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Animal models of addiction

Rainer Spanagel, PhD

In recent years, animal models in psychiatric research
have been criticized for their limited translational val-
ue to the clinical situation. Failures in clinical trials have
thus often been attributed to the lack of predictive
power of preclinical animal models. Here, | argue that
animal models of voluntary drug intake—under non-
operant and operant conditions—and addiction mod-
els based on the Diagnostic and Statistical Manual of
Mental Disorders are crucial and informative tools for
the identification of pathological mechanisms, target
identification, and drug development. These models
provide excellent face validity, and it is assumed that
the neurochemical and neuroanatomical substrates in-
volved in drug-intake behavior are similar in laborato-
ry rodents and humans. Consequently, animal models
of drug consumption and addiction provide predictive
validity. This predictive power is best illustrated in al-
cohol research, in which three approved medications—
acamprosate, naltrexone, and nalmefene—were devel-
oped by means of animal models and then successfully
translated into the clinical situation.
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Introduction

ver the past two decades, major advances have
been made in the neurobiological understanding of
brain functions and psychiatric disorders. Despite this
huge knowledge gain, new and clinically useful treat-
ment developments remain limited. The fact that many
preclinically validated mechanisms fail during clinical
development, which has led to the general opinion that
animal models in psychiatric research do not provide
good predictive validity. Consequently, the strategic
decision made by most pharmaceutical companies has
been to stop drug development programs in the field
of psychiatry.! However, failed trials for psychiatric dis-
orders do not necessarily invalidate preclinical animal
models and identified drug targets.

In the position paper by Bespalov et al? the au-
thors argue that the rigor with which preclinical data is
obtained—and the resulting robustness of the data—is
quite low. Thus, few preclinical studies report randomiza-
tion, blinding, or sample-size calculations—factors that
are critical for designing clinical trials. Furthermore, the
generalizability of preclinical data is often not consid-
ered. This is not only an issue pertaining to laboratory
conditions and animal strains, age, and sex, but also to
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long-term drug administration and tolerance develop-
ment—factors that are also critical to the design of clini-
cal trials but often not considered at the preclinical level.
It is therefore argued that researchers should attach
greater importance to issues of data robustness and data
generalizability when designing preclinical studies.

Furthermore, there are also concerns about the de-
sign of clinical trials and divergences in primary and
secondary outcomes of preclinical and clinical studies,
insufficient target engagement in the human condition,
too-low dosing in order to avoid unwanted side effects,
and augmented placebo effects; these may in many cas-
es be the reasons for failure in clinical trials.?

Despite these obvious concerns, the generally held
opinion is that animal models in psychiatric research do
not provide translatable information for the clinical sit-
uation and are therefore misleading. Is this conclusion
correct for psychiatric disorders, and in particular for
alcohol-use and substance-use disorders? Although for
some complex human mental disorders, such as schizo-
phrenia, this conclusion might be correct, it is argued
here that animal models of voluntary drug intake and
addiction models based on the Diagnostic and Statisti-
cal Manual of Mental Disorders (DSM) are crucial and
highly informative tools for the identification of patho-
logical mechanisms, target identification, and drug de-
velopment. The precondition for each animal model is a
high degree of face validity, defined here as characteris-
tic behavioral features that are seen both in laboratory
animals and in humans.

Face validity of animal models in
addiction research

Humans and laboratory animals, such as monkeys, rats,
and mice, voluntarily take drugs by different routes of
administration, be it orally or intravenously. If unlim-
ited voluntary intravenous access to heroin or cocaine
is provided, laboratory animals can easily overdose to
death. Lethal overdosing also frequently happens in
drug users. Mice and rats can also voluntarily drink
large quantities of alcohol, which leads to strong intoxi-
cation. These characteristic features seen in drug-taking
behavior in laboratory animals resemble drug-taking
behavior in humans and suggests a high degree of face
validity. However, face validity is often a result of an-
thropomorphic interpretations of an animal’s behavior.
If, however, behavioral features are evolutionarily de-

veloped, real face validity is inferred. For example, be-
havioral fear responses are critical to most species for
survival and developed over millions of years. As such,
freezing behavior in response to a threatening stimulus,
as seen in mice and humans alike, has real face validity.
Since it is generally believed that psychoactive drug use
in humans is a novel feature of our environment and
cultural development,* one wonders whether drug-tak-
ing behavior in laboratory animals actually resembles
drug taking in humans?

Given the fact that the evolution of our human ances-
tors and of animals proceeded in a world rich in drugs, an
alternative theory favors the idea that drug and alcohol
intake by mammals and other species has always been
an everyday occurrence.’ Thus, occasional and even long-
term intake of psychoactive drugs produced by a variety
of plants or alcohol ingestion through sugar-rich plant
products susceptible to fermentation might be a behav-
ior that has been shaped over millions of years.® Interest-
ingly, it was found that hominids adapted to metabolize
alcohol long before human-directed fermentation. Us-
ing a paleogenetics approach, Carrigan and colleagues’
resurrected digestive alcohol dehydrogenases (ADH4)
from our primate ancestors to explore the history of pri-
mate-alcohol interactions and identified a single muta-
tion occurring roughly 10 million years ago that endowed
our ancestors with a markedly enhanced ability to me-
tabolize ethanol. This change occurred around the time
that our ancestors adopted a terrestrial lifestyle. Because
fruit collected from the forest floor contains higher con-
centrations of fermenting yeast and alcohol than similar
fruits hanging from trees, this transition may also be the
first time our ancestors were exposed to and adapted to
substantial amounts of alcohol. These discoveries favor
the idea that from an evolutionary perspective, alcohol-
and drug-intake behavior has been shaped over millions
of years and should be considered a part of our normal
behavioral repertoire. These evolutionary roots of alco-
hol- and drug-taking behavior in mammals support the
real face validity of animal models of drug self-adminis-
tration.

Animal models of drug self-administration

Self-administration—based animal models are widely
used in preclinical addiction research and are extensive-
ly reviewed by in ref 8. As explained, these models have
excellent face validity, and it is assumed that the neu-
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rochemical and neuroanatomical substrates involved in
drug-intake behavior are similar in laboratory rodents
and humans®’ (which is often defined as construct va-
lidity). Consequently, self-administration-based animal
models are helpful in unraveling the molecular and neu-
robiological mechanisms of drug-related behaviors and
therefore critical in identifying strategies useful in the
intervention of human drug consumption; ie, they pro-
vide predictive validity. For example, pharmacological
opioid-receptor blockade reduces alcohol consumption
in many self-administration studies in different strains
of rats and mice under different conditions,'’ which pro-
vides generalizability of preclinical data that translates
to the human situation, in which the opioid-receptor
blocker nalmefene also reduces alcohol consumption.!!

Self-administration procedures can be classified ac-
cording to different criteria. From a pharmacokinetic
perspective, they can be classified according to the
route of administration by which the drug is delivered
to the organism. Pharmacokinetic aspects that are de-
termined by the route of administration are of critical
importance in modeling of human drug-taking behav-
ior. For example, researchers have used oral self-ad-
ministration procedures to model human opioid-taking
behavior.”? However, most opioid users inject the drug
intravenously. The oral and intravenous route of opioid
administration yield completely different pharmacoki-
netics and, consequently, different pharmacodynamics
cascades are to be expected. Therefore, the route of ad-
ministration is of critical importance for modeling hu-
man behavior.

From a behavioral perspective, drug self-adminis-
tration can be classified into operant and nonoperant
procedures. Drug self-administration based on operant
and nonoperant responses differ in procedural charac-
teristics, but may also differ in their sensitivity to the
manipulation of specific brain substrates.'?

Nonoperant drug self-administration

Nonoperant procedures are restricted to oral self-ad-
ministration. This kind of procedure is very common in
the context of alcohol research, but has also been used
with other drugs of abuse, such as cannabinoids, nico-
tine, cocaine, amphetamine, and opioids.'> However,
when those drugs are orally self-administered, they
show reduced motivational efficacy.”> As the oral route
of administration in humans applies mainly to alcohol,

3,4-methylenedioxymethamphetamine (MDMA), and
related designer drugs that are usually taken as pills, it
is incongruous to use a nonoperant-based procedure of
self-administration to model human cannabis, nicotine,
cocaine, or opioid use—drugs that are either inhaled
or intranasally or intravenously applied. Therefore, the
following paragraphs will focus solely on oral alcohol
self-administration procedures.

In nonoperant alcohol self-administration, two
bottles are usually offered to a laboratory animal in its
home cage, with one containing an aqueous solution of
alcohol and another bottle containing water. Different
factors can affect alcohol consumption, such as the num-
ber of available bottles, the temporal accessibility to al-
cohol, the alcohol concentration, etc. In general, it has
been shown that alcohol consumption increases when
more than two bottles with different concentrations of
alcohol solutions are presented or when subjects are
given restricted access to them.!* Alcohol concentration
is a critical issue in these procedures, because low or
overly high concentrations can be orally consumed or
rejected because of their mild-sweet or aversive tast-
ing properties, respectively. Moreover, as the amount
of ingested fluid is limited by physiological constraints,
too low of an alcohol concentration may result in negli-
gible brain alcohol levels. Thus, it is usually considered
that ethanol concentrations below 4% (v/v) are not
pharmacologically relevant and that a concentration in
the range of 10% to 12% is a suitable standard for con-
sumption by rats and mice. In contrast, when initially
offered, most rodent strains will most likely not drink
much of a highly concentrated alcohol solution. Con-
sequently, several procedures have been developed for
“training” rodents to orally self-administer pharmaco-
logically relevant amounts of alcohol, including the pre-
sentation of ascending concentrations of ethanol, the
addition of a sweet flavor agent (ie, sucrose) that can be
progressively faded out or not, or the inclusion of a time
period of forced exposure to ethanol.'>'* Using these
procedures, laboratory rodents drink up to 40% alco-
hol solutions and can become highly intoxicated. An al-
ternative strategy has been the development of rodent
strains with a high inborn alcohol consumption/prefer-
ence,'3!% but this strategy reduces data generalizabil-
ity, and results from these genetically selected animal
strains may therefore not translate well to the human
situation. However, rodent strains for high versus low
alcohol consumption and recombinant inbred rodent
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strains are powerful tools to identify genetic risk alleles
that predispose to excessive alcohol consumption.!’

Another very efficient procedure to induce exces-
sive oral alcohol consumption is the exposure to inter-
mittent alcohol vapor. Long-term intermittent intoxica-
tion with alcohol vapor leads to long-lasting neuronal
and behavioral adaptations that persist even in the
absence of the drug.’® Although this model is based
on experimenter-controlled intoxication—as opposed
to largely voluntary drinking in humans—it has been
valuable in identifying potential molecular mechanisms
underlying excessive alcohol consumption.'”? This rat
model of excessive alcohol consumption after intermit-
tent vapor exposure was also instrumental in the dis-
covery that enhanced corticotropin-releasing-hormone
(CRH) signaling within the amygdala is a key molecu-
lar mechanism mediating excessive alcohol consump-
tion and alcohol seeking.?'?> However, the human ap-
plication of two different selective pharmacological
CRH-receptor 1 (CRH-R1) antagonists failed in clini-
cal trials,?*?* establishing doubt in the translational and
predictive value of this rat model of excessive alcohol
drinking. In this context, one must admit that intermit-
tent alcohol vapor exposure over several weeks lacks
face validity for the human drinking situation and may
as such produce false-positive signals that do not trans-
late to excessive human drinking behavior.

The measures in nonoperant models of alcohol self-
administration are the amount of pure ethanol con-
sumed, alcohol preference, and total fluid intake. The
recent introduction of drinkometer systems along with
advanced mathematical time-series analysis of drinking
data®? are providing additional information on alco-
hol consumption. In particular, microdrinking patterns,
circadian and ultradian drinking patterns, can be iden-
tified.””? Knowledge on individual microdrinking pat-
terns may help to forecast excessive drinking episodes
and, as such, hold great potential for the development
of new preventive strategies to reduce drinking. The
use of a drinkometer system also allows the measure-
ment of additional behavioral features, such as licking
and wanting, that are relevant to the development of
alcohol-use disorders.>2%%

Operant drug self-administration

Different operant schedules are routinely used in drug
and addiction research. The most common schedule of

reinforcement is the fixed ratio (FR) schedule. Under a
FR schedule, the drug is delivered each time a preselect-
ed number of responses have been completed; eg, under
an FR1 schedule, a single active-lever response results
in the delivery of a small, previously defined quantity
of a drug. Under a progressive ratio (PR) schedule,
the required ratio increases after a predefined, usually
arithmetic, progression. The most common index of per-
formance under a PR schedule is the breaking point,
defined as the highest response rate accomplished to
obtain a single reinforcer. PR measurements are indi-
cators for the motivation of a subject to obtain a drug.
For example, the harder a subject is willing to work un-
der a PR, the higher the breaking point will be, which is
then indicative of an incentive motivation for the drug.
Not all drugs are equally self-administered under FR
or PR schedules, and several factors modify reinforc-
ing efficacy, such as food restriction, previous drug ex-
posure, stress, etc. FR1 performance is less affected by
those factors than by other schedules of reinforcement.
Therefore, when the objective is to assess the potential
liability of a drug or its initial intake as a result of its
unconditioned psychopharmacological effects, the FR1
procedure may be a first choice. However, when consid-
ering changes in later stages of drug intake, such as the
development of addicted behavior interval schedules in
which the drug follows a response after a given period
of time has elapsed may be more appropriate.’** Es-
pecially in fixed-interval (FI) schedules, high response
rates can be achieved even by drug doses that normally
disrupt performances under FR schedules. This is seen
in a variety of species and over a wide range of FI val-
ues®; therefore, FI schedules should be used to study the
development of addictive behavior. FR and FI sched-
ules of drug injection can also be combined in second-
order schedules. On a second-order schedule, a subject
responds according to one schedule for a brief presen-
tation of a stimulus, such as a light. Responding by the
subject on this initial schedule is then reinforced accord-
ing to another schedule of reinforcement. Second-order
schedules of drug injection allow the study of more com-
plex behavioral sequences than do simple schedules and
may more accurately reflect the human drug-intake situ-
ation.” Derived from studies of conditioned reinforce-
ment, an important feature of second-order schedules
is that responding is maintained by conditioned stimuli.
They are thus well-suited to examine cue-induced drug-
seeking behavior, including its behavioral, neural, and
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neurochemical basis.*> Experiments with second-order
schedules have, for example, been instrumental for the
discovery of the so-called spiraling striatonigrostriatal
circuitry,®® which is critically involved in the develop-
ment and performance of drug habits that are a key
characteristic of drug addiction.

Another important modification in operant drug
self-administration procedures is the reinstatement
model of drug-seeking* which became a standard
model to assess some properties of addictive behavior
and to test potential anticraving and antirelapse com-
pounds.®

Reinstatement and incubation of
drug-seeking: animal models that are
indicative of craving

In a typical drug reinstatement experiment, an animal
is trained to self-administer a drug, and the behavior is
then subjected to extinction—that is, the animal is test-
ed under conditions of nonreinforcement until operant
responding appears to be extinguished. When the ani-
mal reaches some criterion of unresponsiveness, vari-
ous stimuli are presented. A stimulus is said to reinstate
the drug-seeking behavior if it causes renewed respond-
ing, ie, lever pressing, without any further response-
contingent drug reinforcement. At least three events
can reinstate responding: (i) drug priming, that is, the
injection of a small dose of the drug; (ii) stress; and (iii)
conditioned stimuli. Importantly, after the presentation
of a conditioned cue or stress, drug-seeking responses
are measured under a drug-free condition. This allows
the study of drug-seeking behavior without the interfer-
ence produced by the psychoactive effects of the drug
(ie, a drug that increases locomotor behavior could
produce spurious increases in lever pressing), and the
increase in the number of operant responses compared
with that observed during extinction is inferred to be
an enhancement of the subject’s drug-seeking behavior.

An alternative method to study drug-seeking be-
havior relates to the conditioned place preference
(CPP) paradigm.®* In a typical CPP experiment, sub-
jects are injected daily with the drug and paired with a
distinguishable compartment in a conditioning box. A
second compartment is paired with vehicle injections.
After several days of conditioning, a drug-conditioned
place preference is achieved. Then, this acquired prefer-
ence is extinguished with repeated saline injections in

both the previously drug-paired compartment and the
saline-paired compartment. Following the extinction
phase, the reinstatement of CPP is initiated by drug
priming. In comparison with reinstatement testing in
an operant self-administration paradigm, this modified
CPP procedure allows rapid screening of drug-seeking
behavior, eg, in transgenic mice,” with the disadvantage
that stress- or cue-induced drug-seeking responses can-
not be assessed.

The reinstatement of drug-seeking behavior can be
used to study the neurobiological and molecular ba-
sis of drug craving and cue reactivity, as there appears
to be a good correspondence between the events that
induce drug-seeking in laboratory animals and those
that provoke craving and cue reactivity in humans.*
Data derived from over 1200 studies using the rein-
statement model suggest that the neuronal substrates
that mediate drug-, stress-, and cue-induced reinstate-
ment are not identical.* The reinstatement model also
allows drug testing for potential anticraving proper-
ties,” but the predictive validity is still questionable.
All reinstatement procedures include an extinction
phase; however, human addicts usually do not undergo
extinction, and no systematic study has been conduct-
ed to assess its possible consequences on the predic-
tive validity of these procedures. Most important, in
this model, the operant response is reinstated, but the
subjects, strictly speaking, do not relapse because they
do not actually resume drug consumption. Thus, rein-
statement testing of drug-seeking behavior is to some
degree indicative of drug craving and cue reactivity,
but not relapse behavior, in human drug users. Since
drug craving in humans involves a very strong urge to
seek out the drug, a more appropriate animal model
to assess craving-like responses in laboratory animals
involves the incubation procedure developed by Sha-
ham and coworkers.***

In humans, drug craving can occur in response to
environmental stimuli previously associated with drug
use, even after extended periods of abstinence. In rats,
cue-elicited cocaine seeking has been shown to increase
progressively during the first 2 months of abstinence
from drug self-administration® (Figure I).This phenom-
enon, referred to as the incubation of cocaine seeking,
is consistent with the hypothesis that in humans, craving
increases over time and remains high after a prolonged
period of abstinence.*’ Time-dependent changes in neu-
roplasticity in several structures of the mesolimbic brain
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reward system have been demonstrated during cocaine
withdrawal and probably mediate the incubation of co-
caine seeking.*'#? It is remarkable that the incubation
phenomenon of drug seeking was first discovered in
laboratory rats and later also demonstrated to occur in
smokers,® alcoholics,* and cocaine addicts®—such a
direct translation to the human situation indicates high
face, construct, and predictive validity of the incubation
model of drug craving.

The incubation model has been used for study-
ing neurobiological aspects of craving. Most notable
are adaptations in the glutamate system. In particu-
lar, calcium permeable GluR2-lacking «-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors—which exhibit higher conductance than
calcium-impermeable GluA2-containing AMPA recep-
tors—are produced in the nucleus accumbens during
prolonged abstinence from cocaine self-administration.
These compensatory changes in AMPA-receptor sub-
unit composition alter the properties of neuronal net-
works and exacerbate disease processes by increasing
the reactivity of accumbens neurons to cocaine-associ-

ated cues that promote craving.* At the neural-circuit
level, glutamatergic projection neurons from the baso-
lateral amygdala to the nucleus accumbens that impinge
on silent synapses—which are excitatory synapses that
contain N-methyl-p-aspartate (NMDA) receptors with
absent or labile AMPA receptors—play a critical role
in the incubation phenomenon.* Thus, increased silent
synapses are seen shortly after cocaine self-administra-
tion but not after prolonged abstinence. The unsilencing
process that occurs with prolonged cocaine abstinence
is associated with the insertion of calcium-permeable
AMPA receptors. Re-silencing those synapses, by in
vivo optogenetic stimulation, causes downregulation of
calcium permeable AMPA receptors and abolishes the
incubation of cocaine craving.* These results are con-
sistent with a causal role of calcium-permeable AMPA
receptors in the nucleus accumbens in cocaine crav-
ing.*!

Although drug craving may not be directly respon-
sible for all compulsive drug use,” it is a core feature
of substance-use disorders and often precedes relapse.
Animal models that are based on diagnostic criteria de-
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Figure 1. Experimental timeline for measuring incubation of drug-seeking behavior (craving) in rats. Behavioral training and testing is according
to Grimm et al.*® Cocaine-self-administration training consists of 16 daily (day 2 to day 18) 6-hour sessions during which nose poking
at the active hole under a fixed ratio 1 (FR1) of response is reinforced by 0.5 mg/kg/infusion of cocaine. Cocaine availability is signaled
by illumination of the blue light. Each earned infusion is coupled to the presentation of two discrete cues (light and tone). During forced
abstinence (30 days), rats remain in the home cage. Cue-induced reinstatement of cocaine seeking is tested at withdrawal days 1 and
30 during a 2-hour session in the operant chamber. The first hour consists of extinction of nose-poking behavior, in which active nose
poking is neither rewarded nor paired with the discrete light/tone cues. The second hour comprises cue-induced reinstatement and
starts with turning on the blue light and one noncontingent presentation of the light/tone cues followed by contingent presentations
of the light/tone cues in the absence of cocaine delivery. CSA, cocaine self-administration; D, day; WD, withdrawal day.
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fined in DSM-IV/5 and that also involve the measure-
ment of relapse behavior are discussed below.

DSM-based animal models of relapse and
addictive behavior

The current psychiatric diagnostic classification sys-
tems—DSM-5 and International Classification of Dis-
eases, 10th revision (/CD10)—are based upon clinical
observations and symptom reports by patients and
are by nature built on anthropomorphic terms. Thus,
it is argued that contemporary psychiatry uses a syn-
drome-based disease classification that is not based on
mechanisms and does not guide treatment.” As a re-
sult, a number of different psychiatric diagnoses largely
overlap in terms of their symptoms, underlying neuro-
biological mechanisms, and genetic risk factors. For ex-
ample, cue-mediated craving involves largely overlap-
ping neuronal substrates of reactivity to drug, food, and
sexual cues* and is therefore not exclusive for addictive
disorders, but rather resembles the intersection of in-
formation pathways for processing reward, emotional
responses, nondeclarative memory, and obsessive-com-
pulsive behavior. This highlights the ambiguities as-
sociated with the classification of mental disorders by
DSM-5 or ICDI0.

Despite all of this criticism of our current psychiat-
ric diagnostic classification system and recent efforts
toward a new diagnosis system, such as the Research
Domain Criteria project (RDoC),® we should realize
that DSM-5 and ICDI10 are used worldwide and will
certainly be used in the coming decades. Therefore it is
argued that if we are making our diagnoses according
to DSM-5, it is logical that we must gear our research
toward DSM-5. Therefore, our animal models should
be based on DSM-5 criteria—is this possible? Modeling
the entire spectrum of a complex human mental disor-
der, such as addiction, in animals is not possible because
of its complexity. However, we can translate anthropo-
morphic terminology into objectively and behavior-
ally measurable parameters and can thereby model at
least some key criteria of the disorder. Especially when
it comes to relapse behavior, this is a straightforward
endeavor, as a relapse is defined as the recurrence of
a past condition, namely excessive and uncontrolled
drug intake after a phase of abstinence. In particular,
the alcohol-deprivation model provides excellent face
validity to relapse behavior seen in alcoholics.

The alcohol-deprivation-effect model for relapse

In animals with voluntary access to alcohol for a certain
period of time and that are then deprived of alcohol for
several days/weeks/months, the re-presentation of al-
cohol leads to a robust but temporally limited increase
in alcohol intake over baseline drinking, a relapse-like
drinking referred to as the alcohol deprivation effect
(ADE).>! The ADE can be achieved under both oper-
ant>> and nonoperant home-cage free-choice drinking
conditions.'*> There are several experimental and bio-
logical factors that influence the magnitude and dura-
tion of the ADE. As said, concurrent access to more
than one alcohol concentration (eg, 5%, 10%, and 20%
v/v ethanol solutions vs water) enhances the magnitude
and duration of the ADE.!" The magnitude of the ADE
also depends on the duration of access to alcohol and
on the length of abstinence. It has been demonstrated
that only long-lasting alcohol consumption, for at least
6 to 8 weeks, will lead to a reliable ADE, and that at
least 2 days of withdrawal are needed to increase alco-
hol consumption by more than 50%."* Data from dif-
ferent rat strains and alcohol-preferring rat lines show
that levels of baseline alcohol intake do not correlate
with the robustness of the ADE, suggesting that base-
line alcohol drinking behavior and relapse-like drink-
ing behavior are controlled, at least in part, via different
brain systems.*

Long-term alcohol consumption with repeated
deprivation phases in rats—a model of compulsive
drinking in a relapse situation

This animal model is designed to demonstrate compul-
sive drinking during a relapse situation. Alcohol, unlike
cocaine or opioids, is a weak reinforcer and as such re-
quires long-term exposure to induce compulsiveness
during a relapse situation. Such conditions might be
difficult to achieve with relatively short operant train-
ing procedures. Therefore, voluntary long-term oral
alcohol consumption is a prerequisite for the develop-
ment of compulsive drinking; ie, rats must have free ac-
cess to alcohol for at least 8 months. In addition, this
access should be interrupted repeatedly with forced ab-
stinence phases. At the end of this procedure, compul-
sive drinking during an ADE can be measured. For this
purpose, two procedures are used—taste adulteration
testing with quinine and monitoring of the circadian
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drinking rhythmicity. In the taste adulteration test, the
taste of alcohol solutions is altered with bitter quinine;
alternatively, animals could be offered a highly palat-
able sucrose solution instead of water.'*** An animal is
expected to naturally choose a more palatable (or less
aversive) fluid as a drinking source. Those animals that
exhibit an ADE despite alcohol taste adulteration with
quinine or a competitive choice of a highly palatable
fluid are classified as compulsive animals in this ex-
perimental setting. It has been demonstrated that taste
adulteration reduced post-abstinence drinking in Wistar
rats after a short-term alcohol experience, suggesting at
least partial control of the behavior at this stage.”> How-
ever, long-term chronic alcohol consumption repeat-
edly interrupted with deprivation phases was shown to
lead to an animal’s complete loss of control over behav-
ior, as taste adulteration procedures no longer modified
the ADE.* This behavior resembles the continuation of
drug use despite clear evidence of overtly harmful con-
sequences and neglect of alternative interests. Another
sign of compulsive alcohol drinking is an alteration of
the normal circadian drinking pattern.*? Circadian
disturbances have been reported in human addicts.> In
long-term drinking rats repeatedly deprived of alcohol
for several weeks, re-exposure leads to increased drink-
ing frequency and a loss of diurnal drinking rhythmicity
during the first post-abstinence days. Specifically, rats
show increased wanting of more highly concentrated
alcohol solutions to more rapidly achieve high blood
alcohol concentrations.? %

Many drug targets and more than 50 different puta-
tive anti-relapse compounds have already been tested
in this model.”” In alcoholics, medications that reduce
relapse rates, such as naltrexone and acamprosate, also
reduce compulsive drinking during an ADE % dem-
onstrating the predictive power of this animal model.
Drugs such as agomelatine or melatonin, which normal-
ize circadian drinking activity during the ADE,” could
easily be transferred to the clinical situation. Agomela-
tine is clinically used as an antidepressive medication
and is already approved in many countries.®® Given that
there is a high comorbidity between alcoholism and de-
pressive behavior, general practitioners can easily pre-
scribe agomelatine for this comorbid condition.

To summarize, the model of long-term alcohol con-
sumption with repeated deprivation phases allows dis-
tinguishing between addicted and non-addicted animals
and examining the transition from controlled drug use

to compulsive drug wanting. A similar model has been
developed for cocaine addiction in rats.

A DSM-based animal model of cocaine addiction

A diagnosis of cocaine addiction is given when an indi-
vidual shows multiple signs of loss of control over drug
use. Signs of loss of control can be indicated by the fol-
lowing: (i) the inability to refrain from drug seeking; (ii)
high motivation for the drug; and (iii) maintained drug
use despite negative consequences. These three signs con-
stitute the clinical-based theoretical background of the
multisymptomatic 0/3 criteria (0/3crit) model of cocaine
addiction."® Matching prevalence rates of cocaine-ad-
dicted individuals,”> 15% to 20% of a rat cohort loses con-
trol over cocaine intake after prolonged training, show-
ing addict-like behavior (3crit), whereas the majority of
animals maintain control over cocaine intake, showing
nonaddict-like behavior (Ocrit). Hence, the 0/3crit model
of addiction is a multidimensional experimental approach
aimed at identifying subpopulations of rats possessing
vulnerability (3crit) and resilience (Ocrit) toward cocaine-
addiction-like behavior. In the 0/3crit model, the three
clinical signs of loss of control listed above are modeled
by three corresponding addiction-like criteria: (i) persis-
tence in drug seeking when the drug is signaled but not
available; (ii) motivation to self-administer cocaine under
a PR schedule of reinforcement; and (iii) maintenance of
cocaine drug seeking and taking despite punishment by an
electric footshock (Figure 2). Ocrit and 3crit rats represent
the two opposite extremes in each of these behaviors. The
Ocrit rats show nonaddict-like behavior, characterized by
refraining from drug seeking when cocaine is not avail-
able, a lack of motivation to produce increasing effort to
get their dose, and avoidance of cocaine self-administra-
tion during punishment. On the contrary, 3crit rats show
addict-like behavior, being unable to refrain from drug
seeking when cocaine is unavailable, requires increasing
effort, or is punished.®*® Therefore, the 0/3crit model of
addiction allows us to correlate behavioral subdimensions
of cocaine addiction with specific brain alterations, either
on the molecular®®% or neuroanatomical level.” Although
very time- and labor-intensive, drug testing in the 0/3crit
model provides valuable preclinical information for drug
development,® and similar to the findings in the ADE
model, melatonin reduces motivation for cocaine self-
administration and prevents relapse behavior in cocaine-
addicted rats.”
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Most strikingly, the 0/3 crit model of addiction pro-
vided new insight into the neurobiological understand-
ing of a transition into a pathological state. During the
acquisition of cocaine self-administration, NMDA-
receptor-mediated long-term depression (LTD) in the
nucleus accumbens is essential for learning new reward-
response associations. Once the learning has been con-
solidated and with further cocaine self-administration,
LTD is suppressed in all rats. However, after prolonged
cocaine self-administration, LTD is progressively recov-

ered in animals that maintain a controlled drug intake
(Ocrit), whereas it is persistently lost in animals under-
going the transition to addiction (3crit).® This persistent
impairment in LTD could explain the loss of control on
drug intake observed in 3crit rats. LTD in the nucleus
accumbens is considered important in rescaling synaps-
es that are enhanced during acquisition of cue-reward
associations, allowing those synapses to encode future
associations and restore flexibility to neuronal circuits.
The persistent inability to rescale synapses in 3crit rats
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Figure 2. Behavioral characterization of Ocrit and 3crit rats in the multisymptomatic model of cocaine addiction. 3crit rats show higher responding
than Ocrit rats in each criteria. (A) Persistence of cocaine seeking expressed by the sum of active nose pokes during no-drug periods in
a session. (B) Motivation for cocaine intake expressed as the break point during a progressive ratio session. (C) Resistance to punish-
ment when cocaine seeking and cocaine taking are paired with a footshock. (D) Ocrit and 3crit rats do not differ in number of self-
administered cocaine injections. Data are shown as mean + SEM; ****P<0.0001 with respect to Ocrit. CSA, cocaine self-administration;

SEM standard error of the mean.
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may render drug-seeking behavior consistently resis-
tant to modulation by environmental contingencies, fi-
nally resulting in loss of control over drug intake. Thus,
the major behavioral difference between 3crit and Ocrit,
ie, between addicted vs nonaddicted subjects, is their ca-
pacity to adjust their drug intake as a function of envi-
ronmental contingencies. Nonaddicts can stop seeking
drugs if they know that the drug is not available, if it
requires an excessively high workload, or if taking the
drug results in negative consequences. Addicts have lost
this ability and continue to seek drugs independently
of environmental conditions. In conclusion, the transi-
tion to addiction is associated, at least in the nucleus ac-
cumbens, with a form of anaplasticity, ie, the incapacity
of addicted subjects to counteract initial drug-induced
impairments. The anaplasticity of addicted rats is rel-
evant to revising conceptualizations of the transition to
addiction, currently seen as the progressive develop-
ment of specific brain adaptations that lead to loss of
control over drug intake. In fact, anaplasticity means
the loss of neuronal and molecular adaptations that
characterize an addicted brain—a new concept that can
be applied to most brain pathologies.

Rats are a better model system than mice to
study addictive behavior

Despite major efforts, the multisymptomatic model of
cocaine addiction has not been successfully established
in mice. The attempt to establish a model of compul-
sive drinking behavior during a relapse situation (as
described above) also failed in mice.”> Establishing
such mouse models has potential value in behavioral
neuroscience and genetics due to the availability of a
large number of genetically modified mouse lines that
could be tested in this model in order to contribute
to our understanding of the mechanisms involved in
the transition from controlled to compulsive drug use
and to functionally validate genetic risk variants de-
rived from genome-wide association studies.”” How-
ever, with the introduction of new gene editing tools,
such as CRISPR/Cas9 (clustered regularly interspaced
short palindromic repeats [CRISPR]/CRISPR-associ-
ated protein-9 nuclease),”’ any specific rat mutant of
interest can be generated. Thus, genetic manipulations
are no longer an argument to use mice. There are also
other technical considerations in favor of using rats in
addiction research.’”” Brain size matters for performing

in vivo electrophysiological recording in conjunction
with behavior and translational neuroimaging. The use
of different modalities in magnetic resonance imaging
has great potential for translation. For example, glu-
tamate spectroscopy in alcohol-dependent rats and
alcohol-dependent humans has yielded identical re-
sults: during withdrawal, both rats and humans dem-
onstrate hyperglutamatergic activity in different brain
sites that diminishes when withdrawal symptomatol-
ogy subsides.” Furthermore, intracranial surgery pro-
duces less damage to brain tissue in rats than in mice.
Intravenous surgery and catheter handling are also
more straightforward in rats; for example, it would be
impossible to maintain catheter function for months in
mice as required for the multisymptomatic model of
cocaine addiction. Certainly, these technical advantag-
es come with costs. Rat breeding colonies, especially
with the use of double transgenic animals, are much
more cost intensive and take more space in the ani-
mal facility. The smaller size of mice also means that
a lower amount of drug or virus can be administered,
which is more cost effective.

There are also biological factors to be considered.
Rats can more readily learn complex operant train-
ing schedules relative to mice, which often require
more training and higher numbers of animals per
group due to larger individual variability.”> Consid-
ering the number of responses on the inactive lever,
mice and rats should be viewed differently, since in
the former, lever pressing per se seems to be a rein-
forcing activity.® Thus, in a reinstatement test, mice
may exhibit high inactive lever responding. Rats are
social animals and are the first choice when consider-
ing social factors in drug and addiction studies. Mice
in the wild are nonsocial and spend significantly less
time interacting with conspecifics and many even find
such interactions aversive, whereas rats are social
animals; in fact, rats find social interaction even more
rewarding than cocaine.”™

Most importantly, the pharmaceutical industry has
built its pharmacological databases upon rats, and
mice can sometimes produce paradoxical drug effects
when compared with humans. Ellenbroeck and Youn
have recently summarized fundamental differences
between rats and mice in drug development and ad-
diction research and conclude that rats are the optimal
rodent model for studies of human addictive behav-
ior.”

256



Animal models of addiction - Spanagel

Dialogues in Clinical Neuroscience - Vol 19 - No. 3 - 2017

Conclusions and future perspectives

In my brief overview of nonoperant and operant mod-
els of drug-taking behavior, incubation of drug-seeking,
relapse, and DSM-based animal models, some readers
may miss their favorite procedure or model. For ex-
ample, intracranial self-stimulation—an excellent test
procedure to measure the rewarding value of a drug
or dysphoria during withdrawal” and to evaluate the
abuse potential of a drug—has not been discussed here.
This experimental method is a “test” that does not have
a direct resemblance to the human situation and can
therefore not be considered as an animal model of drug
use or addiction. This statement also relates to the phe-
nomenon of behavioral sensitization, which refers to
the ability of addictive drugs to progressively increase
locomotion after repeated administration in a variety of
laboratory animals.?? Although this phenomenon plays
an important role in the incentive-sensitization theory
of addiction,” the possible relevance of drug-induced
sensitization in humans is still unclear. This does not
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Modelos animales de adicciones

Los modelos animales en investigacion psiquidtrica han
sido criticados en los ultimos afios por su limitado valor
para ser trasladados a la situacion clinica. Las fallas en los
ensayos clinicos a menudo han sido atribuidas a la falta
de poder predictivo de los modelos animales preclinicos.
En este articulo se argumenta que los modelos anima-
les de ingesta voluntaria de drogas —bajo condiciones
operantes y no operantes- y los modelos de adicciones
basados en el Manual Diagndstico y Estadistico de los
Trastornos Mentales constituyen herramientas crucia-
les e informativas para la identificacion de mecanismos
patoldgicos, identificacion de blancos y desarrollo de
farmacos. Estos modelos aportan una excelente validez
aparente y se asume que los sustratos neuroquimicos y
neuroanatomicos involucrados en la conducta de inges-
ta de drogas son similares en los roedores de laboratorio
y en los humanos. En consecuencia, los modelos anima-
les de consumo de drogas y adicciones aportan validez
predictiva. Este poder predictivo estd mejor ilustrado en
la investigacion con alcohol, en la cual tres medicamen-
tos aprobados (acamprosate, naltrexona y nalmefene)
fueron desarrollados a partir de modelos animales y lue-
go trasladados exitosamente a las situaciones clinicas.

Modeéles animaux d’addiction

Ces derniéres années, les modéles animaux en recherche
psychiatrique ont été critiqués pour leur valeur trans-
lationnelle limitée en situation clinique. Les échecs
des études cliniques ont donc souvent été attribués au
manque de puissance prédictive des modeles précli-
niques animaux. Pour ma part j'estime que les modéles
animaux de prise volontaire de substances - sous condi-
tions opératoires et non opératoires—et les modéles
d’addiction basés sur le DSM (Diagnostic and Statistical
Manual of Mental Disorders) sont des outils essentiels
et informatifs pour identifier les mécanismes patholo-
giques et les cibles thérapeutiques et pour développer
les médicaments. La validité apparente de ces modéles
est excellente et on considére que les substrats neuro-
chimiques et neuro-anatomiques impliqués dans le com-
portement de prise de substance sont similaires chez les
rongeurs de laboratoire et les humains. Les modeles
animaux de consommation de substances et d’addiction
ont donc une validité prédictive. C’est dans la recherche
sur l'alcool que cette puissance prédictive s'illustre le
mieux, trois médicaments autorisés (acamprosate, nal-
trexone et nalméféne) ayant été développés grace aux
modeéles animaux et transférés ensuite avec succes en
situation clinique.






