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Alcohol 

 

 Alcohol is the most widely abused drug in the United States and throughout the 

world. By the time American students graduate from high school over 80% will have 

used alcohol and nearly 30% of these students will have used it heavily. Because alcohol 

is so readily available and used by such a large proportion of the population it is no 

wonder that it leads to the most prevalent of all of the substance abuse disorders. 

According to the National Institute on Alcohol Abuse and Addiction, approximately 6% 

of the population over 18 years of age has an alcohol abuse problem and alcohol 

continues to contribute to nearly 25% of all automobile fatalities.  

 While we may never know when alcohol was first produced and consumed it was 

most likely the result of fruit or grain fermentation by a fortuitous incident. The earliest 

evidence of the intentional fermentation of an alcoholic beverage comes from the 

discovery of large Stone-Age jugs for the making of beer about 12000 years ago. Wine 

production in China may be dated back more than 9000 years and wine making is 

depicted in Egyptian pictographs dating back as far as 6000 years.  Clearly, the 

production of alcoholic beverages from the fermentation of grains and fruits has a long 

history.  
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 The distillation of alcohol from grains appeared much later during the 2
nd

 

millennium BC in the region now known as Iraq while large-scale distillation of alcohol 

for spirits probably didn’t occur until the 1
st
 century AD in Greece. The modern 

distillation of spirits began in the early 1400s in Ireland where whiskey making was first 

described by monks. Soon after a variety of drinks including gin, vodka, and rum were 

produced by distillation in different regions around the world.  Prior to modern 

distillation, the alcohol content of alcoholic beverages remained between 3 to 15 percent. 

With the wide implementation of distillation processes the alcohol concentration in 

beverages increased dramatically and so too did its abuse potential.   

 Distillation is essentially a separation process rather than a chemical process. In 

alcohol distillation, alcohol is separated from other fermentation products by heating. 

Because alcohol has a lower boiling point it evaporates early in the heating process. This 

alcohol vapor is then cooled as purified alcohol. Although distillation can result in pure 

ethyl alcohol (ethanol), most hard liquors and spirits are about 40 to 50 percent alcohol. 

Typically the alcohol content of hard liquors is represented as proof alcohol. The term 

proof may have originated in the 18
th

 century when British sailors were paid with 

provisions of rum. To prove that the rum was not diluted with water it was mixed with 

gunpowder and ignited. If the mixture burned this was proof that the alcohol content was 

at least 50 percent (actually closer to 57 percent). Thus, rum that was at least 57% alcohol 

was 100 percent proven to be undiluted. Today alcohol proof is exactly two times the 

alcohol percent by volume. For example, a spirit that is 40 percent alcohol is considered 

80 proof. 

 



 3 

Pharmacology of Alcohol 

Absorption 

 Alcohol (ethanol) is both water and fat soluble and it readily diffuses across all 

cell membranes. Once ingested, ethanol rapidly passes through the blood brain barrier 

allowing neural tissues to reach blood alcohol levels quickly.  Peak blood levels are 

typically reached between 30 and 60 minutes depending on both alcohol concentration 

and whether other substances are present in the stomach and digestive track. Higher 

alcohol concentrations (stronger drinks) diffuse more rapidly than lower concentrations 

and the availability of foods in the stomach and intestines delays distribution since most 

alcohol (about 80%) is absorbed through the walls of the small intestine while the rest is 

absorbed by the stomach or excreted through sweat, respiration, and urine immediately 

after absorption. Because alcohol is so readily absorbed by all tissues a pregnant woman 

exposes her fetus to the same blood levels as herself since alcohol easily passes through 

the placenta.  

  

Figure 1: Molecular structure of ethanol (CH3CH2OH or C2H5OH). 

 

 Blood alcohol concentration (BAC) is typically expressed as grams of alcohol in 

100 milliliters of blood. For example, 80 milligrams of alcohol in 100 milliliters of blood 

is equivalent to 0.08 grams per 100 ml. Sometimes this is expressed as a percent of 



 4 

alcohol by weight in blood.  The somewhat arbitrary legal limit for intoxication in most 

states is 0.08 or 0.08 percent. Rather than measure the alcohol content of blood directly, 

most sobriety tests rely on the strong correlation between blood alcohol and the alcohol 

expired through respiration. A breathalyzer can immediately estimate blood alcohol 

concentrations (BAC) by analyzing a sample of your breath which contains alcohol 

passed from the blood stream into the lungs. A common misconception is that this 

alcohol can be concealed by breath mints that mask the odor of alcohol.  

 

 

Figure 2: Blood alcohol concentrations (BAC) are typically measured in milligrams of 

alcohol per 100 milliliters of blood.  After consuming 100 ml of a 90% alcohol (180 

proof) solution peak blood levels are reached within 45 minutes in this example. A blood 

alcohol concentration of 80 mg/100 ml would be the same as 0.08 percent (.08 grams per 

100 ml) which is the legal limit for intoxication in most states. 

 

 The level of intoxication an individual experiences at a particular BAC varies 

significantly. While some may be considerably impaired at a BAC of 0.04 percent 

another may function quite normally. Table 1 describes some of the effects typically 

observed at different blood alcohol concentrations in percent.  
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Table 1: Common behavioral and cognitive effects of different levels of alcohol 

intoxication. 

 

Metabolism of alcohol 

 The metabolism of alcohol begins immediately after consumption. Approximately 

90 to 95 percent of ingested alcohol is metabolized by the enzyme alcohol 

dehydrogenase while the remaining 5 to 10 percent is excreted through perspiration and 

BAC % Common Behavioral and Cognitive Effects 

.01-.05 

Increased heart and respiration rates 

Moderate detrimental effects on cognitive and motor tasks 

Mild sense of euphoria and anxiolysis 

Reinforcement 

.06-.10 

Moderate sedation 

Decreases in attention , increased reaction time, impaired motor coordination 

Significant cognitive impairment 

Depression and irritability 

.10-.15 

Significant increases in reaction time and impairment in cognition and judgement 

Agitation and irritability (aggressiveness) 

Significant impairment of balance and movement 

Impaired vision 

Slurred speech 

Nausea and vomiting 

.16-.29 
Severe sensory impairment, including reduced awareness of external stimulation 

Severe motor impairment, e.g., frequently staggering or falling 

.30-.39 
Nonresponsive stupor and loss of consciousness 

Significant anesthesia  

Respiratory depression and possible death 

.40 & up 
Unconsciousness 

Respiratory depression 

Death for most individuals at these levels 
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respiration or metabolized by another liver enzyme P450. P450, or cytochrome P450, is 

an essential enzyme found in most biological systems that is essential to oxidative 

reactions involved in metabolism. Some alcohol is metabolized by this oxidative reaction. 

Only a small fraction of alcohol is excreted in the urine unmetabolized. Small amounts of 

alcohol dehydrogenase in the stomach begin to metabolize alcohol immediately. If the 

stomach is full alcohol absorption is delayed and more of it is metabolized in the 

stomach. Once alcohol enters the small intestine it is quickly absorbed into the blood 

supply which carries it to the liver where the remaining portion (80 to 85 percent) is 

metabolized by liver alcohol dehydrogenase. Alcohol that is metabolized by stomach and 

liver enzymes before it has had a chance to enter tissues is called first-pass metabolism. 

Approximately 25 to 30 percent of ingested alcohol is metabolized before or during its 

first pass through the liver.  Once tissue and blood levels have equilibrated metabolism 

continues at a slower rate. On average about 17 mg of alcohol per 100 ml of blood is 

metabolized each hour. This is essentially equivalent to the amount of alcohol in a shot of 

40 percent alcohol (whiskey), a 4 oz glass of 12 percent wine, or a 12 oz bottle of beer. 

The amount of alcohol metabolized each hour depends on the availability of alcohol 

dehydrogenase and its coenzyme nicotinamide adenine dinucleotide (NAD). 

Nicotinamide adenine dinucleotide is considered a rate-limiting enzyme because its 

availability determines the rate of alcohol metabolism. As a coenzyme in alcohol 

metabolism, NAD
+
 (positively charged) facilitates a reduction reaction (the transfer of an 

electron) that results in the release of energy. In alcohol metabolism NAD
+
 is reduced to 

NADH during the production of adenosine triphosphate (ATP) which is a source of 

cellular energy.  
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 Because men and women have different levels of alcohol dehydrogenase they 

metabolize alcohol at quite different rates. Women have less stomach alcohol 

dehydrogenase than men do and may metabolize 50 percent less alcohol in their stomach 

than men. In addition, women typically have a greater fat to muscle ratio than men 

meaning that they have less blood for a proportional body weight as fat has a lower blood 

supply than muscle. Both of these factors contribute to greater blood concentrations in 

women than in men for equivalent doses of alcohol.  

 During its first phase of metabolism alcohol is converted into acetaldehyde which 

is highly toxic. Acetaldehyde is quickly metabolized by the enzyme aldehyde 

dehydrogenase into acetic acid. Genetic variations in both the expression and form of 

aldehyde dehydrogenase have profound effects on alcohol metabolism. For example, a 

small proportion of the Asia population codes for an inactive form of aldehyde 

dehydrogenase meaning that acetaldehyde is not further converted into acetic acid in 

these individuals. Even small amounts of alcohol result in toxic levels of acetaldehyde 

which causes nausea, vomiting, sweating, dizziness, and severe headaches—more severe 

forms of the symptoms many have experienced as a hangover.  The drug dilsulfiram 

(Antabuse) inhibits aldehyde dehydrogenase and causes these same symptoms in 

alcoholics who use it to discourage drinking.  Acetic acid is oxidized into CO2 and water.  
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Figure 3: The metabolism of alcohol into acetaldehyde and further into acetic acid 

depends on the availability of the enzymes alcohol dehydrogenase and aldehyde 

dehydrogenase and the coenzyme nicotinamide adenine dinucleotide (NAD
+
). 

 

Mechanisms of Alcohol Action: Pharmacodynamics 

 Although alcohol is a simple molecule its pharmacodynamics are far from simple. 

As mentioned above, alcohol is both water and fat soluble and because of this it exerts 

effects on a wide range of cellular functions and systems. To describe the 

pharmacodynamics of alcohol we will consider both its nonspecific and its specific 

effects on neuronal functioning.  

 Alcohol’s nonspecific effects include its effects on all cellular membranes. By its 

ability to dissolve into the lipid cell membrane, alcohol disrupts several cell processes. In 

the past it was believed that alcohol’s main mechanism of action was membrane 

fluidization.  Alcohol was presumed to act as a neuronal depressant and as an anesthetic 

by dissolving in cell membranes and making them more fluid. This fluidization disturbs 

membrane several processes including the movement of ions through channels, the 

conductance of membrane potentials, and the release and storage of neurotransmitter 

substances (Figure 4, 1-3).  Membrane fluidization seems to account for many of 

alcohol’s generalized depressant and analgesic effects at higher doses.   
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 Fluidization does not, however, account for many other effects of alcohol. These 

effects, typically at lower doses, include cognitive and motor disruptions, euphoria, 

anxiolysis, and reinforcement. To account for these effects we will examine how alcohol 

specifically alters the synaptic activity of several neurotransmitter systems. 

 

 

Figure 4: Specific and nonspecific effects of alcohol on neuronal membranes. (1) 

Fluidization alters lipid composition and distorts cell membrane. This affects the 

conductance of membrane potentials. (2) Interacts with proteins imbedded in cell 

membrane. Altering the function of membrane proteins disrupts internal cell processes 

including the synthesis and storage of neurotransmitters and disrupting neurotransmitter 

reuptake. (3) Interacts with ion channel. Fluidization interferes with the movement of 

ions across cell membranes.  (4) Binds to receptor sites on receptor complex. Alcohol 

acts as an acetylcholine antagonist, as a glutamate antagonist, and as an agonist at 

GABA receptors. (5) Stimulates the G-protein that regulates the activity of the second 

messenger cyclic adenosine momophosphate (cAMP). 

 

 

Alcohol effects on neurotransmitter systems 

 

GABA 

 Perhaps the most important of alcohol’s specific actions is its agonistic effect on 

GABA receptors, specifically the GABAA receptor. It has long been known that many of 

alcohol’s behavioral effects are mediated by enhanced GABA activity. Early evidence for 

this comes from studies showing that alcohol effects are dependent upon both increased 
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GABA binding to its receptors as well and the influx of Cl
-
 that the GABAA receptor 

controls. What is not well understood is whether alcohol binds to a specific receptor site, 

as do the barbiturates and benzodiazepines, or whether it acts in some other facilitative 

way. Because GABA synapses control the activity of many neuronal systems including 

glutamate, dopamine, and the opioids, a description of alcohol effects on GABA 

receptors is essential for a complete understanding of alcohol’s behavioral effects. 

 

 

 

Figure 5:  GABAA receptor complex controls an ion channel for Cl
-
. Several distinct 

receptor subtypes on the GABAA complex have been identified. These include receptor 

subtypes for barbiturates, benzodiazepines, steroids, and perhaps alcohol. The drug  

Ro15-4513 and alcohol appear to binds to the delta ‘∆’ receptor. 

 

 Recent evidence does suggest that alcohol may bind to specific GABAA receptors 

including the delta ∆ receptor. Some of the strongest evidence for alcohol’s specificity for 

delta receptors comes from studies using the drug Ro15-4513 which is a powerful 

competitive antagonist for alcohol effects. When Ro15-4513 is administered to 

intoxicated animals the behavioral effects of alcohol intoxication are immediately 

reversed. Because Ro15-4513 is known to competitively bind to the delta ∆ receptor, it is 
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presumed that alcohol also has an affinity for this receptor subtype (Olsen et al., 2007; 

Santhakumar et al., 2007).   

 

 

 

Figure 6: Four adult female rats 20 min after an injection of ethanol with or without the 

alcohol antagonist Ro15-4513. Two rats (middle) that received ethanol alone are 

severely impaired and are lying down, while the two animals that received Ro15-4513 

with ethanol show no signs of visible intoxication (left and right). From Suzdak et al. 

(1986). 

 

 Chronic exposure to alcohol during pregnancy has long been known to cause 

damage to developing brains and to cause fetal alcohol syndrome (FAS). One 

contribution to these deleterious effects of prenatal alcohol exposure is an upregulation of 

fetal GABAA receptor expression in the cerebral cortex and the hippocampus. Chronic 

alcohol exposure typically leads to the downregulation of specific GABAA receptor 

subtypes and an upregulation of others (see section on tolerance below). Alterations in 

GABAA receptor expression have been shown to contribute to cognitive and behavioral 

deficits in experimental animals (Iqbal et al., 2004).  Additionally, alcohol consumption 

during pregnancy can lead to disruptions in normal GABAergic cell migration in fetal 
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brains because of increased GABA availability in the cerebral cortex (Cuzon et al., 2008). 

A characteristic symptom of FAS is abnormal cortical morphology and development.  

 

 

 

Glutamate 

 At high concentrations alcohol is a powerful antagonist of the N-methyl-D-

aspartate (NMDA) subtype of glutamate receptors. These receptors are widely 

distributed throughout the brain and spinal cord and play important roles in learning and 

memory as well as the general excitability of cortical neurons. The activation of NMDA 

receptors results in the opening of ion channels for Na
+
 and Ca

++
 influx and K

+
 efflux, all 

of which produce excitatory postsynaptic potentials in receiving neurons. NMDA 

receptors are all ligand-gated receptors, meaning that ion flow only occurs when 

neurotransmitter is bound to receptors.  

 The antagonism of NMDA receptors by alcohol contributes to its impairment of 

learning and memory as well as to its amnesiac effects during intoxication at moderate 

doses and memory blackouts at higher doses. Chronic exposure to alcohol use contributes 

to NMDA receptor upregulation and appears to account for intensified CNS activity and 

seizures often observed in alcoholics during abstinence and alcohol withdrawal. 

 

Dopamine 

 Alcohol has a powerful effect on dopamine activity in the mesolimbic system. 

Injections of alcohol directly into the ventral tegmental area (VTA) increases dopamine 
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release in the nucleus accumbens (NA) (Doyon et al., 2004; Rodd et al., 2004). 

Additionally, alcohol ingestion at intoxicating doses also increases dopamine release in 

these regions. It is widely accepted that alcohol’s euphoric and reinforcing effects are 

mediated by increased mesolimbic dopamine activity. Drugs that block dopamine binding 

also disrupt the self-administration of alcohol in laboratory animals (Cowen et al., 2005; 

Gonzales et al., 2004). The mechanisms by which alcohol increases dopamine release 

remain unknown.   

 Dopamine neurons in the VTA are regulated by a large population of GABAergic 

neurons within this region. Increasing GABA release by alcohol would therefore inhibit 

dopamine activity in the VTA and the subsequent release of dopamine in the NA. Indeed, 

GABAA receptor blockade in the VTA results in increased mesolimbic dopamine 

activity. Recent evidence by Theile et al (2008) suggests that alcohol causes a biphasic 

effect on dopamine activity. First, alcohol causes an initial increase in dopamine 

excitability in the mesolimbic system followed by GABA mediated inhibition. Therefore, 

the effects of alcohol on mesolimbic dopamine release may be limited by neural 

inhibition in the VTA. It is also quite possible that there are two distinct populations of 

VTA dopamine neurons with different sensitivities to GABA inhibition, as there appear 

to be for opioid neurons in these same brain regions (Ford et al., 2006).  

 Although it is clear that alcohol does alter dopamine activity, at least initially, and 

it does support limited self-administration by animals, its abuse and addictive potential is 

certainly less than that of the psychostimulants like cocaine and the amphetamines. A 

significant proportion of the population uses alcohol frequently and only a small fraction 

of these become addicted.  
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Opioids  

 Acute alcohol administration is also known to increase opioid activity in several 

brain regions including the VTA. As described in Chapter 8, opioids contribute to 

increased dopamine activity in the VTA by inhibition of GABAergic inhibitory control 

over dopamine release (inhibition of inhibition). At least part of alcohol’s effects on 

dopamine neurons is mediated by opioid suppression of GABAergic inhibition (Job et al., 

2007; Kang-Park et al., 2007; Xiao et al., 2007).  Drugs such as the opiate antagonist 

naloxone significantly blunt alcohol-induced dopamine release while opiate agonists 

enhance it. This indirect mechanism of enhanced mesolimbic dopamine activity appears 

to contribute significantly to alcohol’s reinforcing properties. 

 In summary, alcohol affects the activity of most major neurotransmitter systems 

either directly as it does with GABA and glutamate and/or indirectly as it does with 

dopamine and the opiates. Because of alcohol’s widespread nonspecific effects on these 

systems, just exactly how alcohol exerts its behavioral effects remains somewhat unclear.  

To complicate this already confusing picture, long-term exposure to alcohol contributes 

to a host of cellular adaptations including receptor downregulation. These adaptations 

appear to play roles in alcohol tolerance as well as dysphoria and seizures associated with 

abstinence.  

 

Alcohol tolerance and dependence 

 The development of tolerance to alcohol depends on both one’s pattern of 

drinking (sporadic binge drinking or frequent drinking) as well as the amount of alcohol 
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consumed during a drinking bout (one or two drinks or numerous drinks leading to heavy 

intoxication). Individuals who consume a few drinks sporadically develop little or no 

tolerance to alcohol while heavy, frequent drinkers develop it quite rapidly. Another 

factor that influences alcohol tolerance is the use of other drugs in the sedative or 

antianxiety classes. For example, the use of barbiturates or benzodiazepines can 

contribute to alcohol tolerance by a process referred to as cross tolerance. Cross 

tolerance occurs when drugs share similar mechanisms of action. In this case GABAA 

agonism is the common mechanism. Individuals who have developed tolerance to 

benzodiazepines, for example, will demonstrate tolerance to alcohol even when they have 

no history of alcohol use. Tolerance to alcohol, and to other drugs, develops with 

contributions from several different mechanisms.  

Metabolic tolerance 

 Metabolic tolerance occurs as the liver produces compensatory increases in 

alcohol dehydrogenase and P450.  Because over 90 percent of all alcohol is metabolized 

by these enzymes even small increases in their availability can increase alcohol 

metabolism significantly. It is estimated that metabolic tolerance contributes to about 25 

percent of all tolerance to alcohol. The remaining mechanisms for tolerance include 

cellular tolerance and behavioral tolerance. 

 

Cellular tolerance 

 Cellular tolerance includes several distinct adaptations to neuronal functioning 

including receptor and cAMP downregulation. Chronic exposure to alcohol contributes to 

excessive GABAergic activity followed by receptor internalization (downregulation). 
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Tolerance appears to result as specific GABAA receptor subtypes are no longer expressed 

on cell surfaces. GABAA receptors fall into several subunit classes including alpha, beta, 

gamma, and delta subtypes. Each of these subtypes has several additional forms that are 

traditionally numbered (e.g., 1-4). Chronic alcohol intake appears to contribute to 

significant internalization of the alpha 1 GABAA receptors (Kumar et al., 2003, 2004; 

Liang et al., 2007). Alpha 1 GABAA receptors are widely expressed in the cortex and the 

mesolimbic system which may account for tolerance to alcohol’s cognitive and motor 

effects as well as to its reinforcing effect. Not all GABAA receptors are downregulated by 

chronic alcohol exposure. In fact, alpha 4 subtypes in the hippocampus appear to increase 

with chronic exposure. These differences in GABAA receptor expression may account for 

different symptoms observed during alcohol abstinence after chronic exposure. 

 

Behavioral tolerance 

 Animals and humans demonstrate significant motor impairment during alcohol 

intoxication. If, however, animals are allowed to practice difficult motor tasks under the 

influence of alcohol they develop tolerance to these disruptive effects. Tolerance to these 

motor effects of alcohol is called behavioral tolerance and it can be distinguished from 

cellular, metabolic, and associative tolerance in animal experiments.  For instance, in one 

experiment a group of rats was trained to run on a treadmill to avoid small electric foot 

shocks under the influence of alcohol while other rats were given the same amount of 

alcohol but after the training sessions. During testing all animals performed the avoidance 

task under the influence of alcohol, but only the group of animals that were trained under 

the influence of alcohol demonstrated good avoidance. Experiments like this one show 
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that behavioral tolerance to alcohol can be learned (Wenger et al., 1981).  This learning 

appears to involve adjustments to motor coordination (operant conditioning) in the 

presence of alcohol onset cues.  

 Another term for behavioral tolerance is state dependent learning since animals 

tend to perform better when tested under the same physiological or drug state as they 

were in during training. In this case performance is dependent upon the animal’s alcohol 

state during training. 

 

 

Figure 7: Avoidance performance as measured by time off of the treadmill under the 

influence of alcohol. Intoxicated animals received alcohol before daily training sessions, 

the alcohol after group received the same amount of alcohol after daily training sessions, 

and the control group received saline. All animals were tested under the influence of 

alcohol (data from Wenger et al., 1981).  

 

Associative tolerance 

 It is important to point out here that behavioral tolerance (a learned behavioral 

adaptation to alcohol’s motor effects) is not the same as the associative tolerance 

discussed in previous chapters.  Associative tolerance refers to Pavlovian conditioned 

responses elicited by drug onset cues--often the drug administration context.  It is 

presumed that these elicited responses include the rapid internalization of receptors, 
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making fewer available for drug or neurotransmitter binding. Associative tolerance to 

alcohol effects has been demonstrated by Siegel and his colleagues (Siegel, 1987).  The 

details of synaptic adaptations that underlie associative tolerance have not been 

completely worked out, but they do seem to involve glutamate NMDA receptors.  

 

Dependence 

 Dependence on alcohol is expressed by a pattern of symptoms typically observed 

during abstinence after chronic alcohol use. The duration and severity of these symptoms 

depends on several factors including the duration of heavy alcohol use, the amount of 

alcohol used, and genetic factors that control for the neuronal adaptations that occur 

during alcohol exposure. The symptoms of dependence include nausea and vomiting, 

headache, sweating, tremors, and seizures during alcohol abstinence. In severe cases of 

long-term alcohol (or benzodiazepine or barbiturate) abuse, delirium tremens (DTs) can 

occur.  Symptoms of DTs include confusion, agitation, fever, tachycardia, and 

hypertension. If left untreated DTs may be fatal in as many as 35 percent of cases. 

Delirium tremens are typically managed by sedation with benzodiazepines which can be 

gradually tapered off over the course of treatment. It is believed that the symptoms of 

dependence are the result of neural adaptations to GABAA receptor expression that occur 

during chronic alcohol use. In the absence of alcohol these adaptations (primarily 

GABAA receptor downregulation) cause perturbations in the regulation of a variety of 

physiological systems. 
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Pharmacological treatment of alcohol dependence  

 The prevalence of severe alcohol dependence and addiction in the United States is 

between 5 to 7 percent of the population, but as high as 10 percent among young adults 

between the ages of 18 to 29.  The pharmacological treatment of alcohol dependence 

begins during the early stages of withdrawal by managing these symptoms with 

benzodiazepines. Because of the similarity in mechanism of action, benzodiazepines can 

diminish the severity of these symptoms as neuronal systems begin to revert back to pre 

alcohol states. In addition to benzodiazepine treatment a number of other drugs have been 

used to diminish cravings which also occur during alcohol withdrawal. The opiate 

antagonist naltrexone seems to be the most effective. Table 2 summarizes several of the 

most common drugs used to treat alcohol dependence and addiction. Although several 

appear to withstand rigorous treatment outcome studies, many have limited value in 

treating alcohol abuse.  

 A promising new line of research is investigating the role of the cannabinoid 

(CB1) receptor in substance abuse. A number of animal studies suggest that the CB1 

receptor plays a significant role in alcohol preference. For example, CB1 knockout mice 

that lack the CB1 receptor show increased sensitivity to alcohol and a diminished 

alcohol-reinforcing effect. Additionally, deleting the CB1 receptor gene eliminates 

voluntary alcohol intake by laboratory animals. The CB1 receptor antagonist, 

Rimonabant (SR141716) also reduces voluntary alcohol intake in both humans and 

experimental animals (Basavarajappa, 2007).  The use of experimental CB1 antagonists 

in further research will be needed to substantiate these findings and to demonstrate its 

clinical effectiveness in treating substance abuse.  

Drug Mechanism of Action Effectiveness (recent reviews) 
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Table 2: Pharmacological treatment options for alcohol dependence and addiction.  

 

 

Nicotine 

 

Figure 8: A field of tobacco plants (Nicotiana tabacum) growing in North America. 

Diazepam (Valium)  GABAA receptor agonist, 

benzodiazepine 

Effective in reducing the severity 

of withdrawal symptoms 

(Lejoyeux et al., 1998). 

Naltrexone Opiate antagonist Effective in reducing the severity 

of cravings. Does not reduce 

recidivism rates 

(Richardson et al., 2008; Snyder 

et al., 2008). 

Acamprosate GABAA agonist, NMDA 

antagonist 

Limited effectiveness in reducing 

cravings and recidivism rates 

(Richardson et al., 2008; Snyder 

et al., 2008). 

Fluoxetine (SSRIs) Selective serotonin reuptake 

inhibitor 

Limited effectiveness when 

alcohol abuse is comorbid with 

depression or anxiety (Cornelius 

et al., 2008). 

Disulfiram (Antabuse) Inhibits conversion of 

acetaldehyde into acetic acid. 

Causes nausea and vomiting 

when used with alcohol.  

Effective in compliant patients 

but compliance is low unless 

supervised (Suh et al., 2006). 

Bupropion (Wellbutrin) Dopamine agonist, antidepressant Limited effectiveness (Torrens et 

al., 2005). 

Rimonabant (SR141716) Cannabinoid (CB1) antagonist Effective in a limited number of 

studies (Le Foll et al., 2008; 

Soyka et al., 2008) 
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 Nicotine is a pharmacologically active alkaloid produced by the tobacco plant 

Nicotiana tabacum. The tobacco plant appears to have been indigenous to the Americas 

but has spread around the world. Evidence for its first cultivation and use date back at 

least 5000 years by the natives of South America. Tobacco use played an important role 

in the culture and medicinal practices of indigenous Americans. Europeans were first 

introduced to tobacco after the return of Columbus who received dried tobacco leaves as 

gifts from the inhabitants of the West Indies. By the early 1500s tobacco was being 

planted and cultivated in Europe where it had a great appeal. Shortly after its arrival in 

Europe, American settlers were introduced to tobacco by North American Indians who 

smoked it in small pipes. By the 1700s Tobacco use had spread around the world.  

 In 2006 the Centers for Disease Control (CDC) estimated that the prevalence of 

smoking in the United States was 20.8 percent in adults over the age of 18 years.  This is 

approximately 46 million smokers. Smoking contributes directly to roughly 438,000 

deaths each year in the US and to an annual health care cost of over $167 billion dollars.  

Each year about 60 percent of current smokers attempt to quit but fewer than 5 percent of 

these will be successful. On the bright side, nearly half of all American smokers will 

eventually quit and the prevalence of smoking in the United States continues to decline 

from its all time high of just over 50 percent of adults 40 years ago to fewer than 21 

percent now. Cigarette sales, however, continue to increase in many countries and 

smoking is now considered to be the second major cause of death and the leading 

preventable cause in the world. Thirty percent of the world’s smokers live in China where 

it is promoted by the government which produces, controls, and profits from cigarette 

sales. Over 350 million Chinese citizens smoke tobacco, which is more than the entire US 



 22 

population. The World Health Organization (WHO) considers smoking tobacco to be a 

global epidemic.  

 

Pharmacology of Nicotine 

Absorption 

 The typical cigarette contains between 0.5 to 2.0 milligrams of nicotine. Only a 

small percent of this actually reaches the blood stream as the rest goes up in side stream 

smoke, is captured by filters, or is destroyed by burning. Nicotine is highly lipid soluble 

and readily enters the circulatory system through the linings of the mouth and lungs as 

well as all skin and mucosal surfaces. Once in the blood nicotine easily crosses the blood 

brain barrier. The inhalation of smoked tobacco produces the highest plasma levels of 

nicotine which begins to enter the brain within 5 to 10 seconds of inhalation.  Other 

routes of administration including iv injections produce substantially lower peak levels, 

but within 30 to 45 minutes the blood levels of nicotine are essentially the same for all 

methods of administration.  The metabolic half-life of nicotine is approximately 90 to 120 

minutes in adults. In a fetus or newborn exposed to maternal nicotine, however, the half-

life can be three to four times longer. Chronic smokers regulate their blood levels by 

adjusting the interval between cigarette smoking. During long periods of abstinence, as 

during sleeping, blood levels drop and symptoms of withdrawal may begin to emerge. 

Regular smokers experience the most severe cravings upon waking during the night or 

early in the morning.  



 23 

 

Figure 9: Time course of blood plasma levels of nicotine after several different routes of 

administration. Cigarette smoking yields the highest plasma levels. 

 

 Most nicotine is metabolized by the P450 liver enzyme CYP2A6 and aldehyde 

oxidase during first-pass metabolism. About 80 percent of nicotine is metabolized into 

cotinine which is excreted along with several other minor metabolites in the urine.  

 A genetic variation in the gene which codes for the expression of CYP2A6 has 

been identified in about 20 percent of the population. This deficit decreases the rate of 

nicotine metabolism since most nicotine is metabolized by CYP2A6. Interestingly these 

individuals tend to smoke less and they have a lowered risk of tobacco dependence and 

tobacco-associated disease (Pianezza et al., 1998; Siu et al., 2008). Presumably this 

decreased risk of dependency is a consequence of more stable, but lower blood levels of 

nicotine, similar to wearing a nicotine patch. This conclusion is supported by animal 

studies showing that the rate of nicotine self-administration is positively associated with 

increased rates of nicotine metabolism (Siu et al., 2006).   
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Figure 10:  The metabolism of nicotine into its principle metabolite cotinine by the P450 

enzyme CYP2A6. 

 

Mechanisms of Nicotine Action: Pharmacodynamics 

 Nicotine has a high binding affinity for a subtype of the ionotropic acetylcholine 

receptor. This receptor subtype was in fact named the nicotinic acetylcholine receptor 

(nAChR) because of nicotine’s binding affinity. The nicotinic acetylcholine receptor is 

constructed from a number of subunits referred to as alpha 2 through 10 and beta 2 

through 4. These subunits are arranged around a central ion channel that controls the 

influx of positively charged ions. While some nAChR configurations control K
+
 and Ca

++
 

channels, the majority control an ionotropic Na
+
 channel. Once nicotine or acetylcholine 

bind to the receptor complex, the ion channel opens rapidly. The ion channel returns to its 

closed configuration after nicotine diffuses away. Typically nicotine remains bound to the 

nAChR for only 1 to 2 milliseconds. High doses of nicotine, however, can have 

prolonged receptor-activating effects as high levels of the drug remain in proximity to the 

receptor. These nAChRs can be found both pre and post synaptically. Presynaptic 
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nAChRs cause an increase in the release of neurotransmitter from the receiving neuron. 

When nicotine binds to a receptor controlling the influx of Ca
++

 it activates a Ca
++ 

dependent second messenger system.  These metabotropic synapses are much slower and 

their actions longer-sustained than ionotropic receptors. These metabotropic receptors 

have been found presynaptically where they function to increase the synthesis and release 

of neurotransmitters.  

 

Figure 11: Nicotine binds to acetylcholine nicotinic receptors (nAChRs) which control 

ion channels for Na
+
, K

+
, or Ca

++
 influx.   

 

 Nicotinic acetylcholine receptors are widely distributed throughout the central and 

peripheral nervous systems.  In the peripheral nervous system nicotinic receptor sites are 

located in neuromuscular junctions of voluntary muscles. Nicotine stimulates these 

receptors and can cause muscle tremors.  Nicotine also increases heart rate and blood 

pressure, decreases body temperature, stimulates the release of epinephrine from the 

adrenal glands, increases muscle contraction and activity of the bowel, and causes a 

constriction of blood vessels in the skin. This latter effect may be what causes premature 

wrinkling of the skin in smokers and why facial wrinkles associated with aging can be 

diminished with acetylcholine antagonists (e.g., Botox). In the central nervous system 
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nAChRs are found in the cerebral cortex, the thalamus, the hippocampus, the ventral 

tegmental area, and regions of the basal ganglia. Nicotinic receptors are also located in 

the brainstem raphe nuclei and in the locus coeruleus.  

 Because of the wide distribution of nicotinic receptors we would be correct in 

presuming nicotine has significant effects on a variety of behavioral and physiological 

functions. For example, nicotine increases arousal and cognitive functioning in both 

humans and in laboratory animals. These effects are observed as increased cortical 

arousal measured by electroencephalograph (EEG), decreases in motor reaction time, and 

improved recall memory. Because of these effects, nicotine and other cholinergic drugs 

have been used to treat the cognitive deficits associated with Alzheimer’s disease and 

other forms of dementia (Hernandez et al., 2005; Levin et al., 1998; Murray et al., 2002).  

Nicotine may also be used to improve symptoms in individuals with attention-

deficit/hyperactivity disorders (ADHD).  In a recent study of young, non-smoking ADHD 

adults, nicotine administered by a skin patch was shown to decrease excessive behaviors 

and to improve several cognitive and reaction time measures (Potter et al., 2008). 

 

Nicotine tolerance and sensitization 

 Tolerance to nicotine is both complex and incomplete. Tolerance to several of 

nicotine’s physiological and behavioral effects is observed following repeated nicotine 

administration in both humans and in animals. In fact, tolerance may need to occur to its 

aversive effects before nicotine’s reinforcing effects may be experienced. For instance, 

early exposures to nicotine produce dizziness and nausea which quickly disappear 

following repeated administration. Smokers would likely cease smoking if tolerance to 
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these effects didn’t occur quickly. These effects may also occur in laboratory animals. 

Nicotine self-administration is often difficult to obtain in experimental animals and very 

dependent upon the procedures for administration. The most effective method to establish 

self-administration in animals is to initially force-administer nicotine. After a period of 

forced consumption animals will respond for injections of nicotine on intermittent 

schedules of infusion.  The initial period of forced administration may be sufficient to 

induce tolerance to nicotine’s aversive effects.  

 Nicotine’s effects are complicated by the fact that both tolerance and behavioral 

sensitization occur following repeated exposure. Numerous studies have demonstrated 

that repeated nicotine exposure contributes to tolerance to its behavior activating effects. 

While initial treatment causes decreases in locomotor activity, chronic treatment 

produces behavioral sensitization. Tolerance to nicotine is typically lost after several days 

of abstinence (e.g., Stolerman et al., 1973). In an experiment conducted by Collins et al., 

(1990) rats were given subcutaneous infusions of either saline or nicotine for 7 days. 

After chronic nicotine or saline administration all animals were given nicotine and 

exposed to an open field to measure locomotor activity. Control animals given prior 

exposure to saline demonstrated behavioral suppression while nicotine treated animals 

developed behavioral sensitization. As tolerance develops to nicotine’s behavior 

suppressing effects animals show increased locomotor activity. 
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Figure 12: Tolerance to nicotine’s behavior depressant effects. Animals received either 

chronic saline treatment followed by a saline during open field testing (CS-S), chronic 

saline treatment followed by nicotine before testing (CS-N), or chronic nicotine treatment 

followed by nicotine before testing (CN-N). The effects of nicotine on activity in the open 

field was also examined 4 (Day 4) and 8 (Day 8) days after nicotine abstinence. 

Tolerance to nicotine is observed as an increase in activity (behavioral sensitization) in 

the nicotine treated animals (CN-N) but not in the saline pre treated animals (CS-N). 

Tolerance was lost after 4 days of abstinence. (from Collins et al., 1990). 

 

 Tolerance and sensitization to nicotine occurs in two stages. The first stage is 

referred to as acute tolerance which occurs rapidly during the course of administration or 

immediately following it. Acute nicotine tolerance appears to result from rapid nAChR 

desensitization resulting in a closing of the cation channel.  This desensitization 

essentially attenuates further nicotine effects on its receptor. After repeated 

administration the second stage of sensitization develops which is represented by up 

regulation of specific subtypes of nAChRs. This effect of nicotine appears paradoxical 

since repeated administration of most receptor agonists leads to receptor downregulation 

while repeated nicotine administration appears to lead to up regulation. A widely 

expressed subtype of nAChR that undergoes up regulation is the alpha 4 beta 2 (α4β2) 

receptor type. The α4β2 receptor exists in two activational states. In its resting state 
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nicotine only binds with low affinity to the α4β2 receptor, but in an up regulated state 

nicotine binds with a much higher affinity. Nicotine exposure appears to induce structural 

changes to α4β2 receptors on the cell’s surface as well as the intracellular receptors that 

may become expressed on the surface.  Once in the up regulated state these receptors 

have an increased affinity for nicotine (Sallette et al., 2004; Vallejo et al., 2005; Walsh et 

al., 2008). Other nicotinic receptor subtypes may also undergo similar structural changes.  

 It is believed that nicotine’s behavioral sensitization effects may be mediated by 

up regulation of nAChRs in the ventral tegmental area and its projections to the nucleus 

accumbens, the prefrontal cortex (the mesolimbic-cortical system), and the striatum and 

by nicotine’s agonistic effect on dopamine release in these regions (Buisson et al., 2001; 

Li et al., 2008; Tapper et al., 2004; Vann et al., 2006). Up regulation of the α4β2 

receptors in the mesolimbic system may underlie dependence and addiction. 

 

Figure 13: Behavioral sensitization as expressed as increased activity to single and 

repeated nicotine injections in rats (data from Li et al., 2008). 
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Figure 14: Exposure of the α4β2 nicotinic receptors to nicotine changes their state from 

a resting, low-affinity state (white) to an up regulated high-affinity state (gray). Because 

nicotine readily crosses cellular membranes both surface and intracellular receptors 

undergo structural changes (from Vallejo et al., 2005). 

 

 

Figure 15: (A) MRI images showing 8 brain regions. (1) PFC = prefrontal cortex; (2) 

Acg = anterior cingulate gyrus; (3) NAcc = nucleus accumbens; (4) VP = ventral 

pallidum; (5) HP = hippocampus; (6) VTA = ventral tegmental area; (7) VC = visual 

cortex; (8) SEP = septum. (B) Activation in many brain structures in response to a single 

dose of nicotine. (C) Increased activation in response to the fifth dose of nicotine shows 

up regulation and sensitization (from Li et al., 2008). 
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Nicotine dependence 

 From the preceding discussion it is clear that even brief exposure to nicotine 

induced structural changes to the nicotinic α4β2 receptor. These changes to their high-

affinity state underlie behavioral sensitization and nicotine dependence. In some 

individuals, with presumably different genetic propensities for these structural changes, 

up regulation and sensitization may occur after smoking one or two cigarettes (DiFranza, 

2008; Scragg et al., 2008). Up regulation of nicotinic receptors has been shown to occur 

within minutes of nicotine exposure (Walsh et al., 2008). 

 Up regulation of nicotinic receptors induces increased dopamine release from 

neurons in the mesolimbic-cortical system. Prolonged nicotine exposure causes 

downregulation of these dopamine receptors and is believed to underlie nicotine 

dependence and the cravings associated with withdrawal. Like other drugs of abuse 

including cocaine, the amphetamines, the opiates, and alcohol, nicotine stimulates 

dopamine release which contributes to its dependence and addictive potential. During 

abstinence and cravings neural activity in a number of brain regions including the orbital 

frontal cortex, the pre frontal cortex, the cingulate cortex, and the nucleus accumbens is 

increased. Increased activity of these mesolimbic-cortical structures mediates cravings to 

smoke and maintain nicotine addiction (Fehr et al., 2008; Wang et al., 2007). 
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Figure 16: Even though there has been little debate among scientists about the addictive 

potential of nicotine since the early 1950s, executives from major tobacco companies 

testified before congress in 1994 that nicotine was not addictive.  

 

Pharmacological treatment for nicotine dependence 

 The health consequences of using tobacco products are both well known and 

numerous. They include lung, esophageal, pancreatic, kidney, and oral cancer; pulmonary 

disease; heart disease; increased risk of stroke; and numerous complications to 

pregnancies just to name the most common.  Although the numerous mechanisms by 

which tobacco products cause these diseases are not the topic of this text, some of the 

treatment options are. 

 As stated in the outset of this section, of the 46 million tobacco users in the US, 

about 60 percent will attempt to quit each year. Of these, only about 5 percent will be 

successful for a full year or more.  The good news is that about half of everyone who has 

ever used tobacco will eventually be successful in quitting, but typically after many 

unsuccessful attempts.   

 To assist those who need help there are several pharmacological alternatives. 

These include nicotine replacement therapy (NRP), bupropion (Zyban), varenicline 

(Chantix), and potentially nicotine immunization.  
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Nicotine replacement 

 Nicotine replacement therapies include over the counter (OTC) nicotine 

transdermal patches (Nicoderm, Habitrol, and Nicotrol), nicotine gum (Nicorette and 

Polacrilex), and nicotine lozenges (Commit).  Because these products contain doses of 

nicotine the cravings associated with tobacco abstinence are blunted. The idea behind 

NRT is to transfer the delivery of nicotine from tobacco products to a method of 

administration that can be gradually tapered off and eliminated. In addition, many of the 

health hazards associated with tobacco use can be avoided. Smokers often find, however, 

that NRT is not always effective. The slower absorption of nicotine from these products 

is not a substitute for the rapid absorption of nicotine inhalation. Furthermore, smokers 

find that it is more difficult to regulate nicotine doses with these products than with 

smoking. 

 There are also several prescription nicotine supplements including nicotine sprays 

(Nicotrol, NicoNovum) and nicotine inhalers (Nicotrol). These methods were designed to 

deliver nicotine more quickly and in a manner similar to smoking than transdermal 

nicotine patches. Nicotine replacement therapies are all more effective than placebos 

when compared in randomized clinical trials. In some studies NRT nearly doubled the 

success rate of quitting (Burns et al., 2008; Eisenberg et al., 2008).  

 

Bupropion (Zyban) 

 Bupropion was briefly discussed with the antidepressants. As you may recall, 

bupropion had an unusual mechanism of action for an antidepressant. Rather than block 

the reuptake of serotonin and or norepinephrine, bupropion preferentially blocks the 
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reuptake of dopamine.  Increasing dopamine activity by reuptake blockade appears to 

decrease the severity of cravings associated with nicotine abstinence. A long acting form 

of bupropion (Zyban) has been approved for smoking cessation.  

 

Varenicline (Chantix) 

 The newest drug to be approved for smoking cessation is varenicline (Chantix) 

which is a partial agonist for the nicotine α4β2 receptor and it appears to weakly agonize 

other nicotinic receptors as well. Varenicline has a half-life of about 24 hours.  In clinical 

trials varenicline has been demonstrated to be as effective as NRT and bupropion in 

reducing the severity of cravings and in maintaining abstinence from smoking (Eisenberg 

et al., 2008; Niaura et al., 2008). However, the FDA recently issued an alert suggesting 

that varenicline may be associated with an increased risk of psychiatric symptoms. The 

Federal Aviation Administration also announced that varenicline was not approved for 

pilots and air traffic controllers for these same reasons. Whether varenicline remains 

approved for treating symptoms of smoking cessation remains to be seen.  

 

Nicotine immunization 

 Although still not approved by the FDA, animal studies and clinical trials indicate 

that nicotine immunization may be a promising therapy for nicotine dependence. At the 

present two approaches to nicotine vaccination are being investigated. One approach is to 

immunize with a catabolic antibody that increases the rate of nicotine metabolism. This 

method of immunization is referred to as passive immunization since it does not recruit 

the production of antibodies by the body, but rather it works by increasing nicotine’s 
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enzymatic metabolism significantly. Another approach is to use active immunization 

against the nicotine molecule itself. In active nicotine immunization, the nicotine 

molecule is conjugated with an immunogenic protein and administered by injection. This 

conjugate stimulates the production of antibodies against the protein as well as to 

nicotine. Nicotine-specific antibodies attack nicotine in the blood and prevent its passage 

through tissue membranes into the brain. Both active and passive immunization have 

been shown to be effective in eliminating self-administration of nicotine in animals 

(LeSage et al., 2008) and to decrease nicotine-induced dopamine release in the nucleus 

accumbens (de Villiers et al., 2002).  

 A major difference between immunotherapy for nicotine dependence and drug 

treatment for nicotine withdrawal is that immunization only prevents the drug from 

entering the brain, it does not thwart withdrawal. In fact, immunization alone would 

precipitate withdrawal symptoms. Whether nicotine vaccination can be used to 

effectively treat smoking dependence remains to be seen. A potential problem with all 

immunotherapies against drugs (cocaine, amphetamine, or nicotine) is that users can 

overwhelm the antibody with increased doses of the drug (Johnson & Ettinger, 2000).  

 

 

Caffeine 
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Figure 17: Coffee (Coffea) is a genus of small trees or shrubs native to Africa and 

southern Asia. Of the more than 90 species of Coffea, Coffea arabica is considered to be 

the most suitable for making fine coffee. The fruits or beans of the Coffea plant are dried 

and roasted for brewing.  

 

 

 

Figure 18: Tea plants are evergreens of the Camellia family native to China, Tibet, and 

northern India. The two main varieties of the tea plant are Camellia sinensis which is 

grown in the mountainous regions of central China and Japan and Camellia assamica 

which grows in tropical climates of Northeast India and the Szechuan and Yunnan 

provinces of China.  

 

 

 

 Caffeine, an alkaloid found in a variety of plants including coffee shrubs, tea 

plants, and cocoa plants is the most widely used psychoactive drug in the world. While 

caffeine is primarily consumed in naturally caffeinated beverages such as coffee and tea, 

it is added to a number of other beverages, over the counter analgesics including 

Excedrin and Anicin, and alertness-promoting drugs like NoDoz and Vivarin. A small 

amount of caffeine is also available in products containing chocolate.  
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Beverage Caffeine in 

milligrams 

Red Bull (8.2 oz) 80.0 

Jolt (12 oz) 71.2 

Coca-Cola (12 oz) 34.0 

Brewed Coffee (8 oz) 100-200 

Espresso (2 oz) 100-150 

Tea (8 oz) 40-60 

Hot Chocolate (8 oz) 10-15 

 

Table 3: Approximate caffeine amount in several common caffeinated beverages. The 

amount of caffeine in coffees, teas, and espresso drinks varies widely and depends on 

variety and preparation methods. 

 

 
Product (1 tablet) Caffeine in milligrams 

Vivrin 200 

NoDoz 200 

Excedrine 65 

Anacin 32 

 
Table 4:  Caffeine amount in several common over-the-counter remedies. 

 

 

Pharmacology of Caffeine 

 

 

Figure 19: Molecular structure of caffeine. 
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Absorption and metabolism 

 Caffeine is readily absorbed by the stomach and small intestine within 30 to 60 

minutes following ingestion. After absorption it is distributed to all bodily tissues 

including the brain. Because of its water solubility caffeine is freely distributed 

throughout all body fluids. Peak plasma concentrations are reached within 2 hours. 

Caffeine is metabolized by the hepatic enzyme P450 into two active metabolites and one 

inactive metabolite. Caffeine is eliminated from the body after metabolism and its 

metabolites are excreted through the urine. Only about 2% of caffeine is excreted 

unchanged.  

 The half-life of caffeine is approximately 3 to 4 hours. Its half-life is increased to 

about 10 hours in women taking oral contraceptives or who are pregnant. Caffeine readily 

crosses the placental barrier and reaches comparable levels in a fetus where its half-life 

may be much longer. In newborns and infants the half-life of caffeine is as long as 80 

hours. This can lead to significant blood levels in infants of mothers who drink 

caffeinated beverages while breastfeeding. 

 

Pharmacological effects of caffeine 

 Consumers of caffeinated beverages are familiar with many of caffeine’s 

physiological effects which include CNS stimulation (increased alertness and insomnia), 

increases in heart and respiratory rates, and its diuretic effects. Caffeine is also a powerful 

constrictor of cerebral blood vessels making it a useful remedy for the treatment of some 

types of headaches, including migraines. For this reason it is added to several over-the-

counter analgesics (Table 4). Caffeine, and its active metabolite theobromine are also 
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effective antiasthmatics because they relaxes bronchial muscles allowing for greater 

airflow into the lungs.  Caffeine and theobromine are mild ergogenic aids since they 

increases cardiac contractility and output and they dilates coronary arteries allowing for 

greater levels of oxygen to the heart. Caffeine was listed as a banned substance by many 

sport organizations including the Olympics until 2004 when it was finally removed from 

the list of banned substances. It is still banned by the National Collegiate Athletic 

Association (NCAA), however. Whether caffeine increases athletic performance remains 

debatable, but numerous studies using a variety of testing protocols have found 

significant improvement in endurance sports (e.g., Cox et al., 2002).  In addition to 

caffeine’s effects on cardiac functioning, caffeine may also increase carbohydrate 

metabolism and facilitate muscle glycogen replacement both during and after prolonged 

exercise (Pedersen et al., 2008).   

 People suffering from anxiety are typically sensitive to caffeine’s CNS 

stimulating effects and may experience heightened anxiety following its administration. 

Individuals with anxiety disorders are therefore advised to abstain from caffeinated 

products entirely.  Anxiety may also be precipitated in normal individuals who consume 

over 500 milligrams of caffeine over a several hour period. Caffeine overdose, referred to 

as caffeinism, causes anxiety, irritability, muscle tremors, and insomnia which are often 

referred to as caffeine jitters. Extreme caffeinism may precipitate mania, disorientation, 

delusions, and even temporary psychosis. Caffeine overdose may also cause cardiac 

arrhythmia, high heart rate and blood pressure, and gastrointestinal distress. The lethal 

dose of caffeine is considered to be approximately 150 to 200 milligrams per kilogram of 

body weight. This would be approximately 10,000 milligrams of caffeine or about 100 
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cups of coffee.  Because of the large amount of caffeinated beverage that would need to 

be consumed for a lethal overdose, as you must expect this would be extremely rare. 

However, caffeine overdose can occur with abusers of caffeine tablets.  Death by caffeine 

overdose typically follows ventricular fibrillation.  

 

Mechanisms of Caffeine Action: Pharmacodynamics 

 Caffeine exerts its effects by several mechanisms including its effects on 

receptors as well as its effects within cells on cAMP metabolic pathways. Caffeine’s 

principle mechanism of action, however, is antagonism of the neuromodulator 

adenosine. Perhaps because of the structural similarity of caffeine and the purine 

component (circled in Figure 20) of the adenosine compound, caffeine easily binds to 

adenosine receptors and inhibits adenosine effects. Adenosine is a product of normal 

cellular activity. It is formed during the breakdown and synthesis of adenosine 

monophosphate (AMP) which is a nucleotide found in all forms of ribonucleic acid 

(RNA) and deoxyribonucleic acid (DNA). Adenosine monophosphate is therefore a 

byproduct of cellular activity.  As cells become more active, as a result of stimulation, 

adenosine is produced and released by the activated cell and it acts upon the presynaptic 

cell to inhibit neurotransmitter release. Because of its backwards-acting effect, adenosine 

is referred to as a retrograde neuromodulator. Adenosine acts on presynaptic cells and 

inhibits their release of neurotransmitter, thereby turning down the adenosine-releasing 

cell’s activity. Readers who see the similarities here with auto and heteroreceptor 

modulation are correct. The difference here is not in the inhibitory effect, but in the origin 

of the inhibiting modulator. In the case of retrograde neuromodulation, the modulation of 
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transmitter release comes from the neuron that was activated initially. High rates of cell 

activity increase the rate of adenosine accumulation resulting in a decrease in its firing 

rate. 

 

 

Figure 20: Molecular structure of adenosine. The circled purine segment resembles the 

structure of caffeine.  

 

 

 

Figure 21: Adenosine acts as a retrograde neuromodulator inhibiting the release of 

neurotransmitter from presynaptic neurons which in turn decreases the firing rate of the 

adenosine-releasing neuron. 

 

 

 Adenosine receptors are present in almost all brain areas with highest 

concentrations in the hippocampus, cerebral cortex, cerebellum, and the thalamus. 

Adenosine receptors are also found on dopaminergic cells within the striatum. Four 
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distinct G-protein coupled adenosine receptor subtypes have been described; A1, A2A, 

A2B, and A3, but the A1 and A2A subtypes are considered to be the most important for 

understanding caffeine action.  The A2B and A3 receptors appear to regulate internal 

metabolic pathways. The A1 and A2A subtypes modulate neurotransmitter release. 

Specifically, adenosine on these receptors acts to inhibit the release of the 

neurotransmitters dopamine, serotonin, norepinephrine, and glutamate. Caffeine appears 

to increase the release of these neurotransmitters by competitively blocking adenosine 

receptors and by reversing adenosine inhibition of intracellular cAMP-phosphodiesterase 

activity (Daly et al., 1998). cAMP-phosphodisterase is an essential enzyme for the cAMP 

second messenger pathway. Caffeine is also known to block intracellular Ca
++

 activity 

and to block GABAA receptors at even higher doses.  It is the increase in neural activity 

resulting from these effects that are believed to underlie caffeine’s effects on arousal, 

cognitive performance, and motor activity as well as its effects on peripheral systems.  

 
Figure 22: Effects of caffeine on adenosine and GABAA  receptors and on intracellular 

messenger systems depends on concentration. At low doses, equivalent to one or two cups 

of coffee, caffeine primarily blocks adenosine A1 and A2A receptors. At higher, toxic, 

doses caffeine blocks GABAA receptors, inhibits intracellular Ca
++

 release, and disrupts 

cAMP-phosphodiesterase activity (from Daly & Fredholm, 1998). 
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Caffeine tolerance and dependence 

 Tolerance to caffeine’s sleep-disruptive, cardiovascular, respiratory, and motor 

stimulating effects occurs quickly and can be observed after one to two weeks of 

moderate (400 mg/day) caffeine consumption. Other caffeine effects including its effects 

on cognitive performance and mood show little evidence of tolerance. The degree of 

tolerance to caffeine, therefore, depends on which caffeine effect is being investigated. 

Tolerance to caffeine is believed to be mediated by the upregulation of adenosine 

receptors which corresponds well with the development of tolerance. All CNS and 

peripheral adenosine receptors do not undergo upregulation at the same rate, so tolerance 

accross different caffeine effects is quite variable when it does occur. 

 Consumers of caffeinated beverages are well aware of the consequences of 

skipping their daily measure of caffeine. Abstinence in regular caffeine users often leads 

to mild-to-moderate withdrawal symptoms which include headache, irritability, 

depression, drowsiness, and fatigue. These effects can begin within a few hours of 

abstinence but typically peak in severity between 24 and 48 hours. Withdrawal symptoms 

usually disappear within 3 to 5 days, corresponding to the time course of downregulation 

of adenosine receptors.  The symptoms of withdrawal are caused in part by vasodilatation 

and an increase in blood flow. An increase in cerebral blood flow can cause severe 

headaches and it is the reason why caffeine is added to several common headache 

remedies. A decrease in norepinephrine, dopamine, and serotonin release following the 

upregulation of adenosine receptors may contribute to irritability, depression, lack of 

motivation, and fatigue. As most of us know well, the annoying symptoms of caffeine 

withdrawal are quickly relieved by caffeine consumption.  



 44 

 The health hazards, if any, of regular caffeine consumption are negligible even 

though caffeine is considered to be a dependence-producing substance. The widespread 

and extensive use of caffeinated beverages, therefore, does not appear to be a significant 

threat to the consumer or to society. Unlike the other substances covered in this chapter, 

caffeine is not addictive.  

 
--------------------------------------------------------------------------------------------------- 
 
 
Glossary of Terms in Bold 

 

 

ethyl alcohol (ethanol) alcohol produced during fermentation of sugars in fruits or 

grains.  

 

proof a measure of the amount of alcohol in a beverage or spirit. Proof alcohol is exactly 

twice the percent alcohol. Thus, 50 percent alcohol is 100 proof.  

 

Blood alcohol concentration (BAC)  the amount of alcohol in blood. Expressed as either 

grams per milliliter of blood or as a percent weight. The legal limit for intoxication in 

most states is 0.08 percent. BAC can be estimated by a breathalyzer which measure the 

amount of alcohol excreted in breath. 

 

alcohol dehydrogenase the principle metabolite of alcohol. 

 

P450  (cytochrome P450) is the liver enzyme that is essential in oxidative metabolic 

reactions.  Many drugs are metabolized by P450. 

 

first-pass metabolism  drugs that are ingested are partially metabolized by stomach and 

liver enzymes before the remaining unmetabolized drug enters the bloodstream.  

 

nicotinamide adenine dinucleotide a rate-limiting coenzyme involved in alcohol 

metabolism. See also alcohol dehydrogenase. 

 

aldehyde dehydrogenase the principle enzyme involved in alcohol metabolism. See also 

nicotinamide adenine dinucleotide. 

 

dilsufiram (Antabuse) a drug that inhibits the aldehyde dehydrogenase metabolism of 

acetaldehyde. Causes illness and can discourage drinking.  

 



 45 

fluidization an increase in the fluids (alcohol) within cell membranes. Fluidization 

disrupts membrane processes and the ability of ions to pass through them. 

 

Ro15-4513  competitive antagonist of alcohol at GABA delta receptors.  

 

fetal alcohol syndrome (FAS)  serious developmental disorder caused by alcohol 

exposure during prenatal development.  

 

N-methyl-D-aspartate (NMDA) a subtype of the glutamate receptor. Believed to be 

involved in long-term potentiation. 

 

ligand-gated receptor  a receptor where ion flow only occurs when the receptor is 

activated by a neurotransmitter or pure agonist. 

 

cross tolerance  tolerance to a drug can occur as a consequence of tolerance being 

developed to a similarly acting drug. Benzodiazepine tolerance can contribute to alcohol 

tolerance without prior alcohol exposure. 

 

metabolic tolerance  tolerance that develops as a result of increased rates of drug 

metabolism.  

 

cellular tolerance tolerance that develops as a result of cellular adaptations that decrease 

or downregulate cell activity. 

 

behavioral tolerance a form of operant conditioning or behavioral adaptation where 

training under the influence of a drug enhances performance later when under the 

influence of the same drug. See state-dependent learning 

 

state dependent learning  a form of operant conditioning or behavioral adaptation where 

animals tend to perform better when tested under the same physiological or drug state as 

they were in during training. See behavioral tolerance. 

 

associative tolerance a form of Pavlovian conditioning where drug onset cues elicit 

cellular adaptations contributing to drug tolerance.  

 

dependence  a physiological state resulting from long-term exposure to certain drugs. 

Symptoms of dependence can include nausea, vomiting, delirium tremens, headache, 

sweating, nervousness, and agitation. See also addiction. 

 

addiction a debilitating form of dependence resulting from exposure to drugs that rapidly 

increase dopamine activity and induce synaptic adaptations in the mesolimbic system. 

 

delirium tremens  a state characterized by confusion, agitation, fever, tachycardia, and 

hypertension that occurs during abstinence from chronic alcohol abuse. 
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Rimonabant (SR141716)  a cannabinoid CB1 receptor antagonist. May be useful in 

treating substance abuse. 

 

nicotine a pharmacologically active alkaloid produced by the tobacco plant Nicotiana 

tabacum 

 

cotinine primary metabolite of nicotine 

 

CYP2A6  P450 liver enzyme that metabolizes nicotine into cotinine. 

 

nicotinic acetylcholine receptor a subtype of the acetylcholine receptor constructed 

from a number of subunits referred to as alpha 2 through 10 and beta 2 through 4. The 

nicotinic receptor controls channels for either Na
+
, K

+
, or Ca

++
 

 

Botox  an acetylcholine antagonist derived from botulism toxin used in dermatology to 

decrease facial wrinkles. 

 

behavioral sensitization an increase in motor behavior following chronic exposure to 

certain stimulant drugs.  

 

Acute nicotine tolerance  the first stage of nicotine tolerance resulting from rapid 

internalization of nACh receptors.  

 

nicotine replacement therapy (NRP)  a form of treatment for nicotine dependence 

where controlled doses of nicotine are administered through gums, lozenges, or 

transdermal patches. 

 

caffeine an alkaloid found in a variety of plants including coffee shrubs, tea plants, and 

cocoa plants. 

 

theobromine an active metabolite of caffeine. May be used to treat asthma.   

 

caffeinism  a consequence of caffeine overdose which causes anxiety, irritability, muscle 

tremors, and insomnia. Extreme caffeineism may precipitate mania, disorientation, 

delusions, and even temporary psychosis. Caffeine overdose may also cause cardiac 

arrhythmia, high heart rate and blood pressure, and gastrointestinal distress. 

 

adenosine an inhibitory neuromodulator and a product of normal cellular activity. 

Formed during the breakdown and synthesis of adenosine monophosphate (AMP). 

 

purine  a structural component of the adenosine molecule that resembles the form of 

caffeine.  

 

retrograde neuromodulator  a neuromodulator that is produced and released by an 

activated neuron that acts backwards to inhibit the activity of the activating neuron.  

Adenosine is a retrograde neuromodulator. 


