably 
nicotine and alcohol (Maldonado et 
al. 2006; Wang et al. 2003). Indeed, 
researchers have observed a variety of 
interactions between alcohol and the 
brain endocannabinoid system, sug­
gesting involvement of this system in 
alcohol dependence (Colombo et al. 
2007). Research on alcohol interac­
tions with the brain endocannabinoid 
signaling system still is in the early 
stages. Chronic alcohol has been shown 
to increase AEA and 2-AG levels in 
cells and tissue (Basavarajappa and 
Hungund 1999; Basavarajappa et al. 
2000, 2003). There also is evidence 
that chronic alcohol exposure down-
regulates CB1 receptors (Basavarajappa 
et al. 1998). Clearly, further studies 
are needed to explore the mechanisms 
through which endocannabinoids par­
ticipate in the neural actions of alcohol. 

Agonists for the CB1 receptor 
already are in use, mainly for treating 
chemotherapy side effects. These 
agonists reduce nausea induced by 
chemotherapy and also stimulate 
appetite in both chemotherapy patients 
and people with AIDS (Pertwee 2005). 
Formulations of cannabis plant 
extracts containing THC and other 
cannabinoids also have been touted 
for treatment of multiple sclerosis 
and other neurological disorders 
(Wade et al. 2003). 

Targeting enzymes involved 
in endocannabinoid synthesis and 
degradation also is a promising 
avenue for future applied pharmaco­
logical research (Pertwee 2005). For 
example, inhibiting the fatty acid 
amide hydrolase (FAAH) enzyme 
that metabolizes AEA prolongs 
the pain-reducing function of the 
endocannabinoid system in certain 
paradigms (Hohmann et al. 2005), 
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and strategies like this may be useful 
in treating certain neuropathic pain 
disorders.    

Alcohol Interactions 
With Neurotrophins and 
Steroid Hormones 

Alcohol has been shown to alter intra­
cellular signaling induced by different 
neurotrophins. The most consistent 
finding is that acute exposure to alcohol 
inhibits the signaling and cellular effects 
produced by BDNF (Davis et al. 1999; 
Fattori et al. 2008; Li et al. 2004; 
Ohrtman et al. 2006). This inhibition 
may contribute to the damaging effects 
of fetal alcohol exposure on brain 
development but also appears to affect 
neurotrophin actions in the adult animal. 
Studies of chronic alcohol effects on 
the expression and actions of this neu­
rotrophin are more mixed (reviewed in 
Davis 2008). Chronic alcohol exposure 
in adult animals reportedly increases 
levels of BDNF mRNA in several brain 
regions (Baek et al. 1996; McGough et 
al. 2004; Tapia-Arancibia et al. 2001); 
in a few cases, levels of the protein itself 
were increased (Bruns and Miller 2007; 
Miller 2004; Miller and Mooney 2004). 
However, a number of other studies 
have reported decreases in BDNF mRNA 
or no effect (Bowers et al. 2006; 
MacLennan et al. 1995; Miller et al. 
2002; Pandey et al. 1999; Zhang et al. 
2000). Some intracellular signaling targets 
downstream from the Trk receptors, 
most notably the Fyn and Src protein 
kinases, also may be targets of acute 
and chronic alcohol actions (Miyakawa 
et al. 1997; Wang et al. 2007). 

Alcohol exposure has well-known 
effects on the levels of the corticosteroid 
hormones released from the adrenal 
glands. Acute and chronic alcohol 
exposure enhances levels of cortisol 
(the major adrenocorticoid hormone 
in humans), at least in part by increas­
ing secretion of adrenocorticotropic 
hormone from the pituitary gland 
(Gianoulakis 1998; Rivier 1996). The 
hypothalamic–pituitary–adrenal (HPA) 
axis responsible for brain stimulation 
of cortisol secretion also is activated 
during alcohol withdrawal and may 

be part of a stress-like effect of with­
drawal (Adinoff et al. 1998). Within 
the brain, alcohol also appears to inter­
act with the so-called neurosteroids, 
including the progesterone metabo­
lites that can potentiate GABAA recep­
tor function. Acute alcohol exposure 
enhances levels of progesterone in the 
blood plasma and also increases brain 
levels of allopregnanolone and other 
neurosteroids (VanDoren et al. 2000), 
and there is evidence that this mecha­
nism may contribute to some neuro­
physiological and behavioral effects 
of the drug (Biggio et al. 2007; Morrow 
et al. 2001). All of these steroid com­
pounds are released in response to 
stressful stimuli, and thus these sub­
stances may contribute to interactions 
between stressful environmental stim­
uli and the neural actions of alcohol. 

Summary 

Communication within the brain 
involves electrical activation of neurons 
and chemical transmission between 
neurons at structures called synapses. 
Transmission can be broken down into 
fast synaptic transmission mediated by 
LGICs and slower-developing neuro­
modulation mediated by GPCRs. 
Neurotrophins and steroid hormones 
also influence neuronal function by 
altering intracellular signaling pathways 
and gene expression. Extensive research 
has shown that many aspects of synap­
tic transmission are altered by alcohol 
at doses and brain concentrations 
encountered during drug ingestion. 
Alcohol can affect numerous neuro­
transmitter, neurotrophin, and steroid 
hormone systems in the brain to pro­
duce acute intoxication, as well as neuro­
adaptations that contribute to tolerance 
and dependence. The neurotoxic 
effects produced by alcohol ingestion 
also involve neurotransmitters. Many 
of the neurotransmitter systems that 
are implicated in alcohol actions are 
currently considered as potential targets 
for pharmacotherapeutic approaches 
to combating alcohol abuse and alco­
holism. Articles in this two-part series 
will describe the specific neural effects 
that contribute to different alcohol 

actions on the nervous system. Neuro­
transmitters and synaptic communica­
tion, as well as neurotrophins and 
steroid hormones, figure prominently 
in these neural effects of alcohol. ■ 

Financial Disclosure 

The author declares that he has no 
competing financial interests. 

References 

ADINOFF, B.; IRANMANESH, A.; VELDHUIS, J.; AND 

FISHER, L. Disturbances of the stress response: The 
role of the hypothalamic-pituitary-adrenal axis during 
alcohol withdrawal and abstinence. Alcohol Research 
& Health 22(1):67–72, 1998. 

AIT-DAOUD, N.; MALCOLM, R.J. JR.; AND JOHNSON, 
B.A. An overview of medications for the treatment of 
alcohol withdrawal and alcohol dependence with an 
emphasis on the use of older and newer anticonvul­
sants. Addictive Behaviors 31(9):1628–1649, 2006. 
PMID: 16472931 

ALGER, B.E. Retrograde signaling in the regulation 
of synaptic transmission: Focus on endocannabi­
noids. Progress in Neurobiology 68:247–286, 2002. 
PMID: 12498988 

ALTSHULER, H.L.; PHILLIPS, P.A.; AND FEINHANDLER, 
D.E. Alteration of ethanol self-administration by 
naltrexone. Life Sciences 26:679–688, 1980. PMID: 
6767889 

ALTAR, C.A., AND DISTEFANO, P.S. Neurotrophin 
trafficking by anterograde transport. Trends in 
Neuroscience 21(10):433–437, 1998. PMID: 9786341 

AMARA, S.G., AND SONDERS, M.S. Neurotransmitter 
transporters as molecular targets for addictive drugs. 
Drug and Alcohol Dependence 51(1–2):87–96, 1998. 
PMID: 9716932 

ARNSTEN, A.F. Stimulants: Therapeutic actions in 
ADHD. Neuropsychopharmacology 31(11):2376– 
2383, 2006. PMID: 16855530 

ARIWODOLA, O.J., AND WEINER, J.L. Ethanol poten­
tiation of GABAergic synaptic transmission may be 
self-limiting: Role of presynaptic GABA(B) recep­
tors. Journal of Neuroscience 24(47):10679–10686, 
2004. PMID: 15564584 

BAEK, J.K.; HEATON, M.B.; AND WALKER, D.W. 
Up-regulation of high-affinity neurotrophin receptor, 
trk B-like protein on western blots of rat cortex after 
chronic ethanol treatment. Brain Research: Molecular 
Brain Research 40:161–164, 1996. PMID: 8840027 

BARBACID, M. Neurotrophic factors and their recep­
tors. Current Opinion in Cell Biology 7:148–155, 
1995. PMID: 7612265 

Alcohol Research & Health 210 



Communication Networks in the Brain 

BARDE, Y.A.; EDGAR, D.; AND THOENEN, H. 
Purification of a new neurotrophic factor from 
mammalian brain. The EMBO Journal 1:549–553, 
1982. PMID: 7188352 

BARDE, Y.A. Neurotrophins: A family of proteins 
supporting the survival of neurons. Progress in 
Clinical and Biological Research 390:45–56, 1994. 
PMID: 7724649 

BARRETT, J.E., AND VANOVER, K.E. 5-HT receptors 
as targets for the development of novel anxiolytic 
drugs: Models, mechanisms and future directions. 
Psychopharmacology (Berlin) 112(1):1–12, 1993. 
PMID: 7870996 

BASAVARAJAPPA, B.S., AND HUNGUND, B.L. Chronic 
ethanol increases the cannabinoid receptor agonist 
anandamide and its precursor N-arachidonoylphos­
phatidylethanolamine in SK-N-SH cells. Journal of 
Neurochemistry 72(2):522–528, 1999. PMID: 9930723 

BASAVARAJAPPA, B.S.; COOPER, T.B.; AND 

HUNGUND, B.L. Chronic ethanol administration 
down-regulates cannabinoid receptors in mouse 
brain synaptic plasma membrane. Brain Research 
793(1–2):212–218, 1998. PMID: 9630633 

BASAVARAJAPPA, B.S.; SAITO, M.; COOPER, T.B.; 
AND HUNGUND, B.L. Stimulation of cannabinoid 
receptor agonist 2-arachidonylglycerol by chronic 
ethanol and its modulation by specific neuromodulators 
in cerebellar granule neurons. Biochimica et Biophysica 
Acta 1535(1):78–86, 2000. PMID: 11113634 

BASAVARAJAPPA, B.S.; SAITO, M.; COOPER, T.B.; 
AND HUNGUND, B.L. Chronic ethanol inhibits the 
anandamide transport and increases extracellular 
anandamide levels in cerebellar granule neurons. 
European Journal of Pharmacology 466(1–2):73–83, 
2003. PMID: 12679143 

BIGGIO, G.; CONCAS, A.; FOLLESA, P.; ET AL. Stress, 
ethanol, and neuroactive steroids. Pharmacology & 
Therapeutics 116(1):140–71, 2007. PMID: 17555824 

BOWERS, B.J.; RADCLIFFE, R.A.; SMITH, A.M.; ET AL. 
Microarray analysis identifies cerebellar genes sensi­
tive to chronic ethanol treatment in PKCγ mice. 
Alcohol 40:19–33, 2006. PMID: 17157717 

BOWERY, N.G. GABAB receptor: A site of therapeu­
tic benefit. Current Opinion in Pharmacology 6(1): 
37–43, 2006. PMID: 16361115 

BOWERY, N.; BITTEGER, H.; AND OLPE, H-R. (EDS.) 
GABAB Receptors in Mammalian Function. New 
York: Wiley and Sons, 1990. 

BRODIE, M.S.; PESOLD, C.; AND APPEL, S.B. Ethanol 
directly excites dopaminergic ventral tegmental area 
reward neurons. Alcoholism: Clinical and Experimental 
Research 23(11):1848–1852, 1999. PMID: 10591603 

BRUNS, M.B., AND MILLER, M.W. Neurotrophin 
ligand-receptor systems in somatosensory cortex of 
adult rat are affected by repeated episodes of ethanol. 

Experimental Neurology 204:680–692, 2007. PMID: 
17320080 

BRUNTON, L.; LAZO, J.; AND PARKER, K. Goodman 
& Gilman’s The Pharmacological Basis of Therapeutics. 
New York: McGraw-Hill, 2005. 

CHARNESS, M.E. Ethanol and opioid receptor signalling. 
Experientia 45:418-428, 1989. PMID: 2542082 

CHAO, M.V., AND HEMPSTEAD, B.L. p75 and Trk: 
A two-receptor system. Trends in Neuroscience 
18:321–326, 1995. PMID: 7571013 

CHEVALEYRE, V.; TAKAHASHI, K.A.; AND CASTILLO, 
P.E. Endocannabinoid-mediated synaptic plasticity 
in the CNS. Annual Review of Neuroscience 29:37– 
76, 2006. PMID: 16776579 

CHOI, D.S.; CASCINI, M.G.; MAILLIARD, W.; ET AL. 
The type 1 equilibrative nucleoside transporter regu­
lates ethanol intoxication and preference. Nature 
Neuroscience 7(8):855–861, 2004. PMID: 15258586 

COLOMBO, G.; ORRU, A.; LAI, P.; ET AL. The 
cannabinoid CB1 receptor antagonist, rimonabant, 
as a promising pharmacotherapy for alcohol depen­
dence: Preclinical evidence. Molecular Neurobiology 
36(1):102–112, 2007. PMID: 17952655 

COMPTON, W.M., AND VOLKOW, N.D. Major 
increases in opioid analgesic abuse in the United 
States: Concerns and strategies. Drug and Alcohol 
Dependence 81(2):103–107, 2006. PMID: 16023304 

CONNOR, M., AND CHRISTIE, M.D. Opioid receptor 
signalling mechanisms. Clinical and Experimental 
Pharmacology & Physiology 26(7):493–499, 1999. 
PMID: 10405772 

COUTINHO, V., AND KNÖPFEL, T. Metabotropic 
glutamate receptors: Electrical and chemical signal­
ing properties. Neuroscientist 8(6):551–561, 2002. 
PMID: 12467377 

DAVIS, M.I. Ethanol-BDNF interactions: Still more 
questions than answers. Pharmacology and 
Therapeutics 118(1):36–57, 2008. PMID: 18394710 

DAVIS, M.I.; SZAROWSKI, D.; TURNER, J.N.; ET AL. In  
vivo activation and in situ BDNF- stimulated nuclear 
translocation of mitogen-activated/extracellular signal-
regulated protein kinase is inhibited by ethanol in the 
developing rat hippocampus. Neuroscience Letters 
272:95–98, 1999. PMID: 10507550 

DAWS, L.C.; MONTAÑEZ, S.; MUNN, J.L.; ET AL. 
Ethanol inhibits clearance of brain serotonin by a 
serotonin transporter-independent mechanism. 
Journal of Neuroscience 26(24):6431–6438, 2006. 
PMID: 16775130 

DIAMOND, I.; NAGY, L.; MOCHLY-ROSEN, D.; AND 

GORDON, A. The role of adenosine and adenosine 
transport in ethanol-induced cellular tolerance and 
dependence: Possible biologic and genetic markers of 
alcoholism. Annals of the New York Academy of 
Sciences 625:473–487, 1991. PMID: 2058901 

DI MARZO, V.; GOPARAJU, S.K.; WANG, L.; ET AL. 
Leptin-regulated endocannabinoids are involved in 
maintaining food intake. Nature 410(6830):822– 
825, 2001. PMID: 11298451 

DUNWIDDIE, T.V., AND MASINO, S.A. The role and 
regulation of adenosine in the central nervous sys­
tem. Annual Review of Neuroscience 24:31–55, 2001. 
PMID: 11283304 

ERICSON, M.; LOF, E.; STOMBERG, R.; ET AL. 
Nicotinic acetylcholine receptors in the anterior, 
but not posterior, VTA mediate ethanol induced 
elevation of accumbal dopamine levels. Journal of 
Pharmacology and Experimental Therapeutics, 2008. 
(Epub ahead of print) 

FADDA, F., AND ROSSETTI, Z.L. Chronic ethanol 
consumption: From neuroadaptation to neurode­
generation. Progress in Neurobiology 56:385–431, 
1998. PMID: 9775400 

FANTEGROSSI, W.E.; MURNANE, K.S.; AND REISSIG, 
C.J. The behavioral pharmacology of hallucinogens. 
Biochemical Pharmacology 75(1):17–33, 2008. 
PMID: 17977517 

FARAONE, S.V., AND WILENS, T.E. Effect of stimu­
lant medications for attention-deficit/hyperactivity 
disorder on later substance use and the potential for 
stimulant misuse, abuse, and diversion. Journal of 
Clinical Psychiatry 68 (Suppl. 11):15–22, 2007. 
PMID: 18307377 

FATTORI, V.; ABE, S.I.; KOBAYASHI, K.; ET AL. Effects 
of postnatal ethanol exposure on neurotrophic factors 
and signal transduction pathways in rat brain. 
Journal of Applied Toxicology 28:370–376, 2008. 
PMID: 17685400 

FREDHOLM, B.B.; CHEN, J.F.; CUNHA, R.A.; ET AL. 
Adenosine and brain function. International Review of 
Neurobiology 63:191–270, 2005. PMID: 15797469 

FREDHOLM, B.B.; CHERN, Y.; FRANCO, R.; AND 

SITKOVSKY, M. Aspects of the general biology of 
adenosine A2A signaling. Progress in Neurobiology 
83(5):263–276, 2007. PMID: 17804147 

GERFEN, C.R. The neostriatal mosaic: Multiple 
levels of compartmental organization in the basal 
ganglia. Annual Review of Neuroscience 15:285–320, 
1992. PMID: 1575444 

GESSA, G.L.; MUNTONI, F.; COLLU, M.; ET AL. Low 
doses of ethanol activate dopaminergic neurons in 
the ventral tegmental area. Brain Research 348(1): 
201–203, 1985. PMID: 2998561 

GIANOULAKIS, C. The effect of ethanol on the 
biosynthesis and regulation of opioid peptides. 
Experientia 45:428–435, 1989. PMID: 2656284 

GIANOULAKIS, C. Alcohol-seeking behavior: The roles 
of the hypothalamic–pituitary–adrenal axis and the 
endogenous opioid system. Alcohol Health & Research 
World 22(3):202–210, 1998. PMID: 15706797 

Vol. 31, No. 3, 2008 211 



GINTY, D.D., AND SEGAL, R.A. Retrograde neu­
rotrophin signaling: Trk-ing along the axon. Current 
Opinion in Neurobiology 12:268–274, 2002. PMID: 
12049932 

GONZALES, R.A., AND WEISS, F. Suppression of 
ethanol-reinforced behavior by naltrexone is associ­
ated with attenuation of the ethanol-induced increase 
in dialysate dopamine levels in the nucleus accum­
bens. Journal of Neuroscience 18:10663–10671, 
1998. PMID: 9852601 

GONZALES, R.A.; JOB, M.O.; AND DOYON, W.M. 
The role of mesolimbic dopamine in the develop­
ment and maintenance of ethanol reinforcement. 
Pharmacology & Therapeutics 103(2):121–146, 2004. 
PMID: 15369680 

GRADY, S.R.; SALMINEN, O.; LAVERTY, D.C.; ET AL. 
The subtypes of nicotinic acetylcholine receptors 
on dopaminergic terminals of mouse striatum. 
Biochemical Pharmacology 74(8):1235–1246, 2007. 
PMID: 17825262 

HAAS, H., AND PANULA, P. The role of histamine 
and the tuberomamillary nucleus in the nervous 
system. Nature Reviews. Neuroscience 4(2):121–130, 
2003. PMID: 12563283 

HAYASHI, R.; WADA, H.; ITO, K.; AND ADCOCK, 
I.M. Effects of glucocorticoids on gene transcription. 
European Journal of Pharmacology 500(1–3):51–62, 
2004. PMID: 15464020 

HEILIG, M., AND KOOB, G.F. A key role for corti­
cotropin-releasing factor in alcohol dependence. 
Trends in Neuroscience 30(8):399–406, 2007. 
PMID: 17629579 

HEMMINGS, H.C., JR.; AKABAS, M.H.; GOLDSTEIN, 
P.A.; ET AL. Emerging molecular mechanisms of gen­
eral anesthetic action. Trends in Pharmacological 
Sciences 26(10):503–510, 2005. PMID: 16126282 

HOHMANN, A.G.; SUPLITA, R.L.; BOLTON, N.M.; ET 

AL. An endocannabinoid mechanism for stress-
induced analgesia. Nature 435(7045):1108–1112, 
2005. PMID: 15973410 

HOWLETT, A.C. Pharmacology of cannabinoid 
receptors. Annual Review of Pharmacology and 
Toxicology 35:607–634, 1995. PMID: 7598509 

IP, N.Y.; LI, Y.; YANCOPOULOS, G.D.; AND LINDSAY, 
R.M. Cultured hippocampal neurons show 
responses to BDNF, NT-3, and NT-4, but not 
NGF. Journal of Neuroscience 13:3394–3405, 1993a. 
PMID: 7688038 

IP, N.Y.; STITT, T.N.; TAPLEY, P.; ET AL. Similarities 
and differences in the way neurotrophins interact 
with the Trk receptors in neuronal and nonneuronal 
cells. Neuron 10:137–149, 1993b. PMID: 7679912 

JARVIS, M.F., AND WILLIAMS, M. Direct autoradio­
graphic localization of adenosine A2 receptors in the 
rat brain using the A2-selective agonist, [3H]CGS 

21680. European Journal of Pharmacology 
168:243–246, 1989. PMID: 2558026 

JOHNSON, S.W., AND NORTH, R.A. Opioids excite 
dopamine neurons by hyperpolarization of local 
interneurons. Journal of Neuroscience 12:483–488, 
1992. PMID: 1346804 

KANDEL, E.R.; SCHWARTZ, J.H.; AND JESSELL, T.M. 
Principles of Neural Science. New York: McGraw-
Hill, 2000. 

KAPLAN, D.R.; MARTIN-ZANCA, D.; AND PARADA, 
L.F. Tyrosine phosphorylation and tyrosine kinase 
activity of the trk proto-oncogene product induced 
by NGF. Nature 350(6314):158–160, 1991. PMID: 
1706478 

KAPUR, S.; AGID, O.; MIZRAHI, R.; AND LI, M. How 
antipsychotics work: From receptors to reality. 
NeuroRx 3(1):10–21, 2006. PMID: 16490410 

KITSON, S.L. 5-hydroxytryptamine (5-HT) receptor 
ligands. Current Pharmaceutical Design 13(25): 
2621–2637, 2007. PMID: 17897004 

KOOB, G.F. A role for GABA mechanisms in the 
motivational effects of alcohol. Biochemical 
Pharmacology 68(8):1515–1525, 2004. PMID: 
15451394 

KRISHNAN-SARIN, S.; WAND, G.S.; LI, X.W.; ET AL. 
Effect of mu opioid receptor blockade on alcohol 
intake in rats bred for high alcohol drinking. 
Pharmacology, Biochemistry, and Behavior 59(3): 
627–635, 1998. PMID: 9512064 

KRYSTAL, J.H.; PETRAKIS, I.L.; MASON, G.; ET AL. N­
methyl-D-aspartate glutamate receptors and alco­
holism: Reward, dependence, treatment, and vulner­
ability. Pharmacology & Therapeutics 99(1):79–94, 
2003. PMID: 12804700 

KRYSTAL, J.H.; STALEY, J.; MASON, G.; ET AL. 
Gamma-aminobutyric acid type A receptors and 
alcoholism: Intoxication, dependence, vulnerability, 
and treatment. Archives of General Psychiatry 
63(9):957–968, 2006. PMID: 16952998 

KUMAR, S.; FLEMING, R.L.; AND MORROW, A.L. 
Ethanol regulation of gamma-aminobutyric acid A 
receptors: Genomic and nongenomic mechanisms. 
Pharmacology & Therapeutics 101(3):211–226, 2004. 
PMID: 15031000 

LACHOWICZ, J.D., AND SIBLEY, D.R. Molecular 
characteristics of mammalian dopamine receptors. 
Pharmacology & Toxicology 81(3):105–113, 1997. 
PMID: 9335067 

LEE, S.P.; SO, C.H.; RASHID, A.J.; ET AL. Dopamine 
D1 and D2 receptor co-activation generates a novel 
phospholipase C-mediated calcium signal. Journal of 
Biological Chemistry 279:35671–35678, 2004. 
PMID: 15159403 

LEMARQUAND, D.; PIHL, R.O.; AND BENKELFAT, C. 
Serotonin and alcohol intake, abuse, and depen­

dence: Findings of animal studies. Biological 
Psychiatry 36(6):395–421, 1994. PMID: 7803601 

LEVI-MONTALCINI, R. The nerve growth factor 35 
years later. Science 237(4819):1154–1162, 1987. 
PMID: 3306916 

LEVI-MONTALCINI, R., AND COHEN, S. Effects of the 
extract of the mouse submaxillary salivary glands on 
the sympathetic system of mammals. Annals of the 
New York Academy of Sciences 85:324–341, 1960. 
PMID: 14416187 

LI, Z.; DING, M.; THIELE, C.J.; AND LUO, J. Ethanol 
inhibits brain-derived neurotrophic factor-mediated 
intracellular signaling and activator protein-1 activa­
tion in cerebellar granule neurons. Neuroscience 
126:149–162, 2004. PMID: 15145081 

LOVINGER, D.M. Serotonin’s role in alcohol’s effects 
on the brain. Alcohol Health & Research World 
21(2):114–120, 1997. PMID: 15704346 

LOVINGER, D.M. 5-HT3 receptors and the neural 
actions of alcohols: An increasingly exciting topic. 
Neurochemistry International 35(2):125–130, 1999. 
PMID: 10405996 

LOVINGER, D.M. Presynaptic modulation by endo­
cannabinoids. Handbook of Experimental Pharmacology 
(184):435–477, 2008. PMID: 18064422 

LOVINGER, D.M., AND HOMANICS, G.E. Tonic for 
what ails us? High-affinity GABAA receptors and 
alcohol. Alcohol 41(3):139–143, 2007. PMID: 
17521844 

MACLENNAN, A.J.; LEE, N.; AND WALKER, D.W. 
Chronic ethanol administration decreases brain-
derived neurotrophic factor gene expression in the 
rat hippocampus. Neuroscience Letters 197:105–108, 
1995. PMID: 8552271 

MALDONADO, R.; VALVERDE, O.; AND BERRENDERO, 
F. Involvement of the endocannabinoid system in 
drug addiction Trends in Neuroscience 29(4):225– 
232, 2006. PMID: 16483675 

MCGOUGH, N.N.; HE, D.Y.; LOGRIP, M.L.; ET AL. 
RACK1 and brain-derived neurotrophic factor: A 
homeostatic pathway that regulates alcohol addic­
tion. Journal of Neuroscience 24:10542–10552, 2004. 
PMID: 15548669 

MCKENNA, D.J., AND PEROUTKA, S.J. Neurochemistry 
and neurotoxicity of 3,4-methylenedioxymetham­
phetamine (MDMA, “ecstasy”). Journal of 
Neurochemistry 54:14–22, 1990. PMID: 1967141 

MILLER, M.W. Repeated episodic exposure to 
ethanol affects neurotrophin content in the forebrain 
of the mature rat. Experimental Neurology 189:173– 
181, 2004. PMID: 15296847 

MILLER, M.W., AND MOONEY, S.M. Chronic expo­
sure to ethanol alters neurotrophin content in the 
basal forebrain cortex system in the mature rat: Effects 

Alcohol Research & Health 212 



Communication Networks in the Brain 

on autocrine-paracrine mechanisms. Journal of 
Neurobiology 60:490–498, 2004. PMID: 15307153 

MILLER, R.; KING, M.A.; HEATON, M.B.; AND 

WALKER, D.W. The effects of chronic ethanol con­
sumption on neurotrophins and their receptors in 
the rat hippocampus and basal forebrain. Brain 
Research 950:137–147, 2002. PMID: 12231238 

MITCHELL, E.A.; HERD, M.B.; GUNN, B.G.; ET AL. 
Neurosteroid modulation of GABAA receptors: 
Molecular determinants and significance in health 
and disease. Neurochemistry International 52(4–5): 
588–595, 2008. PMID: 18055067 

MIYAKAWA, T.; YAGI, T.; KITAZAWA, H.; ET AL. 
Fyn-kinase as a determinant of ethanol sensitivity: 
Relation to NMDA-receptor function. Science 
278(5338):698–701, 1997. PMID: 9381182 

MOHLER, H. Benzodiazepine receptors: Mode of 
interaction of agonists and antagonists. Advances in 
Biochemical Psychopharmacology 37:247–254, 1983. 
PMID: 6314762 

MOHLER, H. GABAA receptors in central nervous 
system disease: Anxiety, epilepsy, and insomnia. 
Journal of Receptor and Signal Transduction Research 
26(5–6):731–740, 2006. PMID: 17118808 

MORROW, A.L.; VANDOREN, M.J.; PENLAND, S.N.; 
AND MATTHEWS, D.B. The role of GABAergic neu­
roactive steroids in ethanol action, tolerance and 
dependence. Brain Research. Brain Research Reviews 
37(1–3):98–109, 2001. PMID: 11744078 

NAGY, L.E.; DIAMOND, I.; CASSO, D.J.; ET AL. 
Ethanol increases extracellular adenosine by inhibit­
ing adenosine uptake via the nucleoside transporter. 
Journal of Biological Chemistry 265(4):1946–1951, 
1990. PMID: 2298733 

NARANJO, C.A., AND KADLEC, K.E. An evaluation of 
the clinical effects of serotonin uptake inhibitors in 
alcoholics. Biological Psychiatry 29:510S, 1991. 

NAASSILA, M.; LEDENT, C.; AND DAOUST, M. Low 
ethanol sensitivity and increased ethanol consump­
tion in mice lacking adenosine A2A receptors. 
Journal of Neuroscience 22(23):10487–10493, 2002. 
PMID: 12451148 

NIE, Z.; SCHWEITZER, P.; ROBERTS, A.J.; ET AL. 
Ethanol augments GABAergic transmission in the 
central amygdala via CRF1 receptors. Science 
303(5663):1512–1514, 2004. PMID: 15001778 

O’BRIEN, C.P. Anticraving medications for relapse 
prevention: A possible new class of psychoactive 
medications. American Journal of Psychiatry 
162(8):1423–1431, 2005. PMID: 16055763 

O’MALLEY, S.S., AND FROEHLICH, J.C. Advances in 
the use of naltrexone: An integration of preclinical 
and clinical findings. Recent Developments in 
Alcoholism 16:217–245, 2003. PMID: 12638640 

OHRTMAN, J.D.; STANCIK, E.K.; LOVINGER, D.M.; 
AND DAVIS, M.I. Ethanol inhibits brain-derived neu­
rotrophic factor stimulation of extracellular signal-
regulated/mitogen-activated protein kinase in cere­
bellar granule cells. Alcohol 39:29–37, 2006. PMID: 
16938627 

OKAMOTO, T.; HARNETT, M.T.; AND MORIKAWA, 
H. Hyperpolarization-activated cation current (Ih) is 
an ethanol target in midbrain dopamine neurons of 
mice. Journal of Neurophysiology 95(2):619–626, 
2006. PMID: 16148268 

PANDEY, S.C.; ZHANG, D.; MITTAL, N.; AND 

NAYYAR, D. Potential role of the gene transcription 
factor cyclic AMP- responsive element binding pro­
tein in ethanol withdrawal-related anxiety. Journal of 
Pharmacology and Experimental Therapeutics 288: 
866–878, 1999. PMID: 9918601 

PATIL, S.; ZHANG, L.; MARTENYI, F.; ET AL.. 
Activation of mGlu2/3 receptors as a new approach 
to treat schizophrenia: A randomized phase 2 clinical 
trial. Nature Medicine 13:1102–1107, 2007. PMID: 
17767166 

PERTWEE, R.G. The therapeutic potential of drugs 
that target cannabinoid receptors or modulate the 
tissue levels or actions of endocannabinoids. AAPS 
Journal 7(3):E625–E654, 2005. PMID: 16353941 

PETTINATI, H.M. Use of serotonin selective pharma­
cotherapy in the treatment of alcohol dependence. 
Alcoholism: Clinical and Experimental Research 20(7 
Suppl):23A–29A, 1996. PMID: 8904991 

PIDOPLICHKO, V.I.; DEBIASI, M.; WILLIAMS, J.T.; 
AND DANI, J.A. Nicotine activates and desensitizes 
midbrain dopamine neurons. Nature 390(6658): 
401–404, 1997. PMID: 9389479 

PIOMELLI, D.; GIUFFRIDA, A.; CALIGNANO, A.; AND 

RODRIGUEZ DE FONSECA, F. The endocannabinoid 
system as a target for therapeutic drugs. Trends in 
Pharmacological Sciences 21(6):218–224, 2000. 
PMID: 10838609 

RAVINET TRILLOU, C.; ARNONE, M.; DELGORGE, 
C.; ET AL. Anti-obesity effect of SR141716, a CB1 
receptor antagonist, in diet-induced obese mice. 
American Journal of Physiology, Regulatory, Integrative 
and Comparative Physiology 284(2):R345–R353, 
2003. PMID: 12399252 

REDDYMASU, S.C.; SOYKAN, I.; AND MCCALLUM, 
R.W. Domperidone: Review of pharmacology and 
clinical applications in gastroenterology. American 
Journal of Gastroenterology 102(9):2036–2045, 2007. 
PMID: 17488253 

REICHARDT, L.F. Neurotrophin-regulated signalling 
pathways. Philosophical Transactions of the Royal 
Society of London. Series B, Biological Sciences 361: 
1545–1564, 2006. PMID: 16939974 

REUL, J.M., AND HOLSBOER, F. Corticotropin-releas­
ing factor receptors 1 and 2 in anxiety and depres­

sion. Current Opinion in Pharmacology 2(1):23–33, 
2002. PMID: 11786305 

RIVIER, C. Alcohol stimulates ACTH secretion in 
the rat: Mechanisms of action and interactions with 
other stimuli. Alcoholism: Clinical and Experimental 
Research 20(2):240–254, 1996. PMID: 8730214 

ROBBINS, T.W., AND MURPHY, E.R. Behavioural 
pharmacology: 40+ years of progress, with a focus 
on glutamate receptors and cognition. Trends in 
Pharmacological Sciences 27(3):141–148, 2006. 
PMID: 16490260 

ROTH, B.L.; BANER, K.; WESTKAEMPER, R.; ET AL. 
Salvinorin: A potent naturally occurring nonnitroge­
nous kappa opioid selective agonist. Proceedings of the 
National Academy of Sciences of the United States of 
America 99(18):11934–11939, 2002. PMID: 
12192085 

SANGER, D.J. The pharmacology and mechanisms of 
action of new generation, non-benzodiazepine hyp­
notic agents. CNS Drugs 18 (Suppl. 1):9–15, 2004. 
PMID: 15291009 

SCHWARTZ, J.C.; MALFROY, B.; AND DE LA BAUME, 
S. Biological inactivation of enkephalins and the role 
of enkephalin-dipeptidyl-carboxypeptidase 
(“enkephalinase”) as neuropeptidase. Life Sciences 
29(17):1715–1740, 1981. PMID: 6272046 

SIEGHART, W., AND SPERK, G. Subunit composition, 
distribution and function of GABA(A) receptor sub­
types. Current Topics in Medicinal Chemistry 
2(8):795–816, 2002. PMID: 12171572 

SIGEL, E. Mapping of the benzodiazepine recogni­
tion site on GABAA receptors. Current Topics in 
Medicinal Chemistry 2(8):833–839, 2002. PMID: 
12171574 

SIGGINS, G.R.; ROBERTO, M.; AND NIE, Z. The 
tipsy terminal: Presynaptic effects of ethanol. 
Pharmacology & Therapeutics 107(1):80–98, 2005. 
PMID: 15963352 

SINNER, B., AND GRAF, B.M. Ketamine. Handbook 
of Experimental Pharmacology (182):313–333, 2008. 

STACY, M., AND GALBREATH, A. Optimizing long-
term therapy for Parkinson disease: Levodopa, 
dopamine agonists, and treatment-associated dyski­
nesia. Clinical Neuropharmacology 31(1):51–56, 
2008. PMID: 18303491 

STELL, B.M.; BRICKLEY, S.G.; TANG, C.Y.; ET AL. 
Neuroactive steroids reduce neuronal excitability 
by selectively enhancing tonic inhibition mediated 
by delta subunit-containing GABAA receptors. 
Proceedings of the National Academy of Sciences of the 
United States of America 100:14439–14444, 2003. 
PMID: 14623958 

SURMEIER, D.J., AND KITAI, S.T. D1 and D2 
dopamine receptor modulation of sodium and potas­
sium currents in rat neostriatal neurons. Progress in 
Brain Research 99:309–324, 1993. PMID: 7906427 

Vol. 31, No. 3, 2008 213 



TAPIA-ARANCIBIA, L.; RAGE, F.; GIVALOIS, L.; ET AL. 
Effects of alcohol on brain-derived neurotrophic fac­
tor mRNA expression in discrete regions of the rat 
hippocampus and hypothalamus. Journal of 
Neuroscience Research 63:200–208, 2001. PMID: 
11169630 

THOMPSON, A.J., AND LUMMIS, S.C. The 5-HT3 
receptor as a therapeutic target. Expert Opinion on 
Therapeutic Targets 11(4):527–540, 2007. PMID: 
17373882 

THORSELL, A. Neuropeptide Y (NPY) in alcohol 
intake and dependence. Peptides 28(2):480–483, 
2007. PMID: 17239487 

UNSICKER, K. GDNF: A cytokine at the interface of 
TGF-betas and neurotrophins. Cell Tissue Research 
286(2):175–158, 1996. PMID: 8854886 

VANDOREN, M.J.; MATTHEWS, D.B.; JANIS, G.C.; 
ET AL. Neuroactive steroid 3alpha-hydroxy-5alpha­
pregnan-20-one modulates electrophysiological and 
behavioral actions of ethanol. Journal of Neuroscience 
20(5): 1982–1989, 2000. PMID: 10684899 

VENGELIENE, V.; BILBAO, A.; MOLANDER, A.; AND 

SPANAGEL, R. Neuropharmacology of alcohol addic­
tion. British Journal of Pharmacology 154(2):299– 
315, 2008. PMID: 18311194 

VOLKOW, N.D.; WANG, G.J.; TELANG, F.; ET AL. 
Profound decreases in dopamine release in striatum 

in detoxified alcoholics: Possible orbitofrontal 
involvement. Journal of Neuroscience 27(46): 
12700–12706, 2007. PMID: 18003850 

WADE, D.T.; ROBSON, P.; HOUSE, H.; ET AL. 
A preliminary controlled study to determine whether 
whole-plant cannabis extracts can improve intractable 
neurogenic symptoms. Clinical Rehabilitation 
17:21–29, 2003. PMID: 12617376 

WANG, L.; LIU, J.; HARVEY-WHITE, J.; ET AL. 
Endocannabinoid signaling via cannabinoid receptor 
1 is involved in ethanol preference and its age-depen­
dent decline in mice. Proceedings of the National 
Academy of Sciences of the United States of America 
100(3):1393–1398, 2003. PMID: 12538878 

WANG, J.; CARNICELLA, S.; PHAMLUONG, K.; ET AL. 
Ethanol induces long-term facilitation of NR2B­
NMDA receptor activity in the dorsal striatum: 
Implications for alcohol drinking behavior. Journal 
of Neuroscience 27(13):3593–3602, 2007. PMID: 
17392475 

WEINER, J.L., AND VALENZUELA, C.F. Ethanol mod­
ulation of GABAergic transmission: The view from 
the slice. Pharmacology & Therapeutics 111(3): 
533–554, 2006. PMID: 16427127 

WILLIAMS, J.T.; CHRISTIE, M.J.; AND MANZONI, O. 
Cellular and synaptic adaptations mediating opioid 

dependence. Physiological Reviews 81(1):299–343, 
2001. PMID: 11152760 

WINKELMAN, J.W.; ALLEN, R.P.; TENZER, P.; AND 

HENING, W. Restless legs syndrome: Nonpharmacologic 
and pharmacologic treatments. Geriatrics 62(10):13– 
16, 2007. PMID: 17922563 

WONG, D.F.; MAINI, A.; ROUSSET, O.G.; AND 

BRASIC, J.R. Positron emission tomography: A tool 
for identifying the effects of alcohol dependence on 
the brain. Alcohol Research & Health 27(2):161–173, 
2003. PMID: 15303627 

WOODWARD, J.J. Ethanol and NMDA receptor sig­
naling. Critical Reviews in Neurobiology 14(1):69–89, 
2000. PMID: 11253956 

WURST, F.M.; RASMUSSEN D.D.; HILLEMACHER, T.; 
ET AL. Alcoholism, craving, and hormones: The role 
of leptin, ghrelin, prolactin, and the pro-opiome­
lanocortin system in modulating ethanol intake. 
Alcoholism: Clinical and Experimental Research 
31(12):1963–1967, 2007. PMID: 18034691 

ZHANG, L.; DHILLON, H.S.; BARRON, S.; ET AL. 
Effects of chronic ethanol administration on expres­
sion of BDNF and trkB mRNAs in rat hippocam­
pus after experimental brain injury. Brain Research. 
Molecular Brain Research 79:174–179, 2000. PMID: 
10925157 

Alcohol Research & Health 214 


