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This article reviews studies of a 
potential role for acetaldehyde, 
a toxic byproduct of alcohol 

(i.e., ethanol) metabolism, in ethanol’s 
effects in the central nervous system 
(CNS); the metabolism of ethanol to 
acetaldehyde in the brain; the metabolism 
of acetaldehyde in brain cells; the results 
of ethanol oxidation to form acetalde-
hyde; and acetaldehyde’s effects on 
behavior. The studies cited primarily 
are those dealing with acute or very 
short-term administration of ethanol. 
The role of acetaldehyde in tolerance 
and dependence or in the peripheral 
effects of ethanol is not covered. 

Acetaldehyde’s Role in	 
Ethanol’s Effects 	

Acetaldehyde, a toxic byproduct of	 
ethanol metabolism, may be at least	 
partially responsible for ethanol’s actions	 
in the CNS (Hunt 1996; Hashimoto 
et al. 1989; Bergamaschi et al. 1988; 
Zimatkin and Deitrich 1997; Thadani 
and Truitt 1977; Collins et al. 1988; 

Heap et al. 1995). However, several 
factors cast doubt on this hypothesis. 
First, avid metabolism of acetaldehyde 
by the liver keeps blood levels of 
acetaldehyde following ethanol inges-
tion extremely low (Sippel and Eriksson 
1975). The levels of acetaldehyde in 
most people after ethanol ingestion are 
nearly undetectable in the blood, on 
the order of one micromole.1 Second, 
even if the blood acetaldehyde levels 
are significant, either because of genetic 
variation in alcohol-metabolizing 
enzymes or the presence of drugs that 
allow build-up of acetaldehyde, 
acetaldehyde does not seem to be able 
to penetrate blood vessels into the brain 
(i.e., the blood–brain barrier), and sub-
stantial blood levels are required before 
acetaldehyde levels increase in the brain 
(Tabakoff et al. 1976; Westcott et al. 
1980; Sippel 1974; Zimatkin and 
Pronko 1995). This is attributed pri
marily to the presence of the enzyme 
that converts acetaldehyde to acetate 

(i.e., aldehyde dehydrogenase [ALDH]) 
in the blood–brain barrier, which may 
help keep brain acetaldehyde levels low 
(Petersen 1985; Tampier et al. 1993). 
Third, although one could use the 
compound pyrazole to inhibit the reac
tion by which the enzyme alcohol 
dehydrogenase (ADH) breaks down 
ethanol (i.e., oxidation), and thus 
inhibit the formation of acetaldehyde, 
intoxication still would result, suggesting 
that acetaldehyde does not play a sig
nificant role in ethanol’s effects on the 
brain. Indeed, Goldstein and Zaechelein 
(1983) used pyrazole to study intoxica

1 A micromole represents a concentration of 1/1,000,000 
(one millionth) molecular weight per liter (mol/L). 
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tion in mice using a vapor chamber 
method. In this method, the metabolism 
of inhaled ethanol is slowed, providing 
for more prolonged and consistent blood 
levels of ethanol, producing physical 
dependence in mice. 

Metabolism of Ethanol to 
Acetaldehyde in the Brain 
These considerations would be irrele
vant if the brain could produce its own 
acetaldehyde from ethanol. Although 
there had been several reports of the 
oxidation of ethanol in the brain 
(Sutherland et al. 1958; Raskin 1973; 
Raskin and Sokoloff 1974; Raskin and 
Sokoloff 1968; Raskin and Sokoloff 
1970a, b; Raskin and Sokoloff 1972a, 
b), this idea largely was dismissed by 
the findings of Mukherji and colleagues 
(1975), whose studies showed that 
ethanol did not break down to acetalde
hyde in the brain. 

Catalase. Catalase, the enzyme that 
facilitates the breakdown of hydrogen 
peroxide to oxygen and water, may play 
a role in the production of acetaldehyde 
from ethanol in the brain. Cohen and 
colleagues (1980) demonstrated that 
catalase in conjunction with hydrogen 
peroxide will oxidize ethanol in the 
brain. Although the authors did not 
directly demonstrate the production of 
acetaldehyde (and thus the metabolism 
of ethanol), in this system, they did 
provide impetus to other investigators’ 
attempts. Researchers initially were 
thwarted in their attempts to document 
metabolism of ethanol in the brain when 
they discovered nonenzymatic (i.e., 
artifactual) production of acetaldehyde. 
It was determined that the iron typically 
found in red blood cells (i.e., hemoglobin) 
caused this nonenzymatic formation of 
acetaldehyde from ethanol, thus mask
ing any enzymatic production of 
acetaldehyde. Two groups, nearly 
simultaneously, overcame these problems. 
Aragon and colleagues (1992) demon
strated that acetaldehyde was produced 
from ethanol in rat brains with all blood 
removed. Gill and colleagues (1992) 
were able to prevent the artifactual for
mation of acetaldehyde and show the 
production of acetaldehyde from 

ethanol in rat brain tissue. In both studies, 
inhibitors of catalase also were effective 
in inhibiting the production of acetalde
hyde. On the other hand, inhibitors of 
the enzymes cytochrome P450 and 
ADH—key enzymes involved in alcohol 
metabolism— were ineffective. Other 
investigators quickly confirmed these 
findings (Hamby-Mason et al. 1997; 
Aspberg et al. 1993; Zimatkin et al. 
1999). In studies of cells from all parts 

The role of 
ADH in the 

metabolism of 
ethanol in the brain 

remains unclear. 

of the brain (i.e., whole-brain 
homogenates), the intensity of ethanol 
oxidation is comparatively low but may 
be much higher in the specific struc
tures and cells known for their 
increased catalase activity (Zimatkin 
and Lindros 1996). 

Cytochrome P450. Cytochrome P450 
enzymes, which are involved in ethanol 
metabolism in the liver, have been impli
cated in the metabolism of ethanol in 
the brain. First, Warner and Gustafsson 
(1994) demonstrated the presence of 
cytochrome P450 in rat brain and its 
induction by ethanol. Cytochrome P450 
2E1, a variant of cytochrome P450 
(i.e., isozyme) that is capable of oxidiz
ing ethanol efficiently in other tissues, 
also was found in the brain (Hansson 
et al. 1990). Its protein, messenger RNA 
(mRNA), specific activity, and induc
tion by ethanol were found in nerve 
cells (i.e., neurons) and support cells 
(i.e., glial cells) in the following brain 
regions: cerebellum, cerebral cortex, 
thalamus, and hippocampus (Sohda 
et al. 1993; Tindberg and Ingelman-
Sundberg 1996; Upadhya et al. 2000). 
Cytochrome P450 also has been found 
in prenatal human brain cells (Khalighi 

et al. 1999). In addition, a recent study 
in rats and mice has reinforced the pos
sibility that cytochrome P450 is involved 
in the brain’s metabolism of ethanol 
(Zimatkin et al. 2006). 

ADH. The possible role of ADH in 
the metabolism of ethanol in the brain 
remains unclear. Research originally 
suggested that only the subtype ADH3 
was expressed in the brain and that 
ethanol was not a good candidate for 
that enzyme to act on (i.e., it was a poor 
substrate) (Beisswenger et al. 1985; 
Kerr et al. 1989). Several groups (Kerr 
et al. 1989; Buhler et al. 1983) reported 
the presence of ADH1 in brain cells. 
Giri and colleagues (1989) found 
ADH3 expressed in rat brain, and 
Martinez and colleagues (2001) found 
mRNA for ADH1 and ADH4 in rat 
brain cells. Although the authors could 
not demonstrate ADH activity in anal
ysis of whole-brain homogenates, they 
were able to detect ADH activity in 
specific neurons (i.e., granular cells and 
Purkinje cells) of the cerebellum. This 
shows that although the activity of 
ADH may be undetectable in whole 
homogenates, there may be sufficient 
activity in specific neurons to form 
acetaldehyde locally. 

The Chemical Reactions 
Allowing Oxidation of 
Ethanol to Acetaldehyde 

The oxidation of ethanol produces 
acetaldehyde (see Figure). The production 
of acetaldehyde by catalase is limited 
by the availability of hydrogen perox
ide, a potentially harmful byproduct of 
ethanol metabolism by cytochrome 
P450. Hydrogen peroxide also can 
come from a number of other sources, 
including the enzyme monoamine oxi
dase, ascorbic acid (vitamin C), and 
other cytochrome P450 oxidations 
(Sandri et al. 1990; Simonson et al. 
1993; Sinet et al. 1980). 

All studies of the oxidation of ethanol 
to acetaldehyde depend on the ability 
to measure the accumulation of 
acetaldehyde. This can occur only if 
the rate of removal of acetaldehyde is 
slower than its rate of formation in the 

Vol. 29, No. 4, 2006 267 



Figure Pathways of ethanol metabolism in the brain. The oxidation of ethanol 
produces acetaldehyde. The production of acetaldehyde by the 
enzyme catalase (found in internal cell components called peroxi
somes) requires hydrogen peroxide (H2O2). The enzyme cytochrome 
P4502E1 is present in brain cell structures in the smooth endoplasmic 
reticulum (microsomes). Alcohol dehydrogenase (ADH) is an enzyme 
found in the cell’s fluid or cytosol. The enzyme aldehyde dehydroge
nase (ALDH), found in the cell’s mitochondria and cytosol, converts 
acetaldehyde to acetate. 

system under study. Substantial amounts 
of acetaldehyde are oxidized to acetate 
in these in vitro systems. This results in 
an underestimation of the rate of ethanol 
metabolism in the brain, because 
acetaldehyde is metabolized to acetate 
nearly as quickly as it is formed. Thus, 
only the net amount of acetaldehyde in 
the system is accounted for when only 
acetaldehyde accumulation is measured. 
Studies of the oxidation of ethanol to 
acetaldehyde in the brain therefore 
need to consider these limitations. 

Metabolism of Acetaldehyde 
in Brain Cells 

The metabolism of acetaldehyde in the 
brain is much less controversial than 
the metabolism of ethanol because 
ALDH enzymes have long been known 
to be present in brain cells (Deitrich 
1966; Erwin and Deitrich 1966). The 
ALDH enzyme most likely to be 
responsible for the majority of the oxi
dation of acetaldehyde to acetate is 
ALDH2, the form found in the mito
chondria, an internal component of the 
cell. This enzyme has a high affinity 

2 Km is a measurement used to describe the activity of an 
enzyme. It describes the concentration of the substance 
upon which an enzyme acts at which the enzyme works 
at 50 percent capacity. 

(i.e., a low Km)2 and rate of enzyme 
activity with acetaldehyde and is suffi
cient to remove most of the acetalde
hyde. Several other forms of ALDH are 
expressed in brain cells as well (Sophos 
and Vasiliou 2003). The localization of 
the enzyme to specific cells or areas of 
the brain could greatly influence the 
local rate of removal of acetaldehyde. 
That is, acetaldehyde is only metabo
lized if it is present in an area of the 
brain that also has ALDH enzymes 
(Zimatkin et al. 1992). In a similar 
fashion, localization within the cell of 
the enzymes responsible for the pro
duction of acetaldehyde (catalase in 
internal cell components called peroxi
somes and cytochrome P450 in a net
work of membranes within the cell 
called the endoplasmic reticulum or 
microsomes) and the enzyme of acetalde
hyde removal—ALDH2 in the mito
chondria—leave space and time for 
acetaldehyde to interact with other cel
lular elements before being converted 
to acetate. That is, if acetaldehyde is 
produced in separate cellular structures 
from where it is removed, it can have an 
effect on the cell before it is metabolized. 

Acetaldehyde’s conversion to acetate 
has further implications for the cell. 
Acetate has significant CNS effects 
that are separate from those of ethanol 

(Carmichael et al. 1991; Cullen and 
Carlen 1992; Correa et al. 2003). Thus, 
administering sodium acetate in doses 
comparable with those observed after 
administering 1 to 2 g/kg ethanol pro
duced a dose-dependent impairment of 
motor coordination (Carmichael et al. 
1991). Because acetate’s effects can be 
blocked with the use of 8-phenyltheo
phylline, a substance that blocks recep
tors for adenosine (a byproduct in 
acetate breakdown), it has been sug
gested that acetate’s actions may be 
mediated by adenosine (Carmichael et 
al. 1991; Cullen and Carlen 1992). 
Moreover, administering low doses of 
acetate (0.35 to 2.8 micromolar) by 
injection into the brain through a small 
hole bored into the skull (i.e., intrac
erebroventricular [ICV] administration) 
produced a potent decrease in motor 
activity, similar to the effects of ethanol 
and acetaldehyde on motor activity 
(Correa et al. 2003). 

Consequences of the 
Oxidation of Ethanol 
to Acetaldehyde 

Ethanol oxidation to acetaldehyde has 
several consequences, which may be 
broken down into two broad categories. 
The first is the direct binding of acetalde
hyde to proteins (Jennett et al. 1987; 
McKinnon et al. 1987; Nakamura et 
al. 2003; Zimatkin et al. 1992), nucleic 
acids (Wang et al. 2000), and a type of 
fat (i.e., lipid) containing phosphorus 
(i.e., phospholipids) (Trudell et al. 1990, 
1991; Trudell et al. 1990; Kenney 1982, 
1984). In total, the binding to these 
cellular components probably accounts 
for very little of the acetaldehyde that 
disappears, but the consequences of 
these interactions may be highly signif
icant because the function of these cel
lular components can be compromised 
by this binding. The second category 
of ethanol oxidation consequences is 
indirect action. This occurs when the 
metabolism of other aldehydes that 
originate in the body (i.e., endogenous 
aldehydes) is inhibited through the 
presence of acetaldehyde. The aldehy
des produced by the oxidation, by 
monoamine oxidase, of the brain chem-
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icals (i.e., neurotransmitters) dopamine, 
norepinephrine, and serotonin, are par
ticularly vulnerable to this reaction 
(Deitrich and Erwin 1980). One theory 
is that acetaldehyde or the aldehydes 
of dopamine, norepinephrine, or 
epinephrine condense with these same 
neurotransmitters to produce compounds 
called tetrahydroisoquinolines that may 
be responsible for some of ethanol’s 
CNS effects themselves. Acetaldehyde 
also may condense with serotonin to 
form compounds called tetrahydro-beta 
carbolines that may be active in the brain 
as well. Thus, these amine-aldehyde 
condensation products may be respon
sible for some of the behavioral actions 
of ethanol (Davis and Walsh 1970; 
Cohen and Collins 1970; Melchior and 
Myers 1977). Considerable controversy 
arose around this theory, especially 
because these compounds occur natu
rally in the diet, casting doubt on the 
relevance of their presence following 
ethanol ingestion (Collins et al. 1990). 

Researchers recently have proposed 
that acetaldehyde may compete with 
malondialdehyde or 4-hydroxynonenal, 
the aldehyde products that result after 
the breakdown of lipids (i.e., lipid per-
oxidation). These aldehydes also may 
inhibit the activity of ALDHs (Luckey 
et al. 1999; Mark et al. 1997; Meyer et al. 
2004; Murphy et al. 2003). This would 
result in increased levels of acetaldehyde 
as well as of these toxic aldehydes. 

The oxidation of ethanol to acetalde
hyde may trigger various reactions that 
ultimately have behavior-related conse
quences, as described below. 

Acetaldehyde and Behavior 

Several studies have suggested that 
acetaldehyde is responsible for some of 
the behavioral effects (such as poor 
coordination [i.e., ataxia]) of ethanol 
(reviewed in Deitrich 2004 and Querte
mont et al. 2005). Many of these studies 
measured the degree of relationship of 
the two variables (i.e., they were correla
tional). That is, the studies measured the 
behavioral effects of ethanol following 
presumed alteration of levels of acetalde
hyde in the brain by inhibiting ALDH 
or inhibiting or activating catalase. 

Acetaldehyde has been measured 
directly in the brain in only a few stud
ies (Jamal et al. 2003, 2004, 2005). In 
those studies, ALDH was inhibited, 
resulting in relatively high levels of 
acetaldehyde in the brain. It is assumed 
that the proximal cause of these behav
ioral effects (such as ataxia or loss of 
the righting response) is the altered 
amount of acetaldehyde in the brains 
of the animals studied. 

On the other hand, mice with about 
half the usual levels of catalase in the 
brain (i.e., acatalasemic mice), which 
should have less acetaldehyde from 
ethanol in the brain compared with 
control mice, had longer sleep times 
after ethanol intake than control mice 
(Aragon and Amit 1993; Vasiliou et al. 
2004). This suggests that acetaldehyde 
does not influence ethanol-induced sleep 
times. Similar results were obtained using 
mice that had been genetically modified 
to have the ethanol-metabolizing enzyme 
CYP2E1 absent. The mice exhibited 
longer ethanol-induced sleep times, 
especially at higher ethanol doses; they 
also produced lower amounts of acetalde
hyde following the incubation of 
ethanol with brain cell structures con
taining ethanol-metabolizing enzymes 
(i.e., microsomes) compared with con
trol animals (Vasiliou et al 2004). In 
addition, induction of brain catalase 
activity resulted in decreased loss of 
righting reflex (LORR), which is used to 
estimate hypnotic sensitivity (a behav
ioral response) to ethanol, whereas 
reduced brain catalase activity resulted 
in increased LORR, showing involve
ment of brain catalase in the hypnotic 
effect of ethanol (Correa et al. 2001). 

Ethanol Preference 
Rats selectively bred to have either high 
or low preference for ethanol are useful 
animal models for the study of alcohol 
consumption. Alcohol-preferring (P) 
and nonpreferring (NP) rats have been 
shown to differ in hypnotic sensitivity 
to ethanol; thus, P rats are innately less 
sensitive to the effects of ethanol than 
NP rats (Lumeng et al. 1982). 

Researchers have used P and NP 
pairs of rat lines or strains to study rela
tionships between catalase, acetaldehyde, 

and ethanol preference. Although none 
of the studies below included direct 
measurements of brain ethanol oxida
tion in vitro, brain acetaldehyde levels 
in vivo, or acetaldehyde accumulation 
in vitro, their findings do offer some 
implications regarding the relationship 
between brain acetaldehyde and ethanol 
preference. 

As discussed previously, catalase plays 
a role in the production of acetaldehyde 
in the brain. The catalase inhibitor 
aminotriazole attenuated ethanol pref
erence in mice (Koechling and Amit 
1994), suggesting that inhibiting cata
lase results in decreased levels of 
acetaldehyde and a decline in this 
particular ethanol-induced behavior. 
Consistent with these findings, Amit 
and Aragon (1988) found that blood 
catalase from rats naïve to ethanol corre
lated positively with ethanol preference 
in the animals (blood and brain cata
lase also correlated positively after 
exposure to ethanol). Increased catalase 
presumably would mean an increased 
rate of production and increased brain 
levels of acetaldehyde with resultant 
increases in preference. Similar studies 
have found that catalase correlates with 
alcohol intake in humans as well 
(Koechling and Amit 1992). 

ALDH in the brain also positively 
correlates with ethanol preference. Indeed, 
Amir (1978) found that rats’ ethanol 
preference better correlated with brain 
ALDH than with liver ALDH. This 
would support the idea that blood lev
els of acetaldehyde (produced in the 
liver) are less important to establishing 
a preference for alcohol than brain levels 
of acetaldehyde. High blood acetalde
hyde levels, resulting from a genetic 
defect in ALDH in Asian populations, 
do produce decreased ethanol intake 
(Harada et al. 1982), as does treatment 
with ALDH inhibitors such as disulfiram 
(Antabuse®) (Chick et al. 1992). High 
ALDH activity would presumably 
indicate a lower level of brain acetalde
hyde because of increased rates of oxi
dation. Higher ALDH and lower 
acetaldehyde levels are not consistent 
with the positive correlation between 
catalase activity and ethanol preference. 
Also, acatalasemic mice have a higher 
preference for ethanol than do control 
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mice (Aragon and Amit 1993). Vasiliou 
and colleagues (2006) reported that 
acatalasemic mice accumulate only 
about 50 percent as much acetaldehyde 
from ethanol in vitro as control mice 
and that they have about half the brain 
catalase activity as that in the brain of 
control mice. This would not totally 
explain the decreased ethanol metabolism 
rates because catalase is not the only 
enzyme capable of oxidizing ethanol in 
the brain. Previous studies on catalase 
contribution to ethanol oxidation were 
performed using catalase inhibitors capa
ble of inhibiting the activity of other 
ethanol-metabolizing enzymes (P4502E1 
and ALDH); therefore, this finding 
using genetics seems to be a more useful 
tool. Other researchers have conducted 
extensive research that provides further 
support for the involvement of brain 
catalase in ethanol-induced behavioral 
effects. This research also supports the 
notion that acetaldehyde may be pro
duced directly in the brain by catalase 
and that it may be an important regu
lator of ethanol’s locomotor effects (for 
example, see Sanchis-Segura et al. 1999). 

Acetaldehyde’s Actions in the Brain 
Researchers also have studied the actions 
of acetaldehyde in the brain directly, 
usually with ICV infusions of acetalde
hyde to bypass the metabolism of 
acetaldehyde by the liver. Smith and 
colleagues (1984) found that conditioned 
place preference3 could be induced by 
ICV infusions of acetaldehyde, suggest
ing that low levels of acetaldehyde have 
reinforcing properties. Brown and col
leagues (1979) had found that rats would 
administer acetaldehyde, but not ethanol, 
intracerebroventricularly. Conversely, 
conditioned taste aversion can be induced 
by acetaldehyde. This action can be 
blocked by alpha-methyl-para-tyrosine, 
a substance that inhibits the neuro
transmitters epinephrine (adrenaline) 
and dopamine—key brain chemicals 
involved in addiction. This indicated 
that perhaps the adrenergic system is 
involved in acetaldehyde’s action in the 
brain (Aragon et al. 1991). Rodd-
Henricks and colleagues (2000, 2002) 
found that rats genetically predisposed 
to prefer alcohol would press a lever to 

infuse ethanol and acetaldehyde directly 
into the ventral tegmental area (VTA), 
located in the midbrain. Using similar 
techniques, it was found that rats would 
lever press for infusions of the conden
sation product between acetaldehyde 
and dopamine (i.e., salsolinol) directly 
into the nucleus accumbens, a collec
tion of neurons involved in the brain’s 
reward system (McBride et al. 2002). 
Arizzi and colleagues (2003) studied the 
in vivo effects of intracerebroventricularly 
administered ethanol, acetaldehyde, 
and acetate on lever-pressing tasks. 
These studies showed that acetaldehyde 
appears to induce activating or disin
hibiting effects and thus can produce 
at least some of the effects of ethanol, 
whereas acetate is more potent than the 
other substances at producing actions 
that lead to a suppression of lever press
ing and locomotion and thus may be 
implicated in the motor impairments 
induced by ethanol. Unfortunately, the 
researchers gave the same dose of all three 
agents in spite of the large (1,000-fold) 
difference in their concentrations follow
ing ethanol administration peripherally. 

Numerous studies show the possible 
pathophysiological effects of acetalde
hyde. The theories of the condensation 
of acetaldehyde with biogenic amines 
to produce new compounds are 
reviewed above. Although this reaction 
certainly occurs in vivo, the importance 
of these condensation products to 
ethanol’s actions in the brain remains 
speculative. In a similar vein, acetalde
hyde, by substrate competitive inhibi
tion of ALDH, has been postulated to 
cause an increase in the aldehydes derived 
from biogenic amines (Deitrich and 
Erwin 1980). That is, ALDH can oxidize 
acetaldehyde and aldehydes derived 
from biogenic amines. When acetalde
hyde is absent ALDH can oxidize other 
aldehydes. When acetaldehyde is pre
sent, acetaldehyde is bound to ALDH 
and is oxidized so other aldehydes are 
oxidized at a slower rate or not at all 
by ALDH. No studies have directly 
measured the purported increase in 
these aldehydes. However, these alde
hydes do have suggested physiological 
actions. For example, indole-3
acetaldehyde, a biogenic aldehyde, 
reacts with certain substances 

(i.e., phospholipids) to create specific 
physiological effects, as indicated by a 
change in spectrophotometric absorption4 

(Nilsson and Tottmar 1985). This 
shows what can happen to biogenic 
aldehydes if they are not oxidized by 
ALDH. When aldehydes were directly 
applied to neurons, the biogenic alde
hydes derived from dopamine and 
serotonin had a direct depressant effect 
on neurons in the neocortex and cere
bellum (Palmer et al. 1986). 

Many other studies of the direct 
actions of acetaldehyde are available. 
For example, large doses of acetalde
hyde given ICV caused decreases of 
dopamine, serotonin, and a product of 
dopamine metabolism (i.e., a metabo
lite) (i.e., homovanillic acid [HVA]) 
and increases in a metabolite of sero
tonin (i.e., 5-hydroxyindoleacetic acid 
[5HIAA]) in an analysis of fluid from 
the nucleus accumbens (Ward et al. 
1997). These and similar reports do 
not provide a consistent dataset from 
which likely mechanisms can be deduced. 
Part of the problem is that accurate 
measurements of acetaldehyde in the 
brain tissue have been difficult (see 
Westcott et al. 1980), and so no sys
tematic correlation of acetaldehyde 
brain levels with behavioral effects has 
been carried out. Mascia and colleagues 
(2001) studied the effect of acetalde
hyde on cloned neurotransmitter recep
tors in frog oocytes. Of those studied, 
only a receptor for the amino acid 
glycine was sensitive to acetaldehyde. 

In summary, research has now pro
vided ample evidence that ethanol is 
metabolized to acetaldehyde and then 
acetate in the brain. Several studies also 
suggest that the presence of acetalde
hyde in the brain is responsible for at 
least some of the effects of ethanol. 

3 To induce conditioned place preference, an animal is 
injected with the drug being studied and is placed in a 
test chamber with distinctive environmental cues. This 
procedure is repeated for several days. During these 
conditioning trials, the animal develops an association 
between the subjective state produced by the drug and 
the environmental cues present during the drug state. 
When the subject is tested in an apparatus that contains 
the drug-related environmental cues in one compartment 
and neutral cues in another, it voluntarily moves toward 
the compartment containing the drug-related cues. 

4 Spectrophotometry is a determination of the concentra
tion of a material in a sample by measurement of the 
amount of light the sample absorbs. 
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The field will advance most rapidly by 
simultaneous measurement of acetalde
hyde in the brain or brain areas and 
correlating these levels with specific 
behavioral actions. ■ 

Acknowledgements 

Work was supported by National 
Institute on Alcohol Abuse and 
Alcoholism grants R21–AA12284 and 
R01–AA12650. 

Financial Disclosure 

The authors declare that they have no 
competing financial interests. 

References 

AMIR. S. Brain and liver aldehyde dehydrogenase 
activity and voluntary ethanol consumption by rats: 
Relations to strain, sex and age. Psychopharmacology 
57:97–102, 1978. PMID: 96475 

AMIT, Z., AND ARAGON, C.M. Catalase activity 
measured in rats naive to ethanol correlates with 
later voluntary ethanol consumption: Possible evi
dence for a biological marker system of ethanol 
intake. Psychopharmacology 95:512–515, 1988. 
PMID: 3145522 

ARAGON, C.M.; ABITBOL, M.; AND AMIT, Z. Ethanol-
induced CTA mediated by acetaldehyde through cen
tral catecholamine activity. Psychopharmacology 
103:74–77, 1991. PMID: 1672462 

ARAGON, C.M., AND AMIT, Z. Differences in 
ethanol-induced behaviors in normal and acata
lasemic mice: Systematic examination using a 
biobehavioral approach. Pharmacology, Biochemistry, 
and Behavior 44:547–554, 1993. PMID: 8451258 

ARAGON, C.M., ROGAN, F.; AND AMIT, Z. Ethanol 
metabolism in rat brain homogenates by a catalase
H2O2 system. Biochemical Pharmacology 44:93–98, 
1992. PMID: 1632841 

ARIZZI, M.N.; CORREA, M.; BETZ, A.J.; ET AL. 
Behavioral effects of intraventricular injections of 
low doses of ethanol, acetaldehyde, and acetate in 
rats: Studies with low and high rate operant sched
ules. Behavioral Brain Research 147:203–210, 2003. 
PMID: 14659586 

ASPBERG, A.; SÖDERBÄCK, M.; AND TOTTMAR, O. 
Increase in catalase activity in developing rat brain 
cell reaggregation cultures in the presence of ethanol. 
Biochemical Pharmacology 46:1873–1876, 1993. 
PMID: 8250977 

BEISSWENGER, T.B.; HOLMQUIST, B.; AND VALLEE, 
B.L. Chi-ADH is the sole alcohol dehydrogenase 
isozyme of mammalian brains: Implications and 
inferences. Proceedings of the National Academy of 

Sciences of the United States of America 82:8369– 
8373, 1985. PMID: 2934732 

BERGAMASCHI, S.; GOVONI, S.; RIUS, R.A.; AND 

TRABUCCHI, M. Acute ethanol and acetaldehyde 
administration produce similar effects on L-type 
calcium channels in rat brain. Alcohol 5:337–340, 
1988. PMID: 2852497 

BROWN, Z.W.; AMIT, Z.; AND ROCKMAN, G.E. 
Intraventricular self-administration of acetaldehyde, 
but not ethanol, in naive laboratory rats. Psycho
pharmacology (Berl) 64:271–276, 1979. PMID: 
41277 

BUHLER, R.; PESTALOZZI, D.; HESS, M.; AND VON 

WARTBURG, J.P. Immunohistochemical localization 
of alcohol dehydrogenase in human kidney, endocrine 
organs and brain. Pharmacology, Biochemistry, and 
Behavior 18 (Suppl. 1):55–59, 1983. PMID: 6356164 

CARMICHAEL, F.J.; ISRAEL, Y.; CRAWFORD, M.; ET AL. 
Central nervous system effects of acetate: Contribution 
to the central effects of ethanol. Journal of Pharmacology 
and Experimental Therapeutics 259:403–408, 1991. 
PMID: 1920128 

CHICK, J.; GOUGH, K.; FALKOWSKI, W.; ET AL. 
Disulfiram treatment of alcoholism. British Journal 
of Psychiatry 161:84–89, 1992. PMID: 1638335 

COHEN, G., AND COLLINS, M. Alkaloids from cate
cholamines in adrenal tissue: Possible role in alco
holism. Science 167:1749–1751, 1970. 

COHEN, G.; SINET, P.M.; AND HEIKKILA, R. 
Ethanol oxidation by rat brain in vivo. Alcoholism: 
Clinical and Experimental Research 4(4):366–370, 
1980. PMID: 7004234 

COLLINS, M.A.; UNG-CHHUN, N.; CHENG, B.Y.; 
AND PRONGER, D. Brain and plasma tetrahydroiso
quinolines in rats: Effects of chronic ethanol intake 
and diet. Journal of Neurochemistry 55:1507–1514, 
1990. PMID: 2213007 

COLLINS, M.A.; UNG-CHHUN, N.S.; AND RAIKOFF, 
K. Stable acetaldehyde adducts with brain proteins 
(Abstract). Alcohol and Alcoholism 23:31, 1988. 

CORREA, A.; ARIZZI, M.N.; BETZ, A.; ET AL. Open 
field locomotor effects in rats after intraventricular 
injections of ethanol and the ethanol metabolites 
acetaldehyde and acetate. Brain Research Bulletin 
62:197–202, 2003. PMID: 14698353 

CORREA, M.; SANCHIS-SEGURA, C.; AND ARAGON, 
C.M. Brain catalase activity is highly correlated 
with ethanol-induced locomotor activity in mice. 
Physiology and Behavior 73:641–647, 2001. PMID: 
11495670 

CULLEN, N., AND CARLEN, P.L. Electrophysio
logical actions of acetate, a metabolite of ethanol, 
on hippocampal dentate granule neurons: Interactions 
with adenosine. Brain Research 588:49–57, 1992. 
PMID: 1393571 

DAVIS, V.E., AND WALSH, M.J. Alcohol, amines 
and alkaloids: A possible biochemical basis for alco
hol addiction. Science 167:1005–1007, 1970. 
PMID: 5460776 

DEITRICH, R.A. Tissue and subcellular distribution 
of mammalian aldehyde-oxidizing capacity. 
Biochemical Pharmacology 15:1911–1922, 1966. 
PMID: 4291564 

DEITRICH, R. Acetaldehyde: Déjà vu du jour. 
Journal of Studies on Alcohol 65:557–572, 2004. 
PMID: 15536764 

DEITRICH, R., AND ERWIN, V. Biogenic amine-
aldehyde condensation products: Tetrahydro
isoquinolines and tryptolines (beta-carbolines). 
Annual Review of Pharmacology and Toxicology 
20:55–58, 1980. PMID: 6992705 

ERWIN, V.G., AND DEITRICH, R.A. Brain aldehyde 
dehydrogenase. Localization, purification, and 
properties. Journal of Biological Chemistry 241:3533– 
3539, 1966. PMID: 4288308 

GILL, K.; MENEZ, J.F.; LUCAS, D.; AND DEITRICH, 
R.A. Enzymatic production of acetaldehyde from 
ethanol in rat brain tissue. Alcoholism: Clinical and 
Experimental Research 16:910–915, 1992. PMID: 
1443429 

GIRI, P.R.; LINNOILA, M.; O’NEILL, J.B.; AND 

GOLDMAN, D. Distribution and possible metabolic 
role of class III alcohol dehydrogenase in the 
human brain. Brain Research 481:131–141, 1989. 
PMID: 2650803 

GOLDSTEIN, D.B., AND ZAECHELEIN, R. Time 
course of functional tolerance produced in mice by 
inhalation of ethanol. Journal of Pharmacology and 
Experimental Therapeutics 227:150–153, 1983. 
PMID: 6684683 

HAMBY-MASON, R.; CHEN, J.J.; SCHENKER, S.; ET 

AL. Catalase mediates acetaldehyde formation from 
ethanol in fetal and neonatal rat brain. Alcoholism: 
Clinical and Experimental Research 21:1063–1072, 
1997. PMID: 9309319 

HANSSON, T.; TINDBERG, N.; INGELMAN-SUNDBERG, 
M.; AND KOHLER, C. Regional distribution of 
ethanol-inducible cytochrome P450 IIE1 in the rat 
central nervous system. Neuroscience 34:451–463, 
1990. PMID: 2333153 

HARADA, S.; AGARWAL, D.P.; GOEDDE, H.W.; ET 

AL. Possible protective role against alcoholism for 
aldehyde dehydrogenase isozyme deficiency in 
Japan. Lancet 9(8302):827, 1982. PMID: 6126701 

HASHIMOTO, T.; UEHA, T.; KURIYAMA, T.; ET AL. 
Acetaldehyde-induced alterations in metabolism of 
monoamines in mouse brain. Alcohol and 
Alcoholism 24:91–99, 1989. PMID: 2566311 

HEAP, L.; WARD, R.J.; ABIAKA, C.; ET AL. The 
influence of brain acetaldehyde on oxidative status, 
dopamine metabolism and visual discrimination 
task. Biochemical Pharmacology 50:263–270, 1995. 
PMID: 7632171 

HUNT, W.A. Role of acetaldehyde in the actions of 
ethanol on the brain: A review. Alcohol 13:147– 
151, 1996. PMID: 8814648 

JAMAL, M.; AMENO, K.; KUMIHASHI, M.; ET AL. 
Microdialysis for the determination of acetaldehyde 
and ethanol concentrations in the striatum of freely 

Vol. 29, No. 4, 2006 271 



moving rats. Journal of Chromatography. B, 
Analytical Technologies in the Biomedical and Life 
Sciences 798:155–158, 2003. PMID: 14630370 

JAMAL, M.; AMENO, K.; KUMIHASHI, M.; ET AL. 
Failure of ethanol and acetaldehyde to alter in vivo 
norepinephrine release in the striatum and hip
pocampus of rats. Archives of Toxicology 78:723– 
727, 2004. PMID: 15365691 

JAMAL, M.; AMENO, K.; WANG, W.; ET AL. Inhibition 
of acetaldehyde metabolism decreases acetylcholine 
release in medial frontal cortex of freely moving rats. 
Brain Research 1039:90–96, 2005. PMID: 15781050 

JENNETT, R.B.; SORRELL, M.F.; JOHNSON, E.L.; 
AND TUMA, D.J. Covalent binding of acetaldehyde 
to tubulin: Evidence for preferential binding to the 
alpha-chain. Archives of Biochemistry and Biophysics 
256:10–18, 1987. PMID: 3606116 

KENNEY, W.C. Acetaldehyde adducts of phospho
lipids. Alcoholism: Clinical and Experimental Research 
6:412–416, 1982. PMID: 6751138 

KENNEY, W.C. Formation of Schiff base adduct 
between acetaldehyde and rat liver microsomal 
phosphatidylethanolamine. Alcoholism: Clinical 
and Experimental Research 8:551–555, 1984. 
PMID: 6393806 

KERR, J.T.; MAXWELL, D.S.; AND CRABB, D.W. 
Immunocytochemistry of alcohol dehydrogenase in 
the rat central nervous system. Alcoholism: Clinical 
and Experimental Research 13:730–736, 1989. 
PMID: 2690654 

KHALIGHI, M.; BRZEZINSKI, M.R.; CHEN, H.; AND 

JUCHAU, M.R. Inhibition of human prenatal 
biosynthesis of all-trans-retinoic acid by ethanol, 
ethanol metabolites, and products of lipid peroxida
tion reactions: A possible role for CYP2E1. 
Biochemical Pharmacology 57:811–821, 1999. 
PMID: 10075087 

KOECHLING, U.M., AND AMIT, Z. Effects of 3
amino-1,2,4-triazole on brain catalase in the media
tion of ethanol consumption in mice. Alcohol 
11:235–239, 1994. PMID: 8060524 

KOECHLING, U.M., AND AMIT, Z. Relationship 
between blood catalase activity and drinking history 
in a human population, a possible biological marker 
of the affinity to consume alcohol. Alcohol and 
Alcoholism 27:181–188, 1992. PMID: 1524610 

LUCKEY, S.W.; TJALKENS, R.B.; AND PETERSEN, 
D.R. Mechanism of inhibition of rat liver class 2 
ALDH by 4-hydroxynonenal. Advances in 
Experimental Medicine and Biology 463:71–77, 1999. 
PMID: 10352671 

LUMENG, L.; WALLER, M.B.; MCBRIDE, W.J.; AND 

LI, T-K. Different sensitivities to ethanol in alcohol-
preferring and -nonpreferring rats. Pharmacology, 
Biochemistry, and Behavior 16:125–130, 1982. 
PMID: 7199181 

MARK, R.J.; LOVELL, M.A.; MARKESBERY, W.R.; ET 

AL. A role for 4-hydroxynonenal, an aldehydic 
product of lipid peroxidation, in disruption of ion 
homeostasis and neuronal death induced by amy

loid β-peptide. Journal of Neurochemistry 68:255– 
264, 1997. PMID: 8978733 

MARTINEZ, S.E.; VAGLENOVA, J.; SABRIA, J.; ET AL. 
Distribution of alcohol dehydrogenase mRNA in 
the rat central nervous system: Consequences for 
brain ethanol and retinoid metabolism. European 
Journal of Biochemistry 268:5045–5056, 2001. 
PMID: 11589695 

MASCIA, M.P.; MAIYA, R.; BORGHESE, C.M.; ET AL. 
Does acetaldehyde mediate ethanol action in the 
central nervous system? Alcoholism: Clinical and 
Experimental Research 25:1570-1575, 2001. PMID: 
11707631 

MCBRIDE, W.J.; LI, T.K.; DEITRICH, R.A.; ET AL. 
Involvement of acetaldehyde in alcohol addiction. 
Alcoholism: Clinical and Experimental Research 26:114– 
119, 2002. PMID: 11821661 

MCKINNON, G.; DE JERSEY, J.; SHANLEY, B.; AND 

WARD, L. The reaction of acetaldehyde with brain 
microtubular proteins: Formation of stable adducts 
and inhibition of polymerization. Neuroscience 
Letters 79:163–168, 1987. PMID: 3670724 

MELCHIOR, C.L., AND MYERS, R.D. Preference for 
alcohol evoked by tetrahydropapaveroline (THP) 
chronically infused in the cerebral ventricle of the 
rat. Pharmacology, Biochemistry, and Behavior 7:19– 
35, 1977. PMID: 561961 

MEYER, M.J.; MOSLEY, D.E.; AMARNATH, V.; AND 

PICKLO, M.J., SR. Metabolism of 4-hydroxy-trans
2-nonenal by central nervous system mitochondria 
is dependent on age and NAD+ availability. 
Chemical Research in Toxicology 9:1272–1279, 
2004. PMID: 15377162 

MUKHERJI, B.; KASHIKI, Y.; OHYANAGI, H.; AND 

SLOVITER, H.A. Metabolism of ethanol and acetalde
hyde by the isolated perfused rat brain. Journal of 
Neurochemistry 24:841–843, 1975. PMID: 235601 

MURPHY, T.C.; AMARNATH, V.; AND PICKLO, M.J., 
SR. Mitochondrial oxidation of 4-hydroxy-2-none
nal in rat cerebral cortex. Journal of Neurochemistry 
84:1313–1321, 2003. PMID: 12614331 

MYERS, W.D.; NG, K.T.; AND SINGER, G. 
Intravenous self-administration of acetaldehyde in 
the rat as a function of schedule, food deprivation 
and photoperiod. Pharmacology, Biochemistry, and 
Behavior 17:807–811, 1982. PMID: 7178188 

NAKAMURA, K.; IWAHASHI, K.; FURUKAWA, A.; ET 

AL. Acetaldehyde adducts in the brain of alcoholics. 
Archives of Toxicology 77:591–593, 2003. PMID: 
14574447 

NILSSON, G.E., AND TOTTMAR, O. Biogenic alde
hydes in brain: Characteristics of a reaction between 
rat brain tissue and indole-3-acetaldehyde. Journal 
of Neurochemistry 45:744–751, 1985. PMID: 
4031860 

PALMER, M.R.; TOTTMAR, O.; AND DEITRICH, 
R.A. Electrophysiological effects of monoamine-
derived aldehydes on single neurons in neocortex 
and cerebellum in rats. Alcoholism: Clinical and 
Experimental Research 10:682–685, 1986. PMID: 
2433956 

PETERSEN, D.R. Aldehyde dehydrogenase and alde
hyde reductase in isolated bovine brain microves
sels. Alcohol 2:79–83, 1985. PMID: 3893467 

QUERTEMONT, E.; TAMBOUR, S.; AND TIRELLI, E. 
The role of acetaldehyde in the neurobehavioral 
effects of ethanol: A comprehensive review of ani
mal studies. Progress in Neurobiology 75:247–274, 
2005. PMID: 15882776 

RASKIN, N.H. Alcohol dehydrogenase in brain: A 
toxicologic role? Annals of the New York Academy of 
Sciences 215:49–53, 1973. PMID: 4513682 

RASKIN, N.H., AND SOKOLOFF, L. Enzymes catalysing 
ethanol metabolism in neural and somatic tissues of 
the rat. Journal of Neurochemistry 19:273–282, 
1972a. PMID: 4334498 

RASKIN, N.H., AND SOKOLOFF, L. Ethanol-induced 
adaptation of alcohol dehydrogenase activity in rat 
brain. Nature: New Biology 236:138–140, 1972b. 
PMID: 4502816 

RASKIN, N.H., AND SOKOLOFF, L. Adaptation of 
alcohol dehydrogenase activity in brain to chronic 
ethanol ingestion. Neurology 20:391–392, 1970a. 
PMID: 5535019 

RASKIN, N.H., AND SOKOLOFF, L. Alcohol dehy
drogenase activity in rat brain and liver. Journal of 
Neurochemistry 17:1677–1687, 1970b. PMID: 
5492987 

RASKIN, N.H., AND SOKOLOFF, L. Brain alcohol 
dehydrogenase. Science 162:131–132, 1968. PMID: 
4300045 

RASKIN, N.H., AND SOKOLOFF, L. Changes in brain 
alcohol dehydrogenase activity during chronic ethanol 
ingestion and withdrawal. Journal of Neurochemistry 
22:427–434, 1974. PMID: 4364343 

RODD-HENRICKS, Z.A.; MCKINZIE, D.L.; CRILE, 
R.S.; ET AL. Regional heterogeneity for the intracranial 
self-administration of ethanol within the ventral 
tegmental area of female Wistar rats. Psycho
pharmacology 149:217–224, 2000. PMID: 10823401 

RODD-HENRICKS, Z.A.; MELENDEZ, R.I.; ZAFFARONI, 
A.; ET AL. The reinforcing effects of acetaldehyde in 
the posterior ventral tegmental area of alcohol-prefer
ring rats. Pharmacology, Biochemistry, and Behavior 
72:55–64, 2002. PMID: 11900769 

SANCHIS-SEGURA, C.; MIQUEL, M.; CORREA, M.; 
AND ARAGON, C.M. The catalase inhibitor sodium 
azide reduces ethanol-induced locomotor activity. 
Alcohol 19:37–42, 1999. PMID: 10487386 

SANDRI, G.; PANFILI, E.; AND ERNSTER. Hydrogen 
peroxide production by monoamine oxidase in iso
lated rat-brain mitochondria: Its effect on glutathione 
levels and Ca2+ efflux. Biochimica et Biophysica Acta 
1035:300–305, 1990. PMID: PMID: 2207125 

SIMONSON, S.G.; ZHANG, J.; CANADA A.T., JR.; 
ET AL. Hydrogen peroxide production by 
monoamine oxidase during ischemia-reperfusion in 
the rat brain. Journal of Cerebral Blood Flow and 
Metabolism 13:125–134, 1993. PMID: 8417001 

SINET, P.M.; HEIKKILA, R.E.; AND COHEN, G. 
Hydrogen peroxide production by rat brain in vivo. 

Alcohol Research & Health 272 



Consequences of Ethanol Oxidation in the Brain 

Journal of Neurochemistry 34:1421–1428, 1980. 
PMID: 7381468 

SIPPEL, H.W. The acetaldehyde content in rat brain 
during ethanol metabolism. Journal of 
Neurochemistry 23:451–452, 1974. PMID: 4417541 

SIPPEL, H.W., AND ERIKSSON, C.J. The acetalde
hyde content in rat brain during ethanol oxidation. 
In: Lindros, K.O., and Eriksson, C.J., eds. The Role 
of Acetaldehyde in the Actions of Ethanol, Satellite 
Symposium 6th International Congress Pharmacology. 
Helsinki, Finland: The Finnish Foundation for 
Alcohol Studies, 1975. pp. 149–157. 

SMITH, B.R.; AMIT, Z.; AND SPLAWINSKY, J. 
Conditioned place preference induced by intraven
tricular infusions of acetaldehyde. Alcohol 1:193– 
195, 1984. PMID: 6536284 

SOHDA, T.; SHIMIZU, M.; KAMIMURA, S.; AND 

OKUMURA, M. Immunohistochemical demonstra
tion of ethanol-inducible P450 2E1 in rat brain. 
Alcohol and Alcoholism Supplement 1B:69–75, 
1993. PMID: 8003132 

SOPHOS, N.A., AND VASILIOU, V. Aldehyde dehy
drogenase gene superfamily: The 2002 update. 
Chemico-biological Interactions 143–144:5–22, 
2003. PMID: 12604184 

SUTHERLAND, V.C.; BURBRIDGE, T.N.; AND 

S , A. Metabolism of C-114 ethanol to C14IMON O2 

by cerebral cortex in vitro. Federation Proceedings 
17:413, 1958. 

TABAKOFF, B.; ANDERSON, R.A.; AND RITZMANN, 
R.F. Brain acetaldehyde after ethanol administra
tion. Biochemical Pharmacology 25:1305–1309, 
1976. PMID: 938553 

TAMPIER, L.; CARIZ, S.; AND QUINTANILLA, M.E. 
Metabolism of acetaldehyde by rat isolated aortic 
rings: Does endothelial tissue contribute to its 
extrahepatic metabolism? Alcohol 10:203–206, 
1993. PMID: 8507388 

THADANI, P.V., AND TRUITT, E.B., JR. Effect of 
acute ethanol or acetaldehyde administration on 
the uptake, release, metabolism and turnover of 

norepinephrine in rat brain. Biochemical Pharmacology 
26:1147–1150, 1977. PMID: 889581 

TINDBERG, N., AND INGELMAN-SUNDBERG, M. 
Expression, catalytic activity, and inducibility of 
cytochrome P450 2E1 (CYP2E1) in the rat central 
nervous system. Journal of Neurochemistry 67:2066– 
2073, 1996. PMID: 8863515 

TRUDELL, J.R.; ARDIES, C.M.; AND ANDERSON, 
W.R. Cross-reactivity of antibodies raised against 
acetaldehyde adducts of protein with acetaldehyde 
adducts of phosphatidyl-ethanolamine: Possible 
role in alcoholic cirrhosis. Molecular Pharmacology 
38:587–593, 1990. PMID: 2233695 

TRUDELL, J.R.; ARDIES, C.M.; GREEN, C.E.; AND 

ALLEN, K. Binding of anti-acetaldehyde IgG anti
bodies to hepatocytes with an acetaldehyde-
phosphatidylethanolamine adduct on their surface. 
Alcoholism: Clinical and Experimental Research 
15:295–299, 1991. PMID: 2058807 

UPADHYA, S.C.; TIRUMALAI, P.S.; BOYD, M.R.; ET 

AL. Cytochrome P4502E (CYP2E) in brain: 
Constitutive expression, induction by ethanol and 
localization by fluorescence in situ hybridization. 
Archives of Biochemistry and Biophysics 373:23–34, 
2000. PMID: 10620320 

VASILIOU, V.; PAPPA, A.; AND ESTEY, T. Role of 
human aldehyde dehydrogenases in endobiotic and 
xenobiotic metabolism. Drug Metabolism Reviews 
36:279–299, 2004. PMID: 15237855 

VASILIOU, V.; ZEIGLER, T.L.; BLUDEAU, P.; ET AL. 
CYP2E1 and catalase influence ethanol sensitivity 
in the central nervous system. Pharmacognetics and 
Genomics 16(1):51–58, 2006. PMID: 16344722 

WANG, M.; MCINTEE, E.J.; CHENG, G.; ET AL. 
Identification of DNA adducts of acetaldehyde. 
Chemical Research in Toxicology 13:1149–1157, 
2000. PMID: 11087437 

WARD, R.J.; COLANTUONI, C.; DAHCHOUR, A.; ET 

AL. Acetaldehyde-induced changes in the monoamine 
and amino acid extracellular microdialysate content 
of the nucleus accumbens. Neuropharmacology 
36:225–232, 1997. PMID: 9144660 

WARNER, M., AND GUSTAFSSON, J.A. Effect of 
ethanol on cytochrome P450 in the rat brain. 
Proceedings of the National Academy of Sciences of the 
United States of America 91:1019–1023, 1994. 
PMID: 8302826 

WESTCOTT, J.Y.; WEINER, H.; SCHULTZ, J.; AND 

MYERS, R.D. In vivo acetaldehyde in the brain of 
the rat treated with ethanol. Biochemical Pharma
cology 29:411–417, 1980. PMID: 7362655 

ZIMATKIN, S.M., AND DEITRICH, R. Ethanol 
metabolism in the brain. Addiction Biology 2:387– 
399, 1997. 

ZIMATKIN, S.M., AND LINDROS, K.O. Distribution 
of catalase in rat brain: Aminergic neurons as possible 
targets for ethanol effects. Alcohol and Alcoholism 
31:167–174, 1996. PMID: 8737012 

ZIMATKIN S.M.; LIOPO, A.V.; AND DEITRICH, R.A. 
Distribution and kinetics of ethanol metabolism in 
rat brain. Alcoholism: Clinical and Experimental 
Research 22:1623-1627, 1998. PMID: 9835273 

ZIMATKIN, S.M.; LIOPO, A.V.; AND DEITRICH, 
R.A. Oxidation of ethanol to acetaldehyde in brain 
and the possible behavioral consequences. Advances 
in Experimental Medicine and Biology 463:231–236, 
1999. PMID: 10352690 

ZIMATKIN, S.M., AND PRONKO, P.S. Levels of 
ethanol and acetaldehyde and morphological dis
turbances in brain following administration of alco
hol and ALDH inhibitors. In: Jacob, B., and 
Bonte, W., eds. International Association of Forensic 
Science. Verlag, Berlin, 1995. pp. 1–4. 

ZIMATKIN, S.M.; PRONKO, S.P.; VASILIOU, V.; ET 

AL. Enzymatic mechanisms of ethanol oxidation in 
the brain. Alcoholism: Clinical and Experimental 
Research 30:1500–1505, 2006. PMID: 16930212 

ZIMATKIN, S.M.; ROUT, U.K.; KOIVUSALO, M.; ET 

AL. Regional distribution of low-Km mitochondrial 
aldehyde dehydrogenase in the rat central nervous 
system. Alcoholism: Clinical and Experimental 
Research 16:1162–1167, 1992. PMID: 1471772 

Vol. 29, No. 4, 2006 273 


