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Abstract

A key question in addiction research concerns how, in some individuals, initial recreational or
casual patterns of drug use may change brain and psychological function in ways that promote a
transition to the problematic patterns of use that define substance use disorders (addiction). In
preclinical studies this is modeled using self-administration procedures. However, most cocaine
self-administration procedures produce continuously high brain concentrations of drug, whereas in
people bouts of use are thought to be more intermittent. Here we ask whether such temporal
pharmacokinetic factors matter, by comparing and contrasting the neuropsychological
consequences of intermittent vs. long access cocaine self-administration experience. It turns out
the temporal pattern of cocaine use has profound effects on a number of outcomes. First, despite
much less total drug consumption, intermittent access to cocaine is more effective in producing
addiction-like behavior. Second, intermittent and long access cocaine self-administration change
the brain in very different ways to influence motivated behavior. We argue that intermittent access
self-administration procedures might be better suited than traditional self-administration
procedures for isolating drug-induced changes in neuropsychological function that contribute to
the transition to cocaine addiction.
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“Study of the neural implementation of behavior is best investigated after [the]
behavioral work” (p. 480, Krakauer et al. 2017).
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Why Do We Need Preclinical Models of Addiction?

One of the most fundamental questions in addiction research concerns how, in susceptible
individuals, initial recreational patterns of drug use may change brain and psychological
function in ways that promote a transition to the problematic patterns of use that define
addiction. This is particularly difficult to address in humans, for a number of reasons. First,
following initial drug use, it is hard to predict who will go on to develop addictive patterns
of use. Second, once addiction has developed, and after drugs have been used for decades, it
may be too late to determine how drug use changed neuropsychological function in the first
place, leading to years of problematic use. Third, people with addiction have often
experienced decades of poor nutrition/health, poly-drug use and stressful conditions, all of
which can also change the brain. Finally, the environmental context and cues associated with
drug use powerfully modulate their effects (Stewart and Eikelboom 1987; Weiss et al. 2000;
Panlilio et al. 2005; Caprioli et al. 2009; Badiani 2013; Childs and de Wit 2013; Leyton and
Vezina 2014), and in humans it is difficult to study the neurobiological effects of drugs in the
environmental context in which they are usually used. For these reasons, preclinical models
are especially important for /so/ating drug-induced changes in neuropsychological function
that contribute to the transition to addiction.

Preclinical models of addiction typically use drug self-administration procedures, and
laboratory animals readily learn to self-administer most drugs humans use (e.g., Weeks
1962; Schuster and Thompson 1969). Drug self-administration studies have provided
valuable information about the neural systems that mediate the reinforcing and incentive
motivational effects of drugs. However, mere self-administration of a drug is not tantamount
to addiction — most people take potentially addictive drugs at some time in their lives, but
most do not become addicted (Anthony et al. 1994). There has been considerable effort,
therefore, to develop self-administration procedures that produce addiction-like behavior,
often assessed by modeling DSM diagnostic criteria (Deroche-Gamonet and Piazza 2014;
Lynch 2018; Everitt et al. 2018; see Table 1).

Arguably, the most widely accepted rodent model of addiction in use today involves so-
called ‘Long Access’ (LgA) self-administration procedures (Ahmed and Koob 1998;
Edwards and Koob 2013), by which rats are allowed to self-administer drugs for ~6 hours/
day, generally under a fixed ratio schedule of reinforcement. Although other long-access/
unlimited access procedures have been used in rats [e.g., continuous cocaine access for 9-72
hours (Weiss et al. 1992; Tornatzky and Miczek 2000)] and non-human primates [e.g.,
continuous access for 23 hours (Johanson et al. 1976)], we focus here specifically on studies
using the LgA procedure developed by Ahmed and Koob in rats (1998). Rats with LgA
experience develop a number of the symptoms of addiction described in Table 1, relative to
animals tested under ‘Short Access’ (ShA; 1-2 hours/day) conditions. The thesis of this
Perspective, however, is that typical animal self-administration procedures, and LgA in
particular, are actually notvery good for studying drug-induced changes in brain and
behavior responsible for the transition to addiction. We suggest this is because they might
not reflect the temporal patterns of use (pharmacokinetics) within a bout of cocaine
consumption in humans during this transition — and it turns out this matters. In the following
we briefly discuss studies involving LgA (and ShA) procedures. We then present an
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alternative, intermittent access (IntA) procedure, which is more effective than LgA in
producing addiction-like behavior, and which challenges a number of assumptions
underlying LgA models. (A caveat: we focus on studies using cocaine, and it remains to be
seen how well the conclusions will apply to other drugs of abuse).

Long Access Self-Administration (LgA)

Although there are exceptions (e.g., Shaham et al. 1994; Gratton and Wise 1994; Heyne and
Wolffgramm 1998), until the late 1990’s many experiments on neural systems that mediate
the reinforcing and motivational effects of drugs used self-administration sessions that lasted
1-2 hours - what would now be referred to as ShA. However, as was well known at that
time, under ShA conditions, rats generally show very stable levels of drug intake over many
weeks. In 1998, Ahmed and Koob published a pioneering study in which they compared rats
allowed to self-administer cocaine under ShA conditions with those allowed to self-
administer for 6 hours/day (LgA). The ShA group showed stable levels of intake over 22
days of testing, as expected, but the LgA group escalated their intake, and after a period of
abstinence they escalated intake even further. Ahmed and Koob (1998) concluded that LgA,
“may provide an animal model for studying the development of excessive drug intake and
the basis of addiction” (p. 298). Ahmed and Koob (1998) focused on one addiction-like
behavior — escalation of intake, but there are reports that, relative to ShA, LgA produces
other addiction-like behaviors described in Figure 1 (Edwards and Koob 2013, for review).
However, evidence that LgA experience increases motivation for cocaine is somewhat
mixed, which is the reason for the question mark in Fig. 1. For example, some researchers
report that LgA increases motivation for cocaine, relative to ShA (e.g., Paterson and Markou
2003; Zimmer et al. 2012), whereas others report that LgA only produces a very transient
increase in motivation (Bentzley et al. 2014; James et al. 2018a), no change (Kawa and
Robinson 2018), or actually decreases motivation (Oleson and Roberts 2009 for discussion).

As the LgA procedure became accepted as a model of addiction, researchers began to focus
on the neurobiological consequences of LgA experience. Early after the discontinuation of
LgA, or other high dose procedures (e.g., Calipari et al. 2014a), rats show a marked decrease
(tolerance) in a number of measures of dopamine function. This includes decreases in
cocaine-induced inhibition of dopamine uptake, electrically-evoked dopamine release,
cocaine-induced dopamine overflow measured with microdialysis and some (but not all)
measures of cocaine-induced psychomotor activation (Ferris et al. 2011; Calipari et al. 2013,
2014a). In addition, LgA experience can also decrease phasic dopamine release in the
striatum during cocaine self-administration (Willuhn et al. 2014). Tolerance to cocaine-
induced inhibition of dopamine uptake subsided within 14 and 60 days, but could be
reinstated by a single re-exposure to the drug (Siciliano et al. 2016). Although there are
exceptions to reports that LgA produces marked tolerance in dopamine neurotransmission
(e.g., Ahmed et al. 2003; Kawa et al. 2018), reports of tolerance have been interpreted as
support for the view that addictive behavior is a consequence of a drug-induced
hypodopaminergic state, and that continued drug-seeking is motivated by a desire to
overcome this dopamine deficiency (Dackis and Gold 1985; U.S. Department of Health and
Human Services 2016; Volkow et al. 2016; Koob and Volkow 2016).
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Relative to ShA, LgA cocaine self-administration is also especially effective in producing
‘incubation of cocaine craving’, which refers to a progressive increase in cue-induced
reinstatement of drug-seeking behavior during protracted withdrawal (Grimm et al. 2003; Lu
et al. 2004). This incubation effect is seen both when abstinence is forced or voluntary
(\Venniro et al. 2016, 2018). A series of studies by Marina Wolf and her colleagues suggests
that this time-dependent increase in the motivational properties of a cocaine cue following
LgA experience is due to a time-dependent increase in the number of calcium-permeable
AMPA receptors in the nucleus accumbens core (Conrad et al. 2008; Wolf 2016). Wolf
(2016) states, “incubation of cocaine craving is accompanied by increased recruitment of
NACc core neurons that fire in a manner that is time-locked to cue-induced cocaine-seeking’
... and concludes, “a probable cellular underpinning of this is the strengthening of excitatory
synapses onto MSNSs in the NAc core” (p. 3). Glutamate plasticity may also be related to the
enhanced expression of psychomotor sensitization when rats are tested long after the
discontinuation of LgA experience (Ferrario et al. 2005). In summary, although more
research is required, the neurobiological (and behavioral) consequences of LgA experience
may vary considerably as a function of time following the discontinuation of self-
administration, from those reflective of tolerance to those suggestive of hyperexcitability
(sensitization).

Shortcomings of LgA in Modeling the Transition to Addiction

A fundamental assumption underlying the use of LgA procedures is that the amount of drug
exposure is the critical factor responsible for the transition to addiction. This was put clearly
by Ahmed (2012), who stated, “addiction-causing neuropathological processes could be set
in motion only when rats can expose themselves sufficiently to cocaine to cross the
‘threshold of addiction’—the minimum level of drug exposure required for inducing
addiction. Conversely, below this critical level of cocaine exposure, there would be no drug-
inauced neuropathological changes, and drug use would remain under control, at least in the
majority of drug-exposed individuals” (p. 110). Similarly, Edwards and Koob (2013) state,
“excessive drug exposure likely remains an indispensable element driving the development
of addiction’ (p. 360). More recently, Allen et al. (2018) say, “this animal model [LgA]
provides support for the loss of control over drug intake and is particularly useful ... to study
the transition to compulsive-like drug seeking behavior” (p. 2). However, recent studies
challenge these assumptions.

Beyond the amount of drug exposure, two other pharmacokinetic factors might be more
important in predicting the transition to addiction — how fast drug reaches the brain, and how
often drug reaches the brain - that is, the temporal pattern of drug use (Allain et al. 2015).
Here we focus only on the latter. The temporal pattern of drug use is especially important in
the present context, because the pharmacokinetics associated with LgA, and the majority of
self-administration studies using fixed ratio schedules, might not reflect temporal patterns of
drug use in humans. Most self-administration studies use schedules of reinforcement in
which animals maintain continuously elevated brain levels of drug for the duration of daily
sessions, be they 1-2 hour (ShA) or 6+ hour sessions (LgA; see Fig. 1). A shortcoming of
this approach is that in humans, intermittent patterns of cocaine use are thought to be more
typical, certainly between bouts of use, which is captured by LgA, but also within bouts of

Psychopharmacology (Berl). Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kawa et al.

Page 5

use, which is not captured by LgA. Periods of cocaine use are frequently interspersed with
periods of non-use (e.g., Cohen and Sas 1994; Simon et al. 2002), and even during a bout of
use, cocaine users tend to take drug intermittently, with brain levels rising and then falling
between ‘hits’ (Beveridge et al. 2012). Much more quantitative information is needed
regarding the microstructure of drug use patterns, especially during the transition to
addiction, but as put by Ward et al. (1997), “ Cocaine users ... can clearly describe the
advantages of waiting a long time between doses...” (p. 380). This would suggest that
cocaine users do not usually maintain uniformly high brain levels of drug for hours on end.
Furthermore, intermittent patterns of use are probably especially pronounced during the
transition to addiction, prior to regular use. Because LgA and IntA sessions are typically
given once a day for ~6 h, both are characterized by intermittency of drug intake between
self-administration sessions, as drug is not available in the ~18-h lapse between sessions.
However, IntA also achieves intermittent drug intake within each session. The important
question, therefore, is whether such temporal factors matter in promoting the transition to
addiction. Recent preclinical studies suggest that they matter a lot.

Intermittent Access Self-Administration (IntA)

Motivation.

To better model an intermittent pattern of cocaine use within a bout of intoxication,
Benjamin Zimmer and colleagues, working in Dave Roberts’ laboratory, developed what
they called an Intermittent Access (IntA) self-administration procedure. This followed the
group’s initial work using a discrete trials procedure, where rats could self-administer
cocaine during 2 to 5 discrete 10-min trials per hour, 24 hours/day for several weeks
(Roberts et al. 2002). In contrast, IntA consists of cycles of drug available (5 min) and no
drug available (25 min) periods, but for ~6 hours/day (Zimmer et al. 2011, 2012). This
imposes an intermittent pattern of drug use during each self-administration session that
results in repeated ‘spikes’ in brain cocaine concentrations (see Fig. 1). It turns out these
differences in temporal pattern of use have profound consequences on the ability of LgA vs.
IntA to produce addiction-like behavior, and how they change the brain.

Zimmer and colleagues (2012) initially asked how IntA experience influenced subsequent
incentive motivation for cocaine, relative to ShA and LgA experience, using a behavioral
economic indicator of cocaine demand. LgA resulted in much greater total cocaine intake
than ShA, but total drug intake was comparable during IntA and ShA (Fig. 1). LgA did
produce greater motivation for cocaine than ShA (although see Oleson and Roberts 2009),
but importantly, despite much less cocaine consumption, IntA experience produced even
greater motivation for cocaine than LgA experience (also see Kawa et al. 2018). IntA
experience also produced more motivation for cocaine than ShA. This showed that the
temporal pattern of cocaine intake does matter, independent of total intake. More recently,
Allain et al. (2018) used an IntA procedure that limited total cocaine intake even more, such
that the IntA-Limited rats took 8 times less cocaine than LgA rats (~60 mg/kg relative to
~470 mg/kg cumulative drug intake). Nevertheless, subsequent motivation for cocaine
(assessed using a progressive ratio schedule) was still greater after IntA-Limited, than LgA
experience (Allain et al. 2018; Fig. 1). In addition, the increase in motivation for cocaine
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seen after IntA experience persists for a long period of time (months) after withdrawal, but is
short-lived (days) following LgA experience (Bentzley et al. 2014; James et al. 2018a).

Another assumption of the LgA model is that high levels of cocaine consumption are
necessary to produce escalation of intake (Ahmed and Koob 1998; Ahmed 2012). However,
this is not the case - IntA experience can also produce escalation of intake (Kawa et al. 2016,
2018, Pitchers et al. 20173, c; Singer et al. 2018; Allain et al. 2018; Allain and Samaha
2018) (Fig. 1). Interestingly, during IntA nearly all cocaine consumption takes place in the
first 60-90 sec of each 5 min drug available period (Kawa et al. 2016), and escalation of
intake is confined to this period (Kawa et al. 2016; Allain et al. 2018; Allain and Samaha
2018). Furthermore, because brain cocaine concentrations drop several times within each
session (Fig. 1), IntA experience also promotes the development of multiple burst-like
episodes of drug intake, whereby rats take several injections within a few seconds each time
drug becomes available. In addition, the IntA-Limited procedure described above does not
permit escalation, but still increases subsequent mativation for cocaine to a greater extent
than LgA, and to a similar degree as produced by standard IntA experience with escalation
(Allain et al. 2018). Similarly, decreasing the length of IntA self-administration sessions to 2
hours (Short-IntA) precludes escalation of intake, but still produces burst-like patterns of
drug-taking, psychomotor sensitization, and levels of motivation for cocaine and cocaine-
induced reinstatement that are similar to those seen with 6-hour IntA sessions (Allain and
Samaha 2018). In conclusion, “ 7aking large and escalating quantities of cocaine does not
appear necessary to increase incentive motivation for the drug. Taking cocaine in an
Intermittent pattern—even in small amounts—is more effective in producing this addiction-
relevant change” ... “Escalation might be a consequence, rather than a cause in the transition
to addictior”” (Allain et al. 2018; also see Beckmann et al. 2012).

Incentive-Sensitization.

Recent studies have addressed how other measures of addiction-like behavior change over
time with increasing IntA experience (Fig. 1). Not only does IntA produce (i) escalation of
intake; but also (ii) a progressive increase in the amount of effort rats are willing to expend
to maintain preferred brain levels of cocaine; (iii) a decrease in the elasticity of the cocaine
demand curve; (iv) continued drug-taking in the face of an adverse consequence; (v)
continued responding when drug is not available; and (vi) especially robust cue-induced
reinstatement of drug-seeking (Kawa et al. 2016, 2018; Singer et al. 2018; James et al.
2018a). There is, however, considerable individual variation in the development of
addiction-like behavior with IntA experience. For example, both male and female rats
develop addiction-like behaviors with IntA experience, but this occurs more rapidly and
more robustly in females (Kawa and Robinson 2018), consistent with the “telescoping
effect” described in the clinical literature (Griffin et al. 1989; Kosten et al. 1993; McCance-
Katz et al. 1999).

In addition, studies using only male rats have shown that the development of addiction-like
behaviors following IntA are most pronounced in rats that meet multiple criteria for
addiction (Kawa et al. 2016; Singer et al. 2018). Using DSM-like criteria to assess individual
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variation in the development of addiction-like behavior, as described in Table 1, has been
championed most prominently by Deroche-Gamonet, Piazza and colleagues (e.g., Piazza
and Deroche-Gamonet 2013; Deroche-Gamonet and Piazza 2014 for review). In these
studies rats self-administer cocaine for long periods of time (e.g., 50-70 days). They are then
assessed for the development of addiction-like behavior, as indicated by three DSM criteria
that capture ‘loss of control’ over drug-taking behavior: “(i) an inability to refrain from drug
seeking, (ii) high motivation for the drug, and (iii) maintained drug use despite negative
consequences” (p. 440, Deroche-Gamonet and Piazza 2014), using measures described in
Table 1. A rat in the top 35™ percentile for a criterion is said to meet that criterion. Each
criterion is given equal weight. Thus, rats are assigned to groups meeting 0, 1, 2 or 3 criteria
for addiction, which the authors suggest reflects a range from “non-addicted” (O criteria) to
“fully addicted” (3 criteria). This is similar to the approach laid out in the DSM-V;
symptoms are given equal weight, and severity of the substance use disorder is estimated by
the number of symptoms present. Importantly, only a relatively small number of animals
meet 3 criteria (approx. 20%), with 40% meeting O criteria and 40% 1-2 criteria.

There is similar variation in the development of addiction-like behavior following IntA
experience in that rats meeting 2-3 criteria for addiction were more susceptible to incentive-
sensitization than 0-1 criteria rats (Kawa et al. 2016; Singer et al. 2018). Relative to rats
meeting 0-1 criteria, 2—3 criteria rats showed a greater increase in motivation for cocaine
with IntA experience, as well as greater drug (Kawa et al. 2016) and cue-induced
reinstatement, and resistance to extinction (Singer et al. 2018). More work is required, in
animals of both sexes, to explore the extent of individual variation in the ability of IntA
experience to produce incentive-sensitization and addiction-like behavior, and what factors
contribute to such variation. Interestingly, in their studies using this “multi-symptomatic
model”, Deroche-Gamonet, Piazza and colleagues also use a cocaine self-administration
procedure that has features similar to IntA. They typically allow rats three 40 min drug
available periods, interspersed with two 15 min drug not available periods. This would
produce fluctuations in brain cocaine concentration. Also similar to IntA, the cocaine self-
administration procedure used in the “multi-symptomatic model” produces a burst-like
pattern of drug intake, most prominently in 3 criteria rats, and this pattern of intake is
thought to precede and contribute to the development of addiction-like behavior (Belin et al.
2009; Martin-Garcia et al. 2014). Importantly, this self-administration procedure produces,
“escalating cocaine intake [that] is paralleled by an increase in the motivational properties of
the drug in the absence of apparent signs of tolerance to the reinforcing or incentive effects
of cocaine” (p. 2731), based on multiple tests (Deroche et al. 1999; also see Deroche-
Gamonet et al. 2004; Belin et al. 2009).

We suggest that the development of addiction-like behavior with IntA experience reflects the
process of incentive-sensitization, by which the incentive motivational effects of drugs and
drug cues increase with increasing drug experience (Robinson and Berridge 1993; Berridge
and Robinson 2016). Consistent with this interpretation, IntA self-administration produces a
progressive increase in the psychomotor activating effects of cocaine, and the degree of this
psychomotor sensitization (unlike the degree of escalation) predicts subsequent motivation
for cocaine assessed by breakpoint on a progressive ratio schedule (Allain et al. 2017). This
is reminiscent of studies using intermittent exposure to cocaine via experimenter-
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administered i.p. injections, and showing that this promotes psychomotor sensitization,
while continuous infusion promotes tolerance to this effect (Downs and Eddy 1932; Post and
Rose 1976; Post 1980; Robinson and Becker 1986; Stewart and Badiani 1993). Very recent
work also shows that increasing intermittency befween IntA sessions by giving sessions
every 1-4 days rather than every day further enhances behavioral symptoms of cocaine
addiction, including escalation of intake, high economic demand for the drug and
responding for cocaine in spite of punishment (James et al. 2018b).

Interestingly, IntA does not alter the preferred level of drug consumption when cost is nil, as
measured by the metric, Qo (Kawa et al. 2016, 2018; Singer et al. 2018; James et al. 2018a),
whereas LgA experience produces an increase in Qo (Oleson and Roberts 2009; Bentzley et
al. 2014; Kawa et al. 2018; James et al. 2018a) (Fig. 1), which can be very persistent (James
et al. 2018a). Some have suggested Qo reflects a “hedonic set point” (Bentzley et al. 2013),
although a “settling point” may be more appropriate (see Berridge 2004 for discussion).
Whatever the case, the dissociation between measures of cocaine demand (maotivation) and
Qo prompts the speculation that IntA experience may increase drug “wanting”, without an
associated change in drug “liking” (Berridge and Robinson 2016). Finally, incentive-
sensitization is also evident when IntA procedures are used that preclude the development of
S-R habits, such that instead of having to make the same operant response to gain access to
cocaine every day, rats had to solve new puzzles daily (Singer et al. 2018). This suggests that
following a history of IntA cocaine self-administration, habitual drug-seeking is not
necessary for the emergence of addiction-like behavior.

Neurobiology.

Very little is known regarding the neurobiological consequences of IntA experience,
however, the available evidence suggests that not only do IntA and LgA have very different
effects, but in some instances produce opposite effects. Table 2 summarizes the
neurobiological changes associated with IntA vs. LgA cocaine experience. As mentioned
above, LgA is reported to produce marked tolerance in dopamine neurotransmission,
including a decrease in cocaine-induced inhibition of dopamine uptake, at least when
measured soon after the discontinuation of cocaine self-administration (e.g., Calipari et al.
2013). In contrast, IntA experience does the opposite, it /ncreases cocaine-induced inhibition
of dopamine uptake (Calipari et al. 2013). The different effects of LgA vs IntA on the DAT
likely involves the temporal pattern of cocaine intake rather than differences in total intake
because intake was similar in IntA and ShA rats, but only IntA rats showed altered DAT
function (Calipari et al. 2013). This effect of IntA is even greater after a period of abstinence
and it is also associated with increased motivation for drug (Calipari et al. 2015).
Furthermore, IntA (but not LgA or ShA) increases electrically-evoked dopamine release
(Calipari et al. 2013). Finally, IntA (but not LgA) cocaine self-administration experience
produces cross-sensitization, increasing both methylphenidate- and amphetamine-induced
inhibition of the DAT in the nucleus accumbens core (Calipari et al. 2014b).

Most of the studies above on the effects of LgA vs IntA experience on DA function were
conducted ex vivo, using tissue slices. However, Kawa et al. (2018) recently showed that a
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single self-administered injection of cocaine increased DA overflow in the nucleus
accumbens core /n vivoto a greater extent in rats with IntA than LgA or ShA experience,
and the latter two groups did not differ. This is consistent with Ahmed et al. (2003), who
also reported that LgA experience had no effect on cocaine-evoked DA overflow /n vivo,
relative to ShA. Interestingly, after IntA experience the magnitude of the DA response
predicted motivation for cocaine (Kawa et al. 2018). Finally, Kawa et al. (2018) reported no
effect of IntA, LgA or ShA experience on basal levels of DA in dialysate, consistent with
others (Ahmed et al. 2003; Calipari et al. 2014a; but see Ferris et al. 2011).

LgA (but not ShA) cocaine experience also upregulates presynaptic metabotropic glutamate
group Il receptors (mGIuR2/3s) in mesocorticolimbic regions (Hao et al. 2010), and this is
thought to contribute to the expression of addiction-like behavior. Interestingly, this effect
does not require the large amounts of drug intake associated with LgA, because even IntA-
Limited experience, which involves very low levels of intake, and does not produce
escalation of intake (see above), increases mGIluR2/3 receptor function (Allain et al. 2017).
Finally, IntA (but not LgA or ShA) experience persistently increases lateral hypothalamic
orexin cell function in ways that promote addiction-like behavior, and this can be reversed
by knockdown of orexin neurons (James et al. 2018a).

While additional parametric work is needed, the available evidence suggests that in terms of
dopamine function, IntA experience produces sensitization and LgA experience produces
tolerance, or no change (Table 2). The contrasting effects of IntA and LgA cocaine self-
administration experience are consistent with a large literature involving the use of
experimenter-administered psychomotor stimulant drugs. These studies show that
intermittent injections produce psychomotor, incentive and dopamine sensitization, whereas
treatments that result in continuously high brain levels of drug do not (Post 1980; Robinson
and Becker 1986; Robinson and Berridge 1993).

Given that pathological motivation for drug is a defining feature of addiction (Table 1), we
have focused primarily on drug-induced changes in motivational processes, and on neural
systems thought to mediate these psychological functions. However, many other
psychological processes are thought to contribute to the development of addiction. These
include the ability of drug cues to bias attention towards them (Field et al. 2014; although
see Christiansen et al. 2015) and poor attentional (cognitive) control over behavior (Wiers et
al. 2013; Sarter and Phillips 2018). This can result, of course, in poor inhibitory control,
especially when faced with temptations to use (Jentsch and Taylor 1999), and this may be
both a cause and a consequence of drug use. Preclinical studies suggest that LgA cocaine
self-administration experience can produce persistent deficits in attentional control (e.g.,
Briand et al. 2008). However, essentially nothing is known about the effects of IntA
experience on this or other cognitive faculties relevant to addiction (Pitchers et al. 2017b,
2018).

Outstanding Questions

As should be obvious from the above, there is much to be learned about how
pharmacokinetic factors, and IntA experience specifically, influence brain and behavior in
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ways that may promote the transition to addiction, and there are many important outstanding
questions. For example, there is a dearth of quantitative, non-anecdotal evidence about exact
patterns of drug-taking behavior in women and men, both between and within bouts of use,
especially during the transition to addiction. Such information will be critical for the further
refinement of animal models.

We also know that there are sex differences in the transition to addiction, so it will be
important to determine if there are sex differences in the behavioral and neurobiological
response to IntA drug self-administration experience. In this regard, a recent study
mentioned above shows that when given IntA to cocaine, female rats take more cocaine than
male rats, and females also show a faster and greater increase in motivation for the drug, as
measured by behavioral economics indices (Kawa and Robinson 2018). This suggests that,
under IntA conditions, females might be more vulnerable to cocaine-induced incentive-
sensitization, an effect thought to facilitate the transition to addiction (Robinson and
Berridge 1993; Kawa and Robinson 2018). This is reminiscent of the more robust
psychomotor sensitization seen in female versus male rats following experimenter-
administered drug (Glick and Hinds 1984; Robinson and Becker 1986).

Most people with a substance use disorder also typically use multiple drugs, and we do not
know how this might influence the effects of IntA experience. Human drug users sometimes
simultaneously take more than one substance, and sometimes they take different drugs
sequentially, at different times (Ellinwood et al. 1976; Leri et al. 2003). The long-term
behavioral, psychological and neurobiological effects of such practices can be studied using
the IntA model (Leri and Stewart 2001; Calipari et al. 2014b). For example, does drug co-
use produce cross-sensitization, as has been described with experimenter-administered drugs
(Robinson and Becker 1986)?

Further, most studies using intermittent access procedures have been conducted in rats, and
with cocaine, so it will be important to incorporate studies with other species and other
drugs. For comparison, the LgA procedure has been used across drug classes and it can also
induce behaviors relevant to addiction to heroin (Ahmed et al. 2000; Lenoir and Ahmed
2008), methamphetamine (Adhikary et al. 2017), and nicotine (Paterson and Markou 2004).
This being said, there is work suggesting that intermittent access promotes symptoms of
addiction to drugs of abuse other than cocaine. For instance, relative to continuous access,
intermittent access to alcohol promotes the escalation of alcohol intake (e.g., Simms et al.
2008; also see Ahmed et al. 2018). New work also shows that compared to short-access
fentanyl self-administration, intermittent access increases incentive motivation for fentanyl
[decreased demand elasticity without changing preferred consumption (Qo)], and that an
orexin-1 receptor antagonist decreases both incentive motivation for fentanyl and cue-
induced relapse behavior in IntA rats but not in ShA rats (Fragale et al. 2018). In this regard,
it will be important to determine whether IntA procedures prove useful in identifying and
developing treatments for substance use disorders, especially relative to more traditional
self-administration procedures using FR schedules (Haney and Spealman 2008; Czoty et al.
2016).
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Concluding Remarks: Implications for Preclinical Models of Addiction

The studies summarized above clearly establish that the temporal pattern by which self-
administered cocaine impinges on the brain has an enormous influence on its ability to
change brain and psychological function in ways that are relevant for the transition to
addiction. Indeed, studies using IntA self-administration procedures challenge fundamental
assumptions underlying the most widely accepted rodent model for studying the transition to
addiction — the LgA model. Most importantly, the development of addiction-like behavior —
including high motivation for drug, continued drug use in the face of an adverse
consequence, robust cue-induced reinstatement of drug-seeking, and even escalation of
intake — does not require the ingestion of the large amounts of cocaine associated with LgA
self-administration (Fig. 1).

IntA self-administration experience is especially effective in producing psychomotor
sensitization, incentive-sensitization, dopamine sensitization, as well as addiction-like
behavior. Some researchers have interpreted the Aypodopaminergic state often associated
with LgA or other high dose cocaine experience as support for the hypothesis that drug-
seeking behavior in addiction is motivated by a desire to alleviate this dopamine deficiency
(Volkow et al. 2016; Koob and Volkow 2016). However, studies using IntA cocaine self-
administration procedures suggest the opposite — that cocaine use produces incentive-
sensitization and a Ayper-responsive dopaminergic state, and this leads to pathological drug
“wanting” and the transition to addiction (Robinson and Berridge 1993). It is clearly
problematic for the field if two purported animal models of addiction produce such different,
and even opposite effects. As put by the statistician George Box (Box et al. 2005), “A//
models are wrong but some models are useful’. The most useful model(s) for studying drug-
induced changes in brain and behavior that contribute to the transition to addiction would be
the model(s) that best reflects the human condition. By our perspective, self-administration
procedures that reflect the intermittent patterns characteristic of human cocaine use—both
within and between bouts of drug taking—are best suited to model the transition to addiction
in the laboratory.
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Figure 1.
A summary of the effects of different cocaine self-administration experiences on cocaine

intake, and on the development of addiction-like behaviors (see Table 1). Representative
patterns of cocaine intake and estimated brain concentrations of cocaine produced by
different self-administration procedures are on the top left. In the first 1-2 hours, LgA
animals achieve higher brain cocaine concentrations than ShA only after escalation of
intake. Under LgA and ShA conditions, there are some fluctuations in brain cocaine
concentrations, reflecting the inter-injection interval, which is influenced by unit dose. This
is consistent with findings that there are cyclical fluctuations in dopamine-related
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electrochemical signals in the nucleus accumbens when rats are self-administering cocaine
under continuous-access conditions (Gratton and Wise 1994; also see Keramati et al. 2017).
However, the fluctuations in brain cocaine concentrations under LgA and ShA are very
small relative to the large spikes obtained with IntA. Note also that LgA and ShA conditions
would produce high brain concentrations of drug throughout each self-administration
session, but concentrations would then drop until the next session. This would model the
intermittency of drug use between bouts of consumption reported in human cocaine users
(see text). However, human cocaine use is intermittent both befween and within bouts, and
this is modeled by intermittent access self-administration. The top right panel shows the
relative total cocaine intake/session produced by these different procedures (and the inset
shows the pattern of change in consumption over time). Below that, addiction-like behaviors
typically assessed in laboratory animals are listed and the relative ability of the different
self-administration procedures to produce each behavior is indicated. When arrows are used,
a single arrow indicates the ‘baseline’ effect, and then the number of arrows indicates the
relative size of a given effect. When quantitative comparisons were not possible a “Yes” or
“No” indicates whether a procedure produces a given effect. Horizontal lines with a double
arrowhead indicate no effect, and the downward and upward facing arrowheads a decrease
and increase, respectively. Dashes indicate no data are available.

The figure highlights two main points discussed in the text. (1) LgA results in greater drug
consumption than all the other procedures. (2) IntA experience is more effective in
increasing motivation for drug, based on a number of metrics, than ShA or LgA experience,
despite much less consumption than LgA.
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