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1.  ABSTRACT

Genetically engineered animals (e.g., transgenics,
gene knockouts, gene knockins) are being utilized with
increasing frequency to investigate the mechanisms of action
of alcohol and anesthetics.  By creating and analyzing animals
that harbor precise, preplanned changes in candidate genes,
researchers are rapidly making progress toward uncovering
how these drugs exert their effects on the central nervous
system to bring about their behavioral effects.  Since these
sedative / hypnotic agents are likely to exert their effects by
altering neurotransmission, the majority of investigations to
date have focused on neurotransmitter receptors and
modulators of neurotransmission such as kinases.

2. INTRODUCTION

General anesthetics are arguably society’s most
therapeutically useful drugs, while alcohol is certainly its most
abused.  Ironically, a century of research suggests a common
mechanistic basis for their actions on the nervous system.

Both general anesthesia and alcohol intoxication are
disturbances of higher order nervous function responsible for
complex behavior including consciousness.  By definition,
therefore, despite the enormous utility of in vitro work, true
mechanistic insight into these processes can only be derived
from observations in living, behaving animals.  As early as
1899, Hans Meyer employed tadpoles to derive the durable
correlation between an agents obtunding potency and its lipid
solubility (1).  Remarkably, the correlation was shown to
prevail in rodents, primates, and people (2).

Physiological studies in rodents have been
extremely useful in demonstrating critical portions of the
nervous system’s response to anesthetics.  For example,
decerebration does not change anesthetic potency in the rat
(3).  This suggests that the immobilizing effects of anesthetics
are mediated by subcortical structures.  Rats have also been
used to demonstrate that stereotactic injection of the alpha 2
adrenergic agonist, dexmedetomidine, into the locus coeruleus
produces a hypnotic response (4).
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Classic genetic approaches in rodents to
understanding mechanisms of intoxication and anesthesia
have also been very informative (for reviews, see:5, 6).  By
selective breeding of rats or mice, numerous lines of animals
have been developed that display divergent responses to
various drugs including alcohol and anesthetics.  Numerous
inbred mouse strains and several spontaneously arising
mutants have also been demonstrated to differ in response to
alcohol and anesthetics.  These traditional genetic studies,
which began in the 1950’s, have clearly established that the
mechanisms which control various responses to drugs are
under genetic control.

Recently, specific chromosomal regions which
affect specific drug responses have been identified using the
quantitative trait loci mapping technique.  [For
methodological overview, the reader is referred to a recent
excellent review of this technique (7).]  Chromosomal regions
have been identified that control sensitivity to propofol (8)
and various responses to alcohol (9-12).  The next step in
these studies is to identify the genes within these
chromosomal regions that contribute to the drug responses.
This technique holds great promise for identifying genes that
form the pathways that control responses to alcohol and
anesthetics.

The classic and quantitative genetics approaches
are examples of forward genetics in which one makes an
attempt to progress from an altered phenotype to the genetic
basis for the observed differences.  Despite several decades of
considerable intense effort using the classic genetic approach,
it has been nearly impossible to deduce the underlying genetic
basis for the differential drug responses observed.  To date,
the only gene putatively identified in such animals has been
the alpha 6 subunit of the GABAA-R (13).  The quantitative
trait locus approach has yet to identify a gene that is directly
responsible for an altered behavioral response to alcohol or
anesthetics.  It is expected that this very powerful approach
will soon begin to yield insights into the molecular basis of
action of these drugs.

A third genetic approach, reverse genetics (from
gene to phenotype), provides a direct route for investigating
the effect of specific candidate genes on the response to
alcohol and anesthetics.  With this approach, transgenic
animals that express an additional gene, gene knockout
animals that completely lack a single specific gene, or gene
knockin animals that harbor a specific mutation in a
predetermined gene are created and subsequently analyzed for
altered drug responses.  [The technical details of creating such
animals are covered in numerous excellent reviews (14, 15)
and thus will not be covered here.]  Despite the fact that the
reverse genetics approach has only recently been enlisted to
investigate alcohol and anesthetic action, considerable
mechanistic insight has already been gleaned from these
studies and their results form the basis of this review.

3. NEUROTRANSMITTER RECEPTORS

3.1. Gamma-aminobutyric acid type A receptors
Gamma-aminobutyric acid (GABA) is the major

inhibitory neurotransmitter in the mammalian central nervous
system.  The type A GABA receptors (GABAA-Rs) are the
primary mediators of GABA induced rapid inhibitory

neurotransmission (for review, see:16).  GABAA-Rs are
heteropentameric membrane spanning protein complexes that
conduct chloride ions into neurons in response to ligand
binding.  To date, 18 subunit polypeptides have been
identified and these subunits can be grouped into families
(alpha 1-6, beta 1-4, gamma 1-4, delta, epsilon, and rho 1-2)
based on homology.  The subunit composition of native
GABAA-Rs is not completely understood at present (17).

Numerous drugs, including ethanol and anesthetics
are known to interact with the GABAA-R (16, 18).  Those
drugs that potentiate the effects of GABA are sedative /
hypnotic agents whereas those that inhibit the effects of
GABA are convulsants.

3.1.1. Gene knockout of the beta 3 subunit of the GABAA-R
The beta 3 subunit of the GABAA-R is a key

component of GABAA-R isoforms in many regions of the
brain, particularly cerebral cortex, hippocampus,
hypothalamus, cranial nerve ganglia, and spinal cord (19-21).
Production of beta 3 is even greater and more widespread in
the prenatal and neonatal brain (20, 21).

Recently, mice lacking the beta 3 subunit of the
GABAA-R have been produced and characterized (22).
Approximately 90% of mice homozygous for the mutation die
as neonates and ~60% have cleft palate.  GABA and
benzodiazepine binding sites are both reduced ~50% in brains
of homozygotes and GABAA-R function is severely impaired
(22, 23).  Those homozygous mice that survive are runted
until weaning, are hyperactive and hyperresponsive to human
contact, have difficulty swimming, walking on grids, and
frequently fall of platforms and rotarods (22).  Thus, these
mice are revealing fascinating roles for the beta 3 subunit in
GABAA-R function, palate formation, epileptogenesis, and
behavior.

Recently, these mice have been examined to
determine the contribution that beta 3 subunit containing
GABAA-Rs make to the response to various sedative /
hypnotic drugs (24).  In sleep time assays, these mice are less
sensitive to etomidate and midazolam, but they are normally
sensitive to pentobarbital and ethanol.  In a tail
clamp/withdrawal assay, these mice are less sensitive to the
immobilizing effect of the volatile anesthetics halothane and
enflurane, whereas in a loss of righting reflex assay sensitivity
to the obtunding effect of these same drugs in unchanged.
Such data support the hypotheses that: (a) separate
components of the anesthetic state are mediated via different
central nervous system loci (25); and, (b) different anesthetics
produce anesthesia by different specific molecular
interactions.

3.1.2.  Gene knockout of the gamma 2 subunit of the
GABAA-R

Although alpha and beta subunits are able to
coassemble to form functional GABA gated channels, the
presence of a gamma subunit is required to confer sensitivity
to benzodiazepines (26).  The gamma 2 subunit is the major
gamma subunit produced in the developing and adult brain
and spinal cord (20, 21).  Since most native receptors are
thought to be pentamers that consist of two alpha subunits,
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two beta subunits, and a gamma subunit (17, 27), gamma 2 is
a constituent of the majority of GABAA-Rs in the nervous
system.

Gene targeting has been used to create mice that
completely lack the gamma 2 subunit of the GABAA-R (28).
Most gamma 2 knockout mice die in the early neonatal period
although a few survive for as long as 18 days.  These mice
appear relatively normal at birth, but sensorimotor
abnormalities such as hyperactivity, impaired grasping and
righting reflex, and abnormal gait soon develop.  Radioligand
binding revealed a nearly complete absence of
benzodiazepine sites (~94% reduction) but only a minor
reduction (~22%) in GABA sites.  Electrophysiologic analysis
demonstrated that the GABAA-Rs that are present are
composed primarily of alpha and beta subunits.  These
receptors respond normally to bicuculline, picrotoxin, and
pentobarbital, but are completely unresponsive to the
benzodiazepine flunitrazepam.  A limited number of mice that
survived the neonatal period were tested at postnatal day 14
for behavioral response to orally administered diazepam.  A
dose of this benzodiazepine that induced sedation and loss of
the righting reflex in wild type mice, was without behavioral
effects in the knockout animals.  These results demonstrate
the critical importance of the gamma 2 subunit to
benzodiazepine sensitivity at the pharmacologic,
electrophysiologic, and behavioral levels.

3.1.3.  Gene knockout of the long splice variant of the
gamma 2 subunit of the GABAA-R

The gamma 2 subunit is known to exist in two
variant forms produced by alternate splicing of the mRNA
(29, 30).  The long variant (gamma 2 long) differs from the
short variant (gamma 2 short) by the presence or absence,
respectively of a 24 base pair sequence derived from exon 9
of the gamma 2 gene.  Some in vitro studies have clearly
demonstrated that gamma 2 long is absolutely required for
ethanol potentiation of GABA (31, 32).  However, others
have failed to observe this absolute requirement (33-35) and
still others have observed the requirement is some expression
systems but not in others (36).  Thus, the importance of the
splice variants to ethanol action at the GABAA-R is highly
controversial.

To investigate the physiologic and pharmacologic
functions of the gamma 2 long splice variant, mice have been
created that specifically and completely lack that subunit
variant (37).  To create these gene targeted animals, the 24bp
exon which distinguishes the long from the short variant was
deleted from the genome.  In the absence of gamma 2 long,
gamma 2 short is produced in increased quantities.  These
mice are viable, healthy, and overtly indistinguishable from
wild type animals.  A modest difference in anxiety was noted
with knockouts displaying signs of increased anxiety
compared to wild types.  Of direct interest, knockout mice
were ~20% more sensitive to the benzodiazepine midazolam
and ~18% more sensitive to the benzodiazepine site agonist
zolpidem.  In contrast, sensitivity to other drugs that interact
with the GABAA-R such as pentobarbital and etomidate was
unaffected.  Because of the controversy surrounding the
importance of gamma 2 long and ethanol action, these mice
were extensively analyzed for changes in response to ethanol.

Electrophysiologically, ethanol potentiated the effects of
GABA to a similar extent in the presence (wild type) or
absence (knockout) of gamma 2 long.  Thus, in a neuronal
context, native GABAA-R do not have an absolute
requirement for the long variant to bestow ethanol
potentiation of GABA.  Similarly, at the whole animal level,
no differences were detected in ethanol induced sleep time,
anxiolysis, hyperlocomotor activity, tolerance, or dependence.

3.1.4. Gene knockout  of the alpha 6 subunit of the
GABAA-R

The alpha 6 subunit of the GABAA-R is expressed
almost exclusively in cerebellar granule cells of the adult
brain; low levels of expression have been observed in dorsal
cochlear nuclei and possibly inferior colliculi, substantia nigra
and thalamus (38, 39).  The alpha 6 subunit is atypical of
GABAA-R subunits in that it confers diazepam insensitive
binding of Ro15-4513 to GABAA-R isoforms.  A point
mutation in the alpha 6 subunit of the Alcohol Non-Tolerant
rat line segregates with enhanced behavioral sensitivity to
ethanol and other drugs that can modulate GABAergic
activity (13, 40).  The unique pharmacology of the alpha 6
subunit and the mutant rat line suggest a critical role for the
alpha 6 subunit in whole animal behavioral response to
sedative/hypnotic agents.

In an effort to better define the physiologic and
pharmacologic functions of the alpha 6 subunit, two different
groups of investigators created alpha 6 knockout mice (38,
41).  Targeted disruption of the alpha 6 gene eliminated
production of alpha 6 mRNA, protein, and diazepam
insensitive binding of Ro15-4513 in the cerebellar granule cell
layer of the mice.  Unexpectedly, elimination of alpha 6
induced selective degradation of the delta subunit in cerebellar
granule cells (38).  Behaviorally, these mice are viable, fertile,
and appear overtly indistinguishable from wild type animals.

Surprisingly, these knockouts do not differ from
wild type mice in the hypnotic response to midazolam,
ethanol, Ro15-4513, or pentobarbital (GEH, unpublished
observations, and 41 ).  Likewise, the obtunding and ataxic
effects of halothane and enflurane are also unchanged (41).
More recently, it has been demonstrated that alpha 6
homozygous mice also respond normally to ethanol in terms
of acute functional tolerance, protracted tolerance, and
withdrawal hyperexcitability (42).  Thus, alpha 6 gene
knockout mice have yet to reveal a significant phenotypic
alteration of behavioral response to anesthetics and ethanol.
This subunit therefore, appears to be of minor physiological
significance to mice or its absence is compensated for by
alterations in other subunits.  Changes in cerebellar granule
cell pharmacology suggest that the latter may have indeed
occurred (43).

3.2.  Serotonin receptors
Abnormal function of the serotonin (5-

hydroxytryptamine, 5-HT) neurotransmitter system has been
associated with behavioral abnormalities including suicidal
tendencies, violence, anxiety, depression, aggression, and
alcoholism.  The main function of serotonin in the central
nervous system is that of neuromodulation.  Serotonin
functions to alter the rate of firing of neurons or to modify the
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release of other neurotransmitters such as GABA or
dopamine.  Serotonin exerts its effects by binding to
membrane spanning receptors, of which 14 have been
identified to date (44).  With the exception of the 5-HT3

receptors which are ligand gated ion channels, most 5-HT
receptors are coupled to GTP-binding proteins and thus exert
their effects by activation of second messenger systems.

3.2.1. Gene knockout of the serotonin 5-HT1B receptor
The 5-HT1B receptor is expressed in basal ganglia,

central gray, hippocampus, and raphe nuclei (44).  It has been
posited that several drugs which inhibit aggressive behavior
exert their effects through 5-HT1B receptors.  To test this, mice
were produced in which the 5-HT1B receptor was inactivated
by gene targeting (45).  These mice did not respond to the
hyperlocomotor effects of the 5-HT1 agonist RU24969.  A
most striking result of the genetic manipulation was that
homozygous mutants displayed enhanced aggressive
behaviors compared to controls.  More recently, this mutation
has been reported to alter startle reactivity, habituation, and
prepulse inhibition (46).

Crabbe et al. (47) tested these 5-HT1B receptor
knockouts for several behavioral effects of ethanol.  Targeted
disruption of this gene modified the behavior of the mutant
mice such that they voluntarily consumed twice as much
ethanol as wild type mice.  In addition, these knockouts were
less sensitive to the ataxic effects of ethanol, and they did not
develop tolerance to ethanol as quickly as wild type mice.
The mutant mice did not differ in their preference for non-
alcohol tastants, or severity of withdrawal following acute or
chronic exposure to ethanol.  These results demonstrate that
the 5-HT1B receptor is involved in regulating drinking
behavior and sensitivity to some of the effects of ethanol.
This study also highlights the notion that ethanol-related
behaviors (such as consumption and withdrawal) may be
controlled by independent mechanisms.

3.3. Opiate receptors
Opiates are an integral component of many

anesthetic techniques, and are commonly used to produce the
anesthetic state by themselves.  The initial classification of
opiate receptors was functional and based on responses to
different opioid drugs (mu - morphine, kappa -
ketocyclazocine, rho - N-allylnormetazocine, delta -
enkephalins, epsilon - beta endorphins) (48-50).  The
subsequent application of molecular biology techniques has
resulted in the cloning of mu, kappa, and delta opiate
receptors (51-53), as well as a previously unrecognized
receptor called the X-opioid receptor or the orphan opioid
receptor (54, 55).  All known opiate receptors mediate their
effects via closely-linked G proteins, and probably use a
variety of second messenger systems such as adenylate
cyclase, potassium and calcium channels, and phospholipase
C.  Although the relative contributions of each of these
receptor subtypes to different pharmacologic effects of opiates
is still a matter of debate, the mu receptor has been implicated
as a mediator of morphine-induced analgesia.  The mu
receptor has been classified into two subtypes, mu 1 and mu
2, based on relatively high and low binding affinity for opiate
agonists such as naloxonazine and morphine, respectively
(56).  These two subtypes are believed to be mediators of

different opioid effects (e.g., supraspinal analgesia versus
respiratory depression), but the assignment of cloned
receptors to either subtype remains controversial.

3.3.1. Gene knockout of the opiate mu receptor
Mice lacking mu receptors were created by

disrupting the mu gene using homologous recombination
techniques (57, 58).  Null allele mice were viable, and
morphologically and histologically identical to wild-type
mice.  In addition, their baseline locomotor activity, anxiety,
learning ability, coordination, and habituation behaviors were
similar to wild-type mice.  However, binding of 3H-DAMGO,
a mu subtype specific opiate ligand, was essentially absent in
null allele mice, and present at only 40% or 58% of baseline
levels in heterozygous mice.  Absence of mu receptor was
further confirmed by immunostaining techniques.  There were
no compensatory changes in receptor number or binding
affinity of kappa or delta subtypes as assessed by 3H-
U69,593/3H-CI-977 and 3H-[D-Pen2,D-Pen5]enkephalin/3H-
naltrindole binding, respectively.  The nociceptive responses
of mice deficient in the mu subtype were altered both in the
absence and presence of morphine.  Hot plate tail flick latency
(largely a measure of spinally-mediated analgesia) was
decreased in heterozygous and null allele mice by
approximately 25%, while the time to first paw lick (reflecting
supraspinal analgesic mechanisms) was decreased by a
similar magnitude.  These results suggest that mu receptors
play a role in the action of endogenous opiate-mediated
nociception at both the spinal and supraspinal levels.  The
morphine dose-response relationship using these same
nociceptive assays was shifted downward and to the left in
heterozygous mice, and null allele mice had no response to
morphine doses as high as 56 mg/kg, supporting a major role
for mu receptors in morphine-induced analgesia.
Interestingly, mu opiate receptors also appear to be required
for delta agonists to be efficacious, since analgesia due to [D-
Pen2,D-Pen5]enkephalin and the enkephalin hexapeptide Tyr-
D-Ser(O-T-Bu)-Gly-Phe-Leu-Thr(O-T-Bu) (BUBU) was
dramatically reduced in mice lacking mu receptors (57, 59).
Other behaviors attributable to opiates such as rewarding
behavior (measured with the place-conditioning paradigm)
and dependence/withdrawal were also absent in mu deficient
mice.

3.4.  Alpha adrenergic receptor
Within the central nervous system, norepinephrine

has substantial antinociceptive, sedative, and sympatholytic
properties, and agonists of the alpha-2 receptor such as
dexmetomidine or clonidine are used in clinical anesthesia
practice for these purposes (60).  The alpha-2 receptor exists
as three different subtypes, alpha-2a, alpha-2b and alpha-2c.
Similar to the opiate receptor, the alpha-2 receptor is coupled
to a G protein system for further signal transduction.
However, in contrast to the opiate receptor, the lack of
sufficiently selective subtype-specific ligands has impeded
efforts to dissect the relative importance of alpha-2 subtypes
to various pharmacologic responses.  Gene targeting has
provided substantial insight to alpha-2  adrenergic receptor
subtype pharmacology via animals with point mutations of the
alpha-2a adrenergic receptor, and those lacking alpha-2b and
alpha-2c adrenergic receptors, and overexpressing alpha-2c
adrenergic receptors.
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3.4.1. Point mutation of the alpha-2a adrenergic receptor
Production of mice (called D79N mice) which are

homozygous for a point mutation of the aspartate residue to
asparagine at position 79 of the alpha-2a adrenergic receptor
has enabled elucidation of the role of this receptor subtype in
homeostatic and anesthetic processes (61).  This mutation
eliminates allosteric modulation of the alpha-2 receptor by
monovalent cations (62) and perturbs G protein coupling (for
example, coupling to activate potassium channels) (63).
Despite normal levels of mRNA encoding the alpha-2a
receptor, the density of alpha-2a receptor is decreased in
mutant mice (approximately 80% of wild type density);
however, affinity for agonists is increased due to the loss of
allosteric modulation previously mentioned.

Pharmacologic responses to alpha-2 receptor
agonists were markedly different in wild type and mutant
mice.  Although baseline hemodynamics were similar in wild
type and D79N mice, the hypotensive response to alpha-2
receptor agonists such as dexmetomidine was absent in the
latter.  Dexmetomidine reduced coordination (as measured by
rotarod performance) and induced sleep in wild type but not
mutant mice (64).  Similarly, dexmetomidine decreased
halothane requirement (as measured by loss-of-righting
reflex) and increased the pain threshold (as measured by the
ramped hot plate test, a measure of supraspinal pain
perception) in wild type but not mutant mice.  In contrast,
non-alpha-2 receptor agents such as pentobarbital, the
adenosine A1 receptor agonist R-(2-
phenylisopropyl)adenosine, and morphine produced
equivalent hypnotic, anesthetic-sparing, and analgesic
responses, respectively, in wild type and mutant mice.  These
data confirm that the alpha-2a receptor is the primary
mediator of the hypnotic, anesthetic-sparing, and analgesic
properties of alpha-2 receptor agonists.

Alpha-2 receptor agonists exert analgesic effects
when administered at the spinal level, and also synergistically
enhance the spinal analgesia mediated by spinally-
administered opioids.  The spinal anti-nociceptive properties
of alpha-2 receptor agonists in D79N mice have also been
investigated (65).  Intrathecal administration of UK 14,304 (a
nonsubtype selective alpha-2 receptor agonist) fails to induce
analgesia as measured by the tail flick test in D79N mice,
while the analgesic properties of intrathecally-administered
morphine were preserved, confirming that the alpha-2a
receptor subtype is the primary mediator of alpha-2
adrenergic spinal analgesia.  Alpha-2 receptor agonists
inhibited the classic nociceptive behavior following the
intrathecal administration of substance P in both wild type and
D79N mice, but the dose required in D79N mice was several
orders of magnitude greater than that required in wild type
mice.  Synergy of alpha-2 adrenergic and opioid effects
require activation of delta opioid receptors, and were
investigated after co-administration of the delta opioid agonist
deltorphin II, and a cocktail of UK 14,304 and prazosin
(which blocks alpha-1, alpha 2b, and alpha-2c adrenergic
receptors, resulting in relatively pure alpha-2a agonism).
Deltorphin II potency was similar in wild type and D79N
mice, whereas the alpha-2 cocktail was 2 orders of magnitude
less potent in D79N mice than in wild type mice.
Isobolographic analysis of responses after co-administration

of deltorphin and equipotent doses of alpha-2 cocktail
revealed marked synergy of alpha-2 adrenergic and opioid
effects in wild type but not in D79N mice.  These data
confirm that the alpha-2a adrenergic receptor is required for
synergy of alpha-2 adrenergic agents and opioids.  Finally, the
ED50 of morphine required to inhibit the response to substance
P was 75 times greater in D79N than in wild type mice, and
was not affected by co-administration of the alpha-2a
antagonist idaxozan as was the case in wild type mice.  This
suggests that the alpha-2a subunit is crucial to the modulation
of morphine-induced antinociception by descending spinal
adrenergic pathways.

3.4.2. Gene knockout of the alpha-2b adrenergic receptor
Mice lacking the alpha-2b adrenergic receptor have

been produced by homologous recombination (66).  The
alpha-2b adrenergic receptor apparently mediates the initial
hypertensive response to alpha-2 adrenergic agonists, and
ameliorates the subsequent hypotension, because the former is
not observed in mice lacking the alpha-2b adrenergic receptor,
and the hypotension after alpha-2 adrenergic agonists is
greater than in wild type animals.  Unfortunately, no specific
tests of anesthetic sensitivity have been published in alpha-2b
null allele mice, although meeting summaries indicate that the
anesthetic-sparing properties of dexmetomidine are unaltered
in alpha-2b null allele mice, suggesting that the alpha-2b
subtype is not integral to alpha-2 agonist anesthesia responses
(67).

3.4.3 . Gene knockout  and overexpression of the alpha-2c
adrenergic receptor

Mice lacking the alpha-2c adrenergic receptor have
also been produced by homologous recombination (66).  Null
allele mice are viable, fertile, and grossly normal, despite total
absence of the alpha-2c-adrenoreceptor and marked
reductions in 3H-rauwolscine binding in brain areas where the
alpha-2c-adrenoreceptor is found.  Expression of alpha-2a and
alpha-2b receptors is unaltered.  Locomotor activity and
hemodynamics after dexmetomidine administration are not
different in null allele mice (68).  The hypothermic effect of
dexmetomidine is attenuated in null allele mice, while it is
accentuated in mice which overexpress the alpha-2c receptor
three-fold (69).  Similar to the case for alpha-2b null allele
mice, preliminary reports indicate that alpha-2c null allele
mice retain an anesthetic-sparing response to dexmetomidine,
suggesting that the alpha-2c subtype is not integral to alpha-2
agonist anesthesia responses (67).

3.5.  Dopamine receptors
Dopamine is the chief catecholamine in the

mammalian central nervous system, and is integral to
regulation of locomotor activity, motion, affect, and
neuroendocrine function.  Insufficient dopaminergic activity
due to neuronal degeneration contributes to Parkinson’s
disease, and dopamine receptor antagonists are important
agents in the control of schizophrenia.  The initial functional
classification of dopamine receptors into D1 (stimulating
adenylate cyclase activity) and D2 (inhibiting adenylate
cyclase) has been superseded by the subsequent discovery and
cloning of five dopamine receptor subtypes (70).  The D1 and
D5 subtypes share a significant sequence homology, and
correspond to the old “functional D1” classification.  The D2,
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D3, and D4 subtypes also share sequence homology and
correspond to the “functional D2” classification.  All of these
subtypes are coupled to G protein effector systems.  D1 and
D5 subtypes stimulate and D2, D3, and D4 inhibit adenylate
cyclase as their major signaling pathway, but these receptor
subtypes are probably also capable of using other second
messenger systems.

Although central dopaminergic receptors do not
appear to be integral to the production of anesthesia, they
have been implicated in the behavioral response to addictive
drugs such as opiates, especially the rewarding properties of
opiates and the somatic expression of opiate abstinence.

3.5.1. Gene knockout of the dopamine D1 receptor
Mice lacking the dopamine D1 receptor have been

produced by targeted gene disruption (71).  Null allele mice
are growth retarded and die after birth unless fed a special
diet.  Their locomotor behavior and coordination is normal,
but rearing behavior is decreased.  No specific data
concerning anesthetic responses are available.

3.5.2. Gene knockout of the dopamine D2 receptor
Mice lacking the dopaminergic D2 receptor have

been produced by disrupting the dopamine D2 receptor gene
(72, 73).  Null allele mice exhibited decreased spontaneous
locomotor activity, but normal exploratory behavior and
habituation (74, 75).  Morphine and RB 101 (an inhibitor of
enkephalin degrading enzymes) induced a similar
hyperlocomotor response in mice with and without the D2
receptor.  The rewarding effect of morphine (measured by the
place-conditioning paradigm) was absent in mice lacking the
D2 receptor, and this response was not due to increased
endogenous enkephalin levels, since the same result was
observed with a substantially greater morphine dose (9
mg/kg).  Incentive behavior to food was preserved, indicating
that the defect was specific.  Activation of the D2 receptor
decreases the severity of withdrawal symptoms, and D2
blockade induces withdrawal in morphine dependent animals.
However, mice with and without the D2 receptor did not
differ in their withdrawal responses, indicating that although
they may be involved in the withdrawal process, D2 receptors
are not required for withdrawal to be manifest.  No specific
data regarding anesthetic responses are available.

A recent study of the D2 receptor knockout mice
(75) highlights an important aspect of knockout studies that
has only recently received serious attention, namely the
contribution of genetic background to the phenotype of
knockout animals (for discussion, see:76).  Analysis of the
effects of genetic background on the D2 receptor knockout
has revealed a significant performance deficit in one of the
two inbred parental mouse strains (Strain 129) that was used
to create the knockout animals.  Inbred Strain 129 mice had
very low levels of spontaneous activity, exploratory activity,
and poor rotarod performance, just like the D2 receptor
knockouts.  The exact contribution of the Strain 129 genome
versus the dopamine D2 receptor knockout to the phenotypes
being studied was not conclusively established though Kelly
et al. (75) address, at length, the issue of genetic background.
It remains to be determined if the changes in morphine
responsiveness mentioned above (74) are similarly
confounded by effects of the genetic background.

3.5.3. Gene knockout of the dopamine D3 receptor
Mice lacking the dopaminergic D3 receptor have

been produced by introducing a premature chain-termination
mutation in the D3 gene (77).  Binding of 125I-iodosulpride to
D3 receptors was absent in null allele mice.  Mice lacking the
D3 receptor exhibited increased locomotor activity and
rearing behavior.  Unfortunately, no data on specific
sedative/anesthetic responses appears to be available.

3.5.4.  Gene knockout of the dopamine D4 receptor
The dopamine D4 receptor has recently been

intensively investigated.  Interest in the D4 receptor has been
stimulated by the observations that D4 receptors displays very
high affinity for the antipsychotic clozapine (78), D4
receptors may be increased in abundance in brains of
schizophrenics (79), D4 receptors are highly polymorphic
(80), and particular polymorphisms have been associated in
humans with alcoholism (81-83), novelty seeking behavior
(84, 85), and opiate abuse (86), and in mice with ethanol
drinking (87).

To assess the functional significance of the D4
receptor in vivo, mutant mice were produced in which the D4
receptor gene was inactivated by gene targeting (88).  The
mutant mice were overtly indistinguishable from controls,
however, they were less sensitive to clozapine.  Dopamine
synthesis and turnover was increased in brains of the
knockouts.  On tests of exploratory behavior in both novel and
familiar environments, D4 receptor mutant mice exhibited
reduced locomotor activity.  Surprisingly, on a test of
complex motor coordination, the rotarod, the mutant mice
performed significantly better than their wild type littermates.
When tested for the hyperlocomotor effects of ethanol,
cocaine, and methamphetamine, it was observed that the D4
receptor knockouts were supersensitive to these drugs.
Although the molecular and cellular mechanisms by which
the D4 receptors modulate the behaviors that are altered in the
knockout animals have yet to be definitively established, it is
clear that the D4 receptors are important for normal and drug
stimulated motor behaviors.

4.  KINASES
Phosphorylation / dephosphorylation is one of the

primary mechanisms of ion channel modulation.  Cellular
studies have shown that the functions of both N-methyl-D-
aspartate receptors (NMDA-Rs, a glutamate-gated Ca2+
channel) and GABAA-Rs are modulated by phosphorylation
(89).  Two kinases that phosphorylate NMDA-Rs and
GABAA-Rs, fyn kinase and the gamma isoform of protein
kinase C (PKC), respectively, were deleted in mice in separate
experiments initially to determine the role these kinases have
in long-term potentiation and learning and memory (90, 91).
Subsequently, their roles in mediating the intoxicating effects
of ethanol were investigated.

4.1. Gene knockout of fyn tyrosine kinase
Fyn tyrosine kinase, a non-receptor tyrosine kinase,

was inactivated in mice by gene targeting (90).  Mutant mice
were reported to have defective long-term potentiation.
Testing in the Morris water maze revealed that the fyn mutant
mice were incapable of recalling previous training sessions
and using that information to escape from the pool.  Fyn null
mice also failed the water maze transfer test (no quadrant
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preference).  Histologically, a clear defect in the arrangement
of the granule cells of the dentate gyrus and the pyramidal
cells of the CA3 region was observed.

Miyakawa et al. (92) investigated the role of fyn
kinase in modulating the behavioral effects of ethanol.  Fyn
knockout mice slept twice as long as control mice after
ethanol administration.  Mechanistically, it appears that in the
absence of fyn kinase, ethanol stimulated phosphorylation of
NMDA receptors is ablated.  This results in a failure of
hippocampal NMDA receptors to develop acute tolerance to
ethanol, ultimately modulating whole animal response to the
hypnotic effects of ethanol.

4.2.  Gene knockout of the gamma isoform of protein
kinase C

PKC-gamma is one of 11 isoforms of PKC (93),
and is expressed only post-natally (94).  As with the fyn
knockout, PKC-gamma was deleted in order to determine the
role of this central nervous system-specific isoform of PKC in
learning and memory (91).  PKC-gamma null animals were
viable and displayed normal behaviors for mating, grooming,
feeding, and circadian activity.  However, PKC-gamma
knockout animals had an abnormal gait and were more prone
to falling off an inclined pole than wild-type controls.  Long-
term potentiation and spatial learning were abnormal in the
mutant mice.

Ethanol induced sleep time was reduced in the
PKC-gamma knockout animals by nearly 40% (95).  In
addition, ethanol induced hypothermia was reduced in
knockouts compared to wild type animals.  Because the
GABAA-R is a potential target of PKC-gamma mediated
phosphorylation, and phosphorylation of the gamma-2 long
splice variant of the GABAA-R may be important for ethanol
potentiation of GABA action (32), GABAA-R function was
assessed with 36Cl flux assays using isolated brain membrane
vesicles derived from cerebellum or cortex of the mice.  These
studies revealed no differences between genotypes in basal or
muscimol-stimulated 36Cl- flux.  However, 15mM ethanol
enhanced muscimol stimulated 36Cl- flux by 30% in control
animals, whereas no enhancement by ethanol was observed in
knockout cerebellar vesicles and a significant reduction was
seen in knockout cortical vesicles.  Although these studies
established a clear role for PKC-gamma in mediating some of
the behavioral effects of ethanol, it remains to be determined
which specific cellular proteins (e.g., GABAA-Rs and others)
the kinase actually interacts with to elicit these behavioral
changes in ethanol sensitivity.

5.  NEUROTRANSMITTERS

5.1.  Nitric Oxide
Nitric oxide is a labile gas that functions as a

cellular messenger.  In the nervous system, nitric oxide
functions as a neurotransmitter.  In contrast to other
neurotransmitters, there is no known mechanism for storage
of nitric oxide; it is synthesized de novo as needed from L-
arginine by nitric oxide synthase (NOS).  Three NOS genes
and the enzymes they encode have been identified.  Neuronal
and endothelial NOS are constitutively produced whereas
macrophage NOS is inducible.  Knockout mice have been

created that harbor inactivated neuronal (96), endothelial (97),
and macrophage (98, 99) NOS genes.  Only neuronal NOS
knockouts will be covered here as this is the only isoform of
NOS that is likely to be involved in mediating the effects of
alcohol and anesthetics.

5.1.1. Gene knockout of neuronal nitric oxide synthase
Neuronal NOS is expressed in many neurons of the

central and peripheral nervous systems.  Mice harboring a
targeted disruption of the neuronal NOS gene are viable,
fertile, and lack histopathological changes in the central
nervous system (96).  The mutant mice have grossly enlarged
stomachs which is accompanied by hypertrophy of the
circular muscle layer of the stomach and pylorus.  Presumably
these defects are due to the lack of nitric oxide in the neurons
of the peripheral nervous system which innervate this part of
the digestive tract.  Mice lacking neuronal NOS also display
enhanced aggression and inappropriate sexual behaviors
(100).

Involvement of nitric oxide in anesthesia has been
suggested from studies employing inhibitors of NOS.  It has
been reported that pharmacologic inhibition of NOS results in
reduction in the minimum alveolar concentration for
halothane anesthesia in rats (101), although others have not
observed this effect (102).  To directly test the role of
neuronal NOS, isoflurane minimum alveolar concentrations
and loss of righting reflex EC50’s were compared between
wild type and neuronal NOS knockout mice (103).
Surprisingly, isoflurane requirement was unaltered by the
neuronal NOS knockout.  However, the same authors also
reported that pharmacologic inhibition of NOS in wild type,
but not knockout mice, reduced isoflurane requirement.
These results suggest that the reduction in anesthetic
requirement by NOS inhibitors is indeed mediated by
neuronal NOS.  Furthermore, the lack of a change in
anesthetic requirement in the absence of a NOS inhibitor in
the knockout mice implies that changes occurred in the
nervous system that compensate for the lack of neuronal
NOS.  A similar conclusion was reached in a study of
nociception-induced neuroplasticity in the neuronal NOS
knockout mice.  While wild type and knockouts did not differ
in formalin-induced nociceptive behavior, administration of a
NOS inhibitor blocked the response in wild type mice but was
ineffective in the knockouts (104).  Unknown compensatory
changes such as these are a limitation of conventional
knockout technology.

6. PERSPECTIVES

The application of genetically engineered animals
to dissect the mechanisms of action of alcohol and anesthetics
is only just beginning.  The recent results highlighted above
demonstrate the vast power and utility of this approach.
Already, genetically altered animals have led to exciting
advances in our understanding of how these drugs exert their
effects in vivo at the whole animal level.  It is clear that many
neuronal signaling pathways are involved.  Transgenic
technologies coupled with more traditional types of analysis
(e.g., molecular, electrophysiologic, etc.), are expected to lead
to rapid progress in unraveling the complexities of alcohol
and anesthetic action.



Alcohol and anesthetic mechanisms in genetically engineered mice

555

7.  ACKNOWLEDGEMENTS

 This publication was supported by the National
Institutes of Health (AA10422 to G.E.H. and GM52035 to
L.L.F.) and the University Anesthesiology and Critical Care
Medicine Foundation.

8.  REFERENCES

1. Meyer, H.: Arch. exp. Path. Pharmak. (Naunyn-
Schmiedebergs) 42,109-118 (1899)

2.  Quasha, A. L., E. I. d. Eger, & J. H. Tinker: Determination
and applications of MAC. Anesthesiology 53,315-334 (1980)

3.  Rampil, I. J., P. Mason, & H. Singh: Anesthetic potency
(MAC) is independent of forebrain structures in the rat.
Anesthesiology 78,707-712 (1993)

4.  Correa-Sales, C., B. C. Rabin, & M. Maze: A hypnotic
response to dexmedetomidine, an alpha 2 agonist, is mediated in
the locus coeruleus in rats. Anesthesiology 76,948-952 (1992)

5.  Crabbe, J. C., & J. K. Belknap: Genetic approaches to drug
dependence. Trends Pharmacol Sci 13,212-219 (1992)

6.  Crabbe, J. C., J. K. Belknap, & K. J. Buck: Genetic animal
models of alcohol and drug abuse. Science 264,1715-1723
(1994)

7.  Crowder, C. M.: Mapping anesthesia genes: why and how?
Anesthesiology 88,293-296 (1998)

8.  Simpson, V. J., B. A. Rikke, J. M. Costello, R. Corley, & T.
E. Johnson: Identification of a genetic region in mice that
specifies sensitivity to propofol. Anesthesiology 88,379-389
(1998)

9.  Buck, K. J., P. Metten, J. K. Belknap, & J. C. Crabbe:
Quantitative Trait Loci Involved In Genetic Predisposition to
Acute Alcohol Withdrawal In Mice. J Neurosci 17,3946-3955
(1997)

10.  Crabbe, J. C., J. K. Belknap, S. R. Mitchell, & L. I.
Crawshaw: Quantitative trait loci mapping of genes that
influence the sensitivity and tolerance to ethanol-induced
hypothermia in BXD recombinant inbred mice. J Phar Exp Ther
269,184-192 (1994)

11.  Markel, P. D., B. Bennett, M. Beeson, L. Gordon, & T. E.
Johnson: Confirmation of quantitative trait loci for ethanol
sensitivity in long-sleep and short-sleep mice. Genome Res 7,92-
99 (1997)

12.  Rodriguez, L. A., R. Plomin, D. A. Blizard, B. C. Jones, &
G. E. McClearn: Alcohol acceptance, preference, and sensitivity
in mice. II. Quantitative trait loci mapping analysis using BXD
recombinant inbred strains. Alcohol Clin Exp Res 19,367-373
(1995)

13.  Korpi, E. R., C. Kleingoor, H. Kettenmann, & P. H.
Seeburg: Benzodiazepine-induced motor impairment linked to
point mutation in cerebellar GABA-A receptor. Nature 361,356-
359 (1993)

14.  Galli-Taliadoros, L. A., J. D. Sedgwick, S. A. Wood, & H.
Korner: Gene knock-out technology: a methodological overview
for the interested novice. J Immunol Methods 181,1-15 (1995)

15.  Jaenisch, R.: Transgenic animals. Science 240,1468-1474
(1988)

16.  Sieghart, W.: Structure and pharmacology of gamma
aminobutyric acida receptor subtypes. Pharmacol Rev 47,181-
234 (1995)

17.  McKernan, R., & P. Whiting: Which GABAA-receptor
subtypes really occur in the brain? Trends Neurosci 19,139-143
(1996)

18.  Firestone, L., J. Quinlan, & G. Homanics: Role of GABAA
receptor subtypes in the pharmacology of general anesthetics.
Curr Opin Anesth 8,311-314 (1995)

19.  Wisden, W., D. J. Laurie, H. Monyer, & P. H. Seeburg: The
distribution of 13 GABAA receptor subunit mRNAs in the rat
brain. I. Telencephalon, diencephalon, mesencephalon. J
Neurosci 12,1040-1062 (1992)

20.  Laurie, D. J., W. Wisden, & P. H. Seeburg: The distribution
of thirteen GABAA receptor subunit mRNAs in the rat brain. III.
Embryonic and postnatal development. J Neurosci 12,4151-4172
(1992)

21.  Ma, W., P. A. Saunders, R. Somogyi, M. O. Poulter, & J. L.
Barker: Ontogeny of GABAA receptor subunit mRNAs in rat
spinal cord and dorsal root ganglia. J Compar Neurol 338,337-
359 (1993)

22.  Homanics, G. E., T. M. Delorey, L. L. Firestone, J. J.
Quinlan, A. Handforth, N. L. Harrison, M. D. Krasowski, C. E.
M. Rick, E. R. Korpi, R. Makela, M. H. Brilliant, N. Hagiwara,
C. Ferguson, K. Snyder, & R. W. Olsen: Mice devoid of
gamma-aminobutyrate type A receptor beta 3 subunit have
epilepsy, cleft palate, and hypersensitive behavior. Proc Natl
Acad Sci USA 94,4143-4148 (1997)

23.  Krasowski, M., C. Rick, N. Harrison, L. Firestone, & G.
Homanics: A deficit of functional GABA-A receptors in neurons
of beta 3 subunit knockout mice. Neurosci Lett 240,81-84 (1998)

24.  Quinlan, J., G. Homanics, & L. Firestone: Anesthesia
sensitivity in mice lacking the beta 3 subunit of the GABAA
receptor. Anesthesiology 88,775-780 (1998)

25.  Eger, E. I., D. D. Koblin, R. A. Harris, J. J. Kendig, A.
Pohorille, M. J. Halsey, & J. R. Trudell: Hypothesis - Inhaled
anesthetics produce immobility and amnesia by different
mechanisms at different sites. Anesth Anal 84,915-918 (1997)

26.  Pritchett, D. B., H. Sontheimer, B. D. Shivers, S. Ymer, H.
Kettenmann, P. R. Schofield, & P. H. Seeburg: Importance of a
novel GABA-A receptor subunit for benzodiazepine
pharmacology. Nature 338,582-585 (1989)

27.  Chang, Y., R. Wang, S. Barot, & D. Weiss: Stoichiometry
of a recombinant GABAA receptor. J Neurosci 16,5415-5424
(1996)

28.  Gunther, U., J. Benson, D. Benke, J. Fritschy, G. Reyes, F.
Knoflach, F. Crestani, A. Aguzzi, M. Arigoni, Y. Lang, H.
Bluethmann, H. Mohler, & B. Luscher: Benzodiazepine-
insensitive mice generated by targeted disruption of the gamma 2
subunit gene of gamma-aminobutryic acid type A receptors.
Proc Natl Acad Sci USA 92,7749-7753 (1995)

29.  Whiting, P., R. M. McKernan, & L. L. Iversen: Another
mechanism for creating diversity in gamma-aminobutyrate type
A receptors: RNA splicing directs expression of two forms of
gamma 2 subunit, one of which contains a protein kinase C



Alcohol and anesthetic mechanisms in genetically engineered mice

556

phosphorylation site. Proc Natl Acad Sci USA 87,9966-9970
(1990)

30.  Kofuji, P., J. B. Wang, S. J. Moss, R. L. Huganir, & D. R.
Burt: Generation of two forms of the g-aminobutyric acid-A
receptor gamma 2 subunit in mice by alternative splicing. J
Neurochem 56,713-715 (1991)

31.  Wafford, K. A., D. M. Burnett, N. J. Leidenheimer, D. R.
Burt, J. B. Wang, P. Kofuji, T. V. Dunwiddie, R. A. Harris, & J.
M. Sikela: Ethanol sensitivity of the GABA-A receptor
expressed in Xenopus Oocytes requires 8 amino acids contained
in the gamma 2L subunit. Neuron 7,27-33 (1991)

32.  Wafford, K. A., & P. J. Whiting: Ethanol  potentiation of
GABA-A receptors requires phosphorylation of the alternatively
spliced variant of the gamma 2 subunit. FEBS Lett 313,113-117
(1992)

33.  Marszalec, W., Y. Kurata, B. J. Hamilton, D. B. Carter, & T.
Narahashi: Selective effects of alcohols on gamma-aminobutyric
acid A receptor subunits expressed in human embryonic kidney
cells. J Pharmacol Exp Ther 269,157-163 (1994)

34.  Mihic, S. J., P. J. Whiting, & R. A. Harris: Anaesthetic
concentrations of alcohols potentiate GABAA receptor-mediated
currents: lack of subunit specificity. Eur J Pharmacol 268,209-
214 (1994)

35.  Sigel, E., R. Baur, & P. Malherbe: Recombinant GABAA
receptor function and ethanol. FEBS Lett 324,140-142 (1993)

36.  Harris, R., S. Mihic, S. Brozowski, K. Hadingham, & O.
Whiting: Ethanol, flunitrazepam, and pentobarbital modulation
of GABAA receptors expressed in mammalian cells and xenopus
oocytes. Alcohol Clin Exp Res 21,444-451 (1997)

37.  Homanics, G., J. Quinlan, N. Harrison, M. Krasowski, C.
Rick, A. deBlas, A. Mehta, F. Kist, R. Mihalek, J. Aul, & L.
Firestone: Mice lacking the long splice variant of the gamma 2
subunit of the gamma-aminobutyric acid type A receptor
demonstrate increased anxiety and  enhanced behavioral
responses to benzodiazepine receptor agonists, but not to
ethanol. J Pharmacol Exp Ther  Submitted (1998)

38.  Jones, A., E. R. Korpi, R. M. McKernan, R. Pelz, Z. Nusser,
R. Makela, J. R. Mellor, S. Pollard, S. Bahn, F. A. Stephenson,
A. D. Randall, W. Sieghart, P. Somogyi, A. J. H. Smith, & W.
Wisden: Ligand-gated ion channel subunit partnerships -
GABA(a) receptor alpha(6) subunit gene inactivation inhibits
delta subunit expression. J Neurosci 17,1350-1362 (1997)

39.  Varecka, L., C.-H. Wu, A. Rotter, & A. Frostholm:
GABAA/benzodiazepine receptor a6 subunit mRNA in granule
cells of the cerebellar cortex and cochlear nuclei: expression in
developing and mutant mice. J Compar Neurol 339,341-352
(1994)

40.  Hellevuo, K., K. Kiianmaa, & E. R. Korpi: Effect of
GABAergic drugs on motor impairment from ethanol, barbital
and lorazepam in rat lines selected for differential sensitivity to
ethanol. Pharmacol Biochem Behav 34,399-404 (1989)

41.  Homanics, G. E., C. Ferguson, J. J. Quinlan, J. Daggett, K.
Snyder, C. Lagenaur, Z. P. Mi, X. H. Wang, D. R. Grayson, &
L. L. Firestone: Gene knockout of the alpha-6 subunit of the
gamma-aminobutyric acid type A receptor: Lack of effect on
responses to ethanol, pentobarbital, and general anesthetics. Mol
Pharmacol 51,588-596 (1997)

42.  Homanics, G., N. Le, F. Kist, R. Mihalek, A. Hart, & J.
Quinlan: Ethanol tolerance and withdrawal responses in GABAA

receptor alpha 6 subunit null allele mice and in inbred C57BL/6J
and Strain 129/SvJ mice. Alcohol Clin Exp Res 22,259-265
(1998)

43.  Mäkelä, R., M. Uusioukari, G. E. Homanics, J. J. Quinlan,
L. L. Firestone, W. Wisden, & E. R. Korpi: Cerebellar gamma-
aminobutyric acid type a receptors: Pharmacological subtypes
revealed by mutant mouse lines. Mol Pharmacol 52,380-388
(1997)

44.  Saudou, F., & R. Hen: 5-Hydroxytryptamine receptor
subtypes in vertebrates and invertebrates. Neurochem Int 25,503-
532 (1994)

45.  Saudou, F., D. A. Amara, A. Dierich, M. LeMeur, S.
Ramboz, L. Segu, M. C. Buhot, & R. Hen: Enhanced aggressive
behavior in mice lacking 5-HT1B receptor. Science 265,1875-
1878 (1994)

46.  Dulawa, S. C., R. Hen, K. Scearce-Levie, & M. A. Geyer:
Serotonin1B receptor modulation of startle reactivity,
habituation, and prepulse inhibition in wild-type and serotonin1B
knockout mice. Psychopharm 132,125-134 (1997)

47.  Crabbe, J. C., T. J. Phillips, D. J. Feller, R. Hen, C. D.
Wenger, C. N. Lessov, & G. L. Schafer: Elevated alcohol
consumption in null mutant mice lacking 5-HT1B serotonin
receptors. Nature Genetics 14,98-101 (1996)

48.  Schulz, R., E. Faase, M. Wuster, & A. Herz: Selective
receptors for beta-endorphin on the rat vas deferens. Life Sci
24,843-849 (1979)

49.  Martin, W. R., C. G. Eades, J. A. Thompson, R. E. Huppler,
& P. E. Gilbert: The effects of morphine- and nalorphine- like
drugs in the nondependent and morphine-dependent chronic
spinal dog. J Phar Exp Ther 197,517-532 (1976)

50.  Lord, J. A., A. A. Waterfield, J. Hughes, & H. W. Kosterlitz:
Endogenous opioid peptides: multiple agonists and receptors.
Nature 267,495-499 (1977)

51.  Fukuda, K., S. Kato, K. Mori, M. Nishi, & H. Takeshima:
Primary structures and expression from cDNAs of rat opioid
receptor delta- and mu-subtypes. FEBS Lett 327,311-314 (1993)

52.  Evans, C. J., D. E. Keith, Jr., H. Morrison, K. Magendzo, &
R. H. Edwards: Cloning of a delta opioid receptor by functional
expression. Science 258,1952-1955 (1992)

53.  Chen, Y., A. Mestek, J. Liu, J. A. Hurley, & L. Yu:
Molecular cloning and functional expression of a mu-opioid
receptor from rat brain. Mol Pharmacol 44,8-12 (1993)

54.  Wang, J. B., P. S. Johnson, Y. Imai, A. M. Persico, B. A.
Ozenberger, C. M. Eppler, & G. R. Uhl: cDNA cloning of an
orphan opiate receptor gene family member and its splice
variant. FEBS Lett 348,75-79 (1994)

55.  Henderson, G., & A. T. McKnight: The orphan opioid
receptor and its endogenous ligand--nociceptin/orphanin FQ.
Trends Pharmacol Sci 18,293-300 (1997)

56.  Pasternak, G. W., & P. J. Wood: Multiple mu opiate
receptors. Life Sci 38,1889-1898 (1986)

57.  Matthes, H. W., R. Maldonado, F. Simonin, O. Valverde, S.
Slowe, I. Kitchen, K. Befort, A. Dierich, M. Le Meur, P. Dolle,
E. Tzavara, J. Hanoune, B. P. Roques, & B. L. Kieffer: Loss of
morphine-induced analgesia, reward effect and withdrawal
symptoms in mice lacking the mu-opioid-receptor gene. Nature
383,819-823 (1996)



Alcohol and anesthetic mechanisms in genetically engineered mice

557

58.  Sora, I., N. Takahashi, M. Funada, H. Ujike, R. S. Revay, D.
M. Donovan, L. L. Miner, & G. R. Uhl: Opiate Receptor
Knockout Mice Define Mu Receptor Roles In Endogenous
Nociceptive Responses and Morphine-Induced Analgesia. Proc
Natl Acad Sci USA 94,1544-1549 (1997)

59.  Sora, I., M. Funada, & G. R. Uhl: The mu-opioid receptor is
necessary for [D-Pen2,D-Pen5]enkephalin-induced analgesia.
Eur J Pharmacol 324,R1-2 (1997)

60.  Mizobe, T., & M. Maze: Alpha 2-adrenoceptor agonists and
anesthesia. International Anesthesiology Clinics 33,81-102
(1995)

61.  MacMillan, L. B., L. Hein, M. S. Smith, M. T. Piascik, & L.
E. Limbird: Central hypotensive effects of the alpha2a-
adrenergic receptor subtype. Science 273,801-803 (1996)

62.  Horstman, D. A., S. Brandon, A. L. Wilson, C. A. Guyer, E.
J. Cragoe, Jr., & L. E. Limbird: An aspartate conserved among
G-protein receptors confers allosteric regulation of alpha 2-
adrenergic receptors by sodium. J Biol Chem 265,21590-21595
(1990)

63.  Surprenant, A., D. A. Horstman, H. Akbarali, & L. E.
Limbird: A point mutation of the alpha 2-adrenoceptor that
blocks coupling to potassium but not calcium currents. Science
257,977-980 (1992)

64.  Lakhlani, P. P., L. B. MacMillan, T. Z. Guo, B. A. McCool,
D. M. Lovinger, M. Maze, & L. E. Limbird: Substitution of a
mutant alpha2a-adrenergic receptor via "hit and run" gene
targeting reveals the role of this subtype in sedative, analgesic,
and anesthetic-sparing responses in vivo. Proc Natl Acad Sci
USA 94,9950-9955 (1997)

65.  Stone, L. S., L. B. Macmillan, K. F. Kitto, L. E. Limbird, &
G. L. Wilcox: The alpha(2a) adrenergic receptor subtype
mediates spinal analgesia evoked by alpha(2) agonists and is
necessary for spinal adrenergic-opioid synergy. J Neurosci
17,7157-7165 (1997)

66.  Link, R. E., M. S. Stevens, M. Kulatunga, M. Scheinin, G.
S. Barsh, & B. K. Kobilka: Targeted inactivation of the gene
encoding the mouse alpha 2c-adrenoceptor homolog. Mol
Pharmacol 48,48-55 (1995)

67.  Lanier, S. M., M. Lafontan, L. E. Limbird, & H. Paris:
Alpha-2 adrenergic receptors: structure, function, and therapeutic
implications.  J Phar Exp Ther 277,10-16 (1996)

68.  Link, R. E., K. Desai, L. Hein, M. E. Stevens, A.
Chruscinski, D. Bernstein, G. S. Barsh, & B. K. Kobilka:
Cardiovascular regulation in mice lacking alpha2-adrenergic
receptor subtypes b and c. Science 273,803-805 (1996)

69.  Sallinen, J., R. E. Link, A. Haapalinna, T. Viitamaa, M.
Kulatunga, B. Sjoholm, E. Macdonald, M. Pelto-Huikko, T.
Leino, G. S. Barsh, B. K. Kobilka, & M. Scheinin: Genetic
alteration of alpha 2C-adrenoceptor expression in mice:
influence on locomotor, hypothermic, and neurochemical effects
of dexmedetomidine, a subtype-nonselective alpha 2-
adrenoceptor agonist. Mol Pharmacol 51,36-46 (1997)

70.  Jaber, M., S. W. Robinson, C. Missale, & M. G. Caron:
Dopamine receptors and brain function. Neuropharm 35,1503-
1519 (1996)

71.  Drago, J., C. R. Gerfen, J. E. Lachowicz, H. Steiner, T. R.
Hollon, P. E. Love, G. T. Ooi, A. Grinberg, E. J. Lee, S. P.
Huang, & et al.: Altered striatal function in a mutant mouse

lacking D1A dopamine receptors. Proc Natl Acad Sci USA
91,12564-12568 (1994)

72.  Baik, J. H., R. Picetti, A. Saiardi, G. Thiriet, A. Dierich, A.
Depaulis, M. Le Meur, & E. Borrelli: Parkinsonian-like
locomotor impairment in mice lacking dopamine D2 receptors.
Nature 377,424-428 (1995)

73.  Kelly, M. A., M. Rubinstein, S. L. Asa, G. Zhang, C. Saez,
J. R. Bunzow, R. G. Allen, R. Hnasko, N. Ben-Jonathan, D. K.
Grandy, & M. J. Low: Pituitary lactotroph hyperplasia and
chronic hyperprolactinemia in dopamine D2 receptor-deficient
mice. Neuron 19,103-113 (1997)

74.  Maldonado, R., A. Saiardi, O. Valverde, T. A. Samad, B. P.
Roques, & E. Borrelli: Absence of opiate rewarding effects in
mice lacking dopamine D2 receptors. Nature 388,586-589
(1997)

75.  Kelly, M., M. Rubinstein, T. Phillips, C. Lessov, S.
Burkhart-Kasch, G. Zhang, J. Bunzow, Y. Fang, G. Gerhardt, D.
Grandy, & M. Low: Locomotor activity in D2 dopamine
receptor-deficient mice is determined by gene dosage, genetic
background, and developmental adaptations. J Neurosci
18,3470-3479 (1998)

76.  Banbury Conference on Genetic Background in Mice:
Mutant mice and neuroscience: recommendations concerning
genetic background. Neuron 19,755-759 (1997)

77.  Accili, D., C. S. Fishburn, J. Drago, H. Steiner, J. E.
Lachowicz, B. H. Park, E. B. Gauda, E. J. Lee, M. H. Cool, D.
R. Sibley, C. R. Gerfen, H. Westphal, & S. Fuchs: A targeted
mutation of the D3 dopamine receptor gene is associated with
hyperactivity in mice. Proc Natl Acad Sci USA 93,1945-1949
(1996)

78.  Seeman, P., & H. H. Van Tol: Dopamine receptor
pharmacology. Trends Pharmacol Sci 15,264-270 (1994)

79.  Seeman, P., H. C. Guan, & H. H. Van Tol: Dopamine D4
receptors elevated in schizophrenia. Nature 365,441-445 (1993)

80.  Van Tol, H. H., C. M. Wu, H. C. Guan, K. Ohara, J. R.
Bunzow, O. Civelli, J. Kennedy, P. Seeman, H. B. Niznik, & V.
Jovanovic: Multiple dopamine D4 receptor variants in the
human population. Nature 358,149-152 (1992)

81.  Muramatsu, T., S. Higuchi, M. Murayama, S. Matsushita, &
M. Hayashida: Association between alcoholism and the
dopamine D4 receptor gene. J Med Genet 33,113-115 (1996)

82.  George, S. R., R. Cheng, T. Nguyen, Y. Israel, & B. F.
O'Dowd: Polymorphisms of the D4 dopamine receptor alleles in
chronic alcoholism. Biochem Biophys Res Comm 196,107-114
(1993)

83.  Geijer, T., E. Jonsson, J. Neiman, M. L. Persson, S. Brene,
A. Gyllander, G. Sedvall, U. Rydberg, D. Wasserman, & L.
Terenius: Tyrosine hydroxylase and dopamine D4 receptor
allelic distribution in Scandinavian chronic alcoholics. Alcohol
Clin Exp Res 21,35-39 (1997)

84.  Ebstein, R. P., O. Novick, R. Umansky, B. Priel, Y. Osher,
D. Blaine, E. R. Bennett, L. Nemanov, M. Katz, & R. H.
Belmaker: Dopamine D4 receptor (D4DR) exon III
polymorphism associated with the human personality trait of
Novelty Seeking. Nature Genetics 12,78-80 (1996)

85.  Benjamin, J., L. Li, C. Patterson, B. D. Greenberg, D. L.
Murphy, & D. H. Hamer: Population and familial association



Alcohol and anesthetic mechanisms in genetically engineered mice

558

between the D4 dopamine receptor gene and measures of
novelty seeking. Nature Genetics 12,81-84 (1996)

86.  Kotler, M., H. Cohen, R. Segman, I. Gritsenko, L.
Nemanov, B. Lerer, I. Kramer, M. Zer-Zion, I. Kletz, & R. P.
Ebstein: Excess dopamine D4 receptor (D4DR) exon III seven
repeat allele in opioid-dependent subjects. Mol Psych 2,251-254
(1997)

87.  Phillips, T. J., J. C. Crabbe, P. Metten, & J. K. Belknap:
Localization of genes affecting alcohol drinking in mice.
Alcohol Clin Exp Res 18,931-941 (1994)

88.  Rubinstein, M., T. J. Phillips, J. R. Bunzow, T. L. Falzone,
G. Dziewczapolski, G. Zhang, Y. Fang, J. L. Larson, J. A.
McDougall, J. A. Chester, C. Saez, T. A. Pugsley, O. Gershanik,
M. J. Low, & D. K. Grandy: Mice lacking dopamine D4
receptors are supersensitive to ethanol, cocaine, and
methamphetamine. Cell 90,991-1001 (1997)

89.  Weight, F. F., L. G. Aguayo, G. White, D. M. Lovinger, &
R. W. Peoples: GABA- and glutamate-gated ion channels as
molecular sites of alcohol and anesthetic action. Adv Biochem
Psychopharm 47,335-347 (1992)

90.  Grant, S. G., T. J. O'Dell, K. A. Karl, P. L. Stein, P. Soriano,
& E. R. Kandel: Impaired long-term potentiation, spatial
learning, and hippocampal development in fyn mutant mice.
Science 258,1903-1910 (1992)

91.  Abeliovich, A., C. Chen, Y. Goda, A. J. Silva, C. F. Stevens,
& S. Tonegawa: Modified hippocampal long-term potentiation
in PKC gamma-mutant mice. Cell 75,1253-1562 (1993)

92.  Miyakawa, T., T. Yagi, H. Kitazawa, M. Yasuda, N. Kawai,
K. Tsuboi, & H. Niki: Fyn-kinase as a determinant of ethanol
sensitivity - Relation to NMDA-receptor function. Science
278,698-701 (1997)

93.  Quest, A. F.: Regulation of protein kinase C: a tale of lipids
and proteins. Enzyme & Protein 49,231-261 (1996)

94.  Hashimoto, T., K. Ase, S. Sawamura, U. Kikkawa, N. Saito,
C. Tanaka, & Y. Nishizuka: Postnatal development of a brain-
specific subspecies of protein kinase C in rat. J Neurosci 8,1678-
1683 (1988)

95.  Harris, R. A., S. J. McQuilkin, R. Paylor, A. Abeliovich, S.
Tonegawa, & J. M. Wehner: Mutant mice lacking the gamma
isoform of protein kinase C show decreased behavioral actions
of ethanol and altered function of gamma-aminobutyrate type A
receptors. Proc Natl Acad Sci USA 92,3658-3662 (1995)

96.  Huang, P. L., T. M. Dawson, D. S. Bredt, S. H. Snyder, &
M. C. Fishman: Targeted disruption of the neuronal nitric oxide
synthase gene. Cell 75,1273-1286 (1993)
97.  Huang, P. L., Z. Huang, H. Mashimo, K. D. Bloch, M. A.
Moskowitz, J. A. Bevan, & M. C. Fishman: Hypertension in
mice lacking the gene for endothelial nitric oxide synthase.
Nature 377,239-242 (1995)

98.  MacMicking, J. D., C. Nathan, G. Hom, N. Chartrain, D. S.
Fletcher, M. Trumbauer, K. Stevens, Q. W. Xie, K. Sokol, N.
Hutchinson, & et al.: Altered responses to bacterial infection and
endotoxic shock in mice lacking inducible nitric oxide synthase.
Cell 81,641-650 (1995)

99.  Laubach, V. E., E. G. Shesely, O. Smithies, & P. A.
Sherman: Mice lacking inducible nitric oxide synthase are not
resistant to lipopolysaccharide-induced death. Proc Natl Acad
Sci USA 92,10688-10692 (1995)

100.  Nelson, R. J., G. E. Demas, P. L. Huang, M. C. Fishman,
V. L. Dawson, T. M. Dawson, & S. H. Snyder: Behavioural
abnormalities in male mice lacking neuronal nitric oxide
synthase. Nature 378,383-386 (1995)

101.  Johns, R. A., J. C. Moscicki, & C. A. DiFazio: Nitric oxide
synthase inhibitor dose-dependently and reversibly reduces the
threshold for halothane anesthesia. A role for nitric oxide in
mediating consciousness? Anesthesiology 77,779-784 (1992)

102.  Adachi, T., J. Kurata, S. Nakao, M. Murakawa, T.
Shichino, G. Shirakami, T. Shinomura, & K. Mori: Nitric oxide
synthase inhibitor does not reduce minimum alveolar anesthetic
concentration of halothane in rats. Anesth Anal 78,1154-1157
(1994)

103.  Ichinose, F., P. L. Huang, & W. M. Zapol: Effects of
targeted neuronal nitric oxide synthase gene disruption and
nitroG-L-arginine methylester on the threshold for isoflurane
anesthesia. Anesthesiology 83,101-108 (1995)

104.  Crosby, G., J. J. Marota, & P. L. Huang: Intact nociception-
induced neuroplasticity in transgenic mice deficient in neuronal
nitric oxide synthase. Neurosci 69,1013-1017 (1995)

Key words:  Gene Targeting; Gene Knockout, Transgenic,
Alcohol, Ethanol, General Anesthetics
_________________________________________________
Send correspondence to: Gregg E. Homanics, Ph.D.,
University of Pittsburgh, Department of Anesthesiology,
Critical Care Medicine, W1356 Biomedical Science Tower,
Pittsburgh, PA, 15261, Tel:(412)-648-8172, Fax:(412-)648-
9587, E-mail: homanics@smtp.anes.upmc.edu


