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Abstract

Schizophrenia represents a complex, heterogeneous disorder characterized by several symptomatic
domains that include positive and negative symptoms, and cognitive deficits. Negative symptoms
reflect a cluster of symptoms that remains therapeutically unresponsive to currently available
medications. Therefore, the development of animal models that may contribute to the discovery of
novel and efficacious treatment strategies is essential. An animal model consists of both an
inducing condition or manipulation (i.e., independent variable) and an observable measure(s) (i.e.,
dependent variables) that are used to assess the construct(s) under investigation. The objective of
this review is to describe currently available experimental procedures that can be used to
characterize constructs relevant to the negative symptoms of schizophrenia in experimental
animals. While negative symptoms can encompass aspects of social withdrawal and emotional
blunting, this review focuses on the assessment of reward deficits that result in anhedonia,
avolition, and abnormal reward anticipation. The development and utilization of animal
procedures that accurately assess reward-based constructs related to negative symptomatology in
schizophrenia will provide an improved understanding of the neural substrates involved in these
processes.
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Introduction

In recent years, research has advanced our understanding of the neural substrates that
contribute to the neuropathology of schizophrenia. However, there is a distinct lack in our
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ability to effectively manage the domain of negative symptoms evident in many
schizophrenia patients. The negative symptoms domain includes deficit symptoms that
reflect a reduction of emotions or behaviors usually present in the healthy population, such
as anhedonia, avolition, flat affect or emotional blunting, reductions of verbal fluency or
poverty of speech, and defects in social behavior. This cluster of symptoms is largely
unresponsive to current antipsychotic medications. The severity of negative symptoms has
been suggested to impact and predict the functional and occupational outcome of
schizophrenia patients (Ho et al., 1998; Kirkpatrick et al., 2006). Because of the detrimental
effects of negative symptoms, coupled with the unmet therapeutic need in addressing this
symptomatic domain, much research in recent years has focused on improving the
understanding and treatment of negative symptoms associated with schizophrenia
(Kirkpatrick et al., 2006).

The purpose of the present review is to describe experimental animal procedures that allow
investigators to evaluate constructs thought to be central to the negative symptomatology of
schizophrenia. Various experimental manipulations used to induce deficits in reward
processes will be discussed briefly, but the focus will be primarily on describing the specific
behavioral tasks used to characterize these deficits. Anhedonia, avolition, emotional
blunting, alogia, and social withdrawal all fall under the umbrella that encompasses negative
symptoms. Some of these features may not be mutually exclusive (e.g., avolition may
promote social withdrawal), and some are difficult to assess in animals (e.g., emotional
blunting and alogia). Procedures that model social withdrawal in experimental animals are
reviewed elsewhere in this Special Issue (Koenig and colleagues, this issue).

Reward Deficits and Anhedonia in Schizophrenia Patients

Anhedonia refers to the inability or diminished capacity to experience pleasure and is
thought to reflect deficits in brain reward system function. Anhedonia has long been
suggested to be a core symptom of schizophrenia, falling within the cluster of features that
encapsulates the negative symptomatology associated with schizophrenia. Anhedonia was
originally described by Kraeplin in his first descriptions of dementia praecox (later come to
be known as schizophrenia) as a central component of the disorder (Kraepelin, 1921; Bleuer,
1924; Strauss and Gold, 2012), and it is included as a symptom in the Diagnostic and
Satistical Manual of Mental Disorders (DSM-V) (American Psychiatric Association, 2013).
The definition of anhedonia is sometimes extended incorrectly to encompass additional
deficits in reward-related processes, such as the pursuit of pleasure. This extension of the
definition of anhedonia should be avoided because the ability to experience pleasure and the
desire to engage in pleasurable activities are subserved by distinct neural pathways
(Berridge and Robinson, 2003; Der-Avakian and Markou, 2012) and should be treated as
separate constructs. Interview-based measures or self-report style questionnaires are often
used to assess anhedonia in schizophrenia patients. However, it has been suggested recently
that schizophrenia is not associated with diminished capacity to experience pleasure per se
(Horan et al., 2006), but rather may reflect deficits in other components of the reward
system. Deficits in brain reward function are multifaceted and can include other features in
addition to hedonic capacity, such as altered reward prediction, anticipation or valuation.
Deficits in any one of these processes may lead to a reduction in the engagement of
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pleasurable activities, even when the individual still has the capacity to experience pleasure.
Given the dissociation between anhedonia and other deficits of brain reward systems,
anhedonia may not be as central to schizophrenia as it was once thought to be.
Schizophrenia patients have been reported to indeed have the ability to experience affective
consummatory pleasure (Gard et al., 2007; Heerey and Gold, 2007), indicating that
schizophrenia patients are not necessarily anhedonic. Rather, these patients may have a
dissociation of hedonic capacity from motivated behavior (Heerey and Gold, 2007), deficits
in reward anticipation (Dowd and Barch, 2012; Gard et al., 2007), and/or a reduced ability to
draw upon memories of previous pleasurable activities (Simpson et al., 2012). Deficits in
accurately recalling previously pleasurable activities or predicting pleasure from future
events likely gives the impression of a global reduction of the capacity to experience
pleasure. As a result, these deficits may elicit the false impression of anhedonia, reflected in
interview-based questionnaires, while not necessarily being attributable to deficits in the
pleasure systems of the brain that mediate hedonic reactions.

Motivational Deficits and Avolition in Schizophrenia Patients

Like anhedonia, a deficit in motivational capabilities, or avolition, is also a symptom
included in the original descriptions of schizophrenia (Kraepelin, 1921; Foussias and
Remington, 2010). Deficits in a patient’s ability to become motivated and engage in a given
task has been suggested to considerably affect their quality of life, leading to a reduced drive
to initiate or persist in goal-directed behavior (Barch and Dowd, 2010). Moreover, the
severity of these deficits is believed to be closely correlated with the functional outcome of
schizophrenia patients (Simpson et al., 2012). In fact, reductions of volition or impairments
in the patient’s motivational capabilities have been suggested to be not only one of the most
disabling facets of schizophrenia but is also likely to underpin some of the accompanying
negative symptoms, such as social withdrawal, and cognitive impairments associated with
schizophrenia (Brebion et al., 2009).

To address this fundamental aspect of negative symptomatology and understand the process
of avolition, one must explore the factors that drive an organism to become motivated.
Reward processing has many facets, including aspects of learning, reward valuation,
emotional or affective factors, and purely motivational components (Berridge and Robinson,
2003; Gold et al., 2008). Two of these elements may be particularly important to motivated
behavior. First is the affective component. If an organism derives pleasure from something,
then it is more likely to expend energy to obtain it (Salamone, 2009). Thus, consummatory
pleasure is conducive to motivation because it provides the hedonic component that drives
motivated behavior. However, as described above, evidence suggests that the hedonic
reactions to evoked stimuli are unimpaired in schizophrenia, and the affective response is
still experienced (Gard et al., 2007). Importantly, in addition to consummatory pleasure,
incentive motivation contributes to the anticipation of pleasure that will be derived or
experienced when future activities are undertaken, and thus guides goal-directed behaviors.
This incentive or anticipatory component of motivation ensures that goals are formulated,
maintained, and ultimately completed (Barch and Dowd, 2010; Simpson et al., 2012). This
construct likely provides the basis for what is traditionally thought of as “motivation,” with
deficits in the level of anticipatory motivation reducing the drive to engage in pleasurable
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activities or social pursuits. Improving the understanding of the neural substrates that
underlie mativation and therefore the deficits within this system is essential for the
development of effective treatment strategies to attenuate not only avolition but perhaps also
additional impairments, such as social withdrawal or cognitive impairments, to which
avolition may contribute.

Experimental Animal Procedures

Numerous approaches have been used to induce neurobiological and behavioral
abnormalities in experimental animals that are likely to have relevance to schizophrenia.
Such manipulations include, but are not limited to, pharmacological models (e.g., targeting
dopamine or N-methyl-D-aspartate [NMDA] receptors (Howes and Kapur, 2009; Neill et al.,
2010)), neurodevelopmental models (e.g., neonatal phencyclidine [PCP] treatment, neonatal
hippocampal lesions, or methylazoxymethanol acetate (Wang et al., 2001; Lipska et al.,
2002; Lodge and Grace, 2007)), and various genetic manipulations (for review, see
O’Tuathaigh and Waddington, 2010), such as dopamine transporter knockouts (Rodriguiz et
al., 2004), dopamine D1 receptor knockouts (Halberstadt and Geyer, 2009), metabotropic
glutamate receptor 5 knockouts (Brody et al., 2004), a7-nicotinic acetylcholine receptor
knockouts (Young et al., 2011) and dopamine D, receptor overexpression (Kellendonk et
al., 2006).

Once an inducing condition is selected, investigators must also determine the measures that
will reflect constructs relevant to the human condition because a model consists of both an
inducing condition and the measures that are assessed (see Table 1) (Geyer and Markou,
1995; Markou et al., 2009). Attempting to measure aspects of neuropsychiatric disorders,
including schizophrenia, is challenging because these complex disorders have some
inherently human aspects, with many facets of the disease that are difficult or impossible to
replicate in an animal model. The intrinsically human features of schizophrenia, such as
reduced verbal fluency and poverty of speech, is not amenable to modeling in experimental
animals. Nevertheless, advances in the assessment of ultrasonic vocalizations in rodents may
begin to facilitate investigation into this symptom area. While the remaining symptoms of
the disease are readily open to experimental assessment in animals (Ellenbroek and Cools,
2000; Young et al., 2009), researchers are not likely to have the advantage of a
“schizophrenia model” that encompasses all dimensions of the disorder (Markou et al.,
2009). Instead, researchers may find that focusing on individual constructs (e.g., motivation
or attention) and developing procedures that recruit specific constructs are advantageous.
However, the specific construct must be accurately assessed in animal procedures, recruiting
the same neural substrates as those engaged in humans. If this correspondence in
neurosubstrates is achieved, then the translational and predictive validity between species is
improved and provides the potential to overcome the translational bottleneck that currently
exists between the preclinical and clinical disciplines (Hyman and Fenton, 2003).
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Procedures that Assess Anhedonia

Sucrose preference, consumption, and affective response

When rodents are given a free choice between water and a sucrose solution, a strong
preference for the palatable sucrose solution typically develops (Muscat and Willner, 1989).
This preference for sucrose may indicate that rodents derive pleasure from drinking a
sucrose solution or that sucrose consumption provides an element of reward or
reinforcement that encourages the animal to choose sucrose over water. Therefore, the
degree of sucrose consumption may be utilized in investigations of hedonic capacity, with
reductions of total sucrose consumed perhaps being an indicator of alterations in reward
system functioning, potentially reflecting an anhedonic state. One method of assessing
sucrose preference is to singly house rodents in a cage with two drinking bottles. One bottle
contains normal drinking water while the other contains a sucrose solution. The side that
contains the sucrose solution should be counterbalanced and alternated to avoid the
development of a side preference (Bergner et al., 2010). Various concentrations of sucrose
can be used [(0.7-34% have been reported; (Muscat et al., 1991), but typically 1-2% is used
(Overstreet, 2012)], resulting in an inverted-U dose-response curve. Consumption from both
bottles is assessed over the course of the experiment (e.g., 1-7 days) to determine the
preference for the bottle that contains the sucrose solution. Rodents typically develop a
strong preference for the sucrose solution, and more liquid from that bottle is consumed.
Rodents that display anhedonic traits via pharmacological, developmental or genetic
manipulations show less interest in the sucrose-laced water and a preference score of less
than 65% is observed (Strekalova et al., 2004), or simply have reductions of the volume of
sucrose solution consumed. This is thought to indicate a deficit in the ability to experience
the hedonic properties of sucrose consumption. An alternative method of assessing sucrose
consumption or preference is to employ a device that quantifies the number of licks the
rodents make during the experimental session. These commercially available lickometers
provide a means of easily determining the rate of sucrose consumption (e.g., licks/min).

Studies have indicated that acute exposure to the NMDA receptor antagonist PCP reduced
sucrose intake in rats (Turgeon and Hoge, 2003; Baird et al., 2008), suggesting that PCP
treatment may result in transient impairment in hedonic capacity. However, reduced sucrose
intake occurred after administration of a relatively high dose of PCP (up to 20 mg/kg).
Conversely, both chronic intermittent or sub-chronic PCP treatment regimens, utilizing a
much lower PCP dose (2.58 or 2 — 5mg/kg), and in the case of the sub-chronic regimen
tested after withdrawal, resulted in no alterations in sucrose preference (Jenkins et al., 2010;
J. Pratt, Personal Communication). These findings indicate that consummatory hedonic
capacity remained intact using PCP treatment regimens that have been validated previously
(Jentsch and Roth, 1999; Pratt et al., 2008; Neill et al., 2010) for inducing various cognitive,
metabolic and neuropathological changes in rats with relevance to schizophrenia.

Alternatively, assessment of facial reactions after consumption of sucrose has been
suggested to reflect the affective reaction to sucrose. Berridge (2000) described that facial
responses elicited when sucrose was squirted into a human newborn baby’s mouth consisted
of a positive (or hedonic) pattern of lip smacking, tongue protrusions, and relaxation of the
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facial muscles. The proposed hedonic facial response to sucrose is conserved among species
and evident in nonhuman primates, rats and mice (Berridge, 2000; Berridge and Robinson,
2003). While the interpretation of elicited hedonic response is somewhat subjective,
experimenters have successfully used this methodology to assess hedonic capacity in
rodents. Ward et al. (2012) observed a dose-dependent increase in both consumption rates,
and the number of positive facial reactions in both control and dopamine D, receptor-
overexpressing mice as the concentration of sucrose was increased (0.01-1.0 M). These
findings suggest that both groups of mice experienced a hedonic response to sucrose.
Nonetheless, the validity of inspecting facial expressions in response to a sweet solution has
not been evaluated in schizophrenia patients. If this approach is to be utilized clinically,
safeguards to limit the risk of experimenter bias due to the subjective nature of the measures
should be employed.

Numerous potential limitations are associated with comparing the preference for or
consumption of sucrose in rodents with the negative symptomatology observed in
schizophrenia, thus limiting the validity of this procedure. First, the sucrose preference test
is often used to model anhedonia in reference to clinical depression. As such, a reduction of
sucrose preference induced by chronic mild stress is sensitive to attenuation by the chronic
administration of antidepressant medications (Willner et al., 1987). However, the benefit of
antidepressant treatment in schizophrenia patients remains unclear, with potential
advantages only observed when antidepressants are used as adjunctive therapy with
antipsychotic medications (Rummel et al., 2006). Second, typical and atypical antipsychotic
medications can induce substantial weight gain (Allison et al., 1999). Thus, any potential
increase in sucrose preference after antipsychotic treatment would require dissociation of the
putative reward-enhancing effects of the medication versus the increased preference for the
higher caloric content of the sucrose solution. As an alternative, the preference for a non-
caloric saccharin solution may help resolve this issue, because the preference for saccharin
occurs independent from alterations of blood glucose levels (Stefurak and Van der Kooy,
1992). Third, the hedonic response to a sucrose solution in humans, assessed by a sweetness
rating scale, was similar between schizophrenia patients and healthy volunteers (Berlin et
al., 1998). Therefore, models that induce a decrease in sucrose preference or consumption in
experimental animals may not necessarily be directly comparable to the deficits, or lack
thereof, observed in schizophrenia patients. Using this procedure when modeling negative
symptoms should therefore be limited to a negative control, useful in ensuring that the
inducing condition utilized does not impair consummatory hedonic reactions and thus
impeding translational validity.

Intracranial self-stimulation

The intracranial self-stimulation (ICSS) procedure, originally developed by Olds and Milner
(1954), provides an effective methodology to evaluate various pharmacological,
environmental, and molecular manipulations on brain reward function in vivo. The
procedure involves surgery to implant an electrode into the desired brain region involved in
reward function. Commonly, researchers target the lateral hypothalamus or medial forebrain
bundle. The animals are then trained to respond on a manipulandum, often a wheel or a
lever, located in the operant testing chamber that controls the delivery of the electrical
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stimulation through the electrode. Then, determination and stabilization of reward thresholds
is completed using one of the procedures described below (Markou and Koob, 1993; Stoker
and Markou, 2011).

While several methodologies are available for ICSS studies (Liebman, 1983), many have not
been validated or may not provide measures of reward function uncontaminated by other
processes, such as motor function (Vlachou and Markou, 2010). The greatest limitation of
several of these methodologies is that performance assessed by response rates is affected by
the subject’s ability to perform the task, and thus does not provide a measure of reward
function independent of motor ability (Markou and Koob, 1992). Two validated procedures
for assessing reward function in a reward-specific manner include the discrete-trial current-
intensity procedure (Esposito and Kornetsky, 1977; Markou and Koob, 1992) and the rate-
frequency curve-shift procedure (Gallistel and Freyd, 1987; Carlezon and Chartoff, 2007).
Training in the discrete-trial current-intensity procedure begins with a noncontingent
reinforcing electrical stimulus being delivered, priming the subject to respond on the
manipulandum to receive a second, contingent electrical stimulus that is identical to the
noncontingent stimulus. Various current intensities are delivered (typically varied by 5 pA
increments) and presented in alternating ascending and descending orders. As the
noncontingent current intensity is increased and decreased, the presence or lack of a
contingent response, respectively, reflects the animal’s reward threshold, or the minimal
current intensity required to elicit a behavioral response (Markou and Koob, 1992; Markou
and Koob, 1993; Stoker and Markou, 2011). Current frequency may also be manipulated in
this procedure.

The rate-frequency curve-shift procedure provides a different method of assessing reward
thresholds. Delivery of the noncontingent stimulus is followed by a response window (e.g.,
50 s), during which the number of contingent responses emitted is recorded. After a post-
trial timeout period (e.g., 5 s), the frequency of the stimulation is decreased and the next trial
begins. Response rates typically vary depending on stimulation frequencies, suggesting a
frequency “dose-response” curve (Campbell et al., 1985; Carlezon and Chartoff, 2007).
Using this method, the minimal stimulation frequency that sustains responding at a
predetermined (arbitrary) rate or an extrapolated “true” frequency threshold that supports
responding reflects the animal’s reward threshold (Carlezon and Chartoff, 2007).

Several parameters are assessed in the ICSS procedure that provide insights into the
affective state and motoric ability of the animal (Markou and Koob, 1992). Manipulations
that lower the reward threshold (either current or frequency) are suggested to reflect reward
enhancement by potentiating brain reward function, such that a lower stimulus intensity is
required to elicit the contingent behavioral response for stimulation. For example, cocaine
administration is known to be rewarding in humans and lowers reward thresholds in rats
(Kornetsky and Esposito, 1979; Markou and Koob, 1992). Conversely, manipulations that
elevate reward thresholds reflect deficits in reward function because an increased stimulus
intensity is now required to elicit the same behavioral response that was previously elicited
at lower current intensities or frequencies under baseline conditions. For example,
withdrawal from chronic administration of psychomotor stimulants, including cocaine
(Markou and Koob, 1991), amphetamine (Paterson et al., 2000; figure 1A), or PCP
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(Spielewoy and Markou, 2003), results in ICSS threshold elevations. Importantly, such
threshold elevations occurred independently of changes in response latencies, suggesting
that ICSS performance alterations were specifically attributable to the depression of brain
reward function and not the result of non-reward-specific performance impairment (see
below discussion about response latencies). Psychostimulant drug withdrawal is often used
to induce an anhedonic depression-like state in experimental animals because
psychostimulant withdrawal in humans resembles a major depressive episode, including the
expression of anhedonia (American Psychiatric Association, 2000; Barr et al., 2002; Barr
and Markou, 2005).

As previously indicated, ICSS performance may reflect alterations in the motor activity of
the experimental subject. The latency between the noncontingent stimulus that initiates each
trial and the contingent response provides one indication of the performance capabilities of
the animal, with nonspecific performance impairments increasing the response latency
(Markou and Koob, 1992). In the rate-frequency procedure, changes in the maximal rate of
responding are often indicative of performance deficits. Thus, in both of these procedures,
reward thresholds can be calculated that are independent of response rates (Markou and
Koob, 1993; Carlezon and Chartoff, 2007).

Procedures that Assess Avolition

Fixed- and progressive-ratio schedules of reinforcement

Procedures to assess the motivational state or willingness to work of an animal often involve
responding on an fixed-ratio (FR) or progressive-ratio (PR) schedule of reinforcement
(Arnold and Roberts, 1997). When presented with an FR schedule, the animal must press a
lever a fixed number of times (e.g., FR1, FR5, etc.) to receive the rewarding stimulus (e.g.,
food or reinforcing drug). Lower FR schedules can be used to assess hedonic capacity or
reward valuation (i.e., reduced desire to obtain the reward may influence responding).
Higher FR schedules can be used to assess volition because a greater amount of work is
required to obtain the reward (Salamone et al., 2003). Dopamine transmission in the nucleus
accumbens is involved with high ratio requirements. Specifically, no difference in the
number of lever presses was observed between control and nucleus accumbens dopamine-
depleted rats when the FR schedule was low (e.g., FR1 and FR4), suggesting that the desire
for food reinforcement was intact. However, when the work load increased (e.g., FR16 and
FR64), control rats continued to work for the food reward, whereas nucleus accumbens
dopamine-depleted rats did not (Aberman and Salamone, 1999; Salamone et al., 2007).

In a PR schedule, after the delivery of the rewarding stimulus, the response requirement to
obtain each subsequent reward exponentially increases. The animals are first trained on a
low FR schedule (e.g., FR1, FR2, and then FR5), enabling the animal to associate a lever
press with reward retrieval. Once this association is established, the animal is moved to the
PR schedule. Various incremental schedules are utilized in different laboratories when
conducting PR schedules (e.g., FR is doubled or increased exponentially). Independent of
the response requirement progression used, the consistent factor in such schedules is that the
response requirement to earn the subsequent reward increases as the PR schedule progresses
(Richardson and Roberts, 1996). As such, a greater degree of effort is required to earn the
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next reward, and alterations in the motivational state of the animal can influence the point at
which the animal stops responding, a measure known as the breakpoint (Hodos, 1961). The
breakpoint reflects the maximal amount of effort the animal is willing to expend to earn a
single rewarding stimulus (Richardson and Roberts, 1996). Some investigators choose to let
the PR session continue until the animal stops responding within a specific time period
(usually 5-60 min, depending on the type of reinforcer), with the last ratio completed before
the animal stopped responding being the breakpoint (Roane, 2008). Alternatively, some
investigators utilize sessions with a fixed duration (e.g., 1 h), and the last ratio completed
before the session expires is deemed the breakpoint.

Highly reinforcing drugs, such as psychomotor stimulants, support high breakpoints in self-
administration PR schedules in a dose-dependent manner (Bedford et al., 1978). However,
an inverted-U dose-response curve may be observed because drugs at high doses can
become aversive (Roberts and Richardson, 1993; Paterson and Markou, 2005). This pattern
of behavior suggests that animals are highly motivated and willing to work to receive
psychomotor stimulant drugs. Conversely, a lowering of the breakpoint is often interpreted
as either a lowering of the motivational state of the animal or a reduction of the reinforcing
properties of the reward stimulus, resulting in a reduced desire to work for the stimulus.
Care must be taken when interpreting alterations in breakpoint, however. A lower
breakpoint may be attributable to motor impairments that result in an impaired ability to
sustain lever-pressing for the extended duration of the session, or difficulties learning the
procedure. For example, dopamine D4 receptor KO mice exhibited poor performance in a
progressive ratio schedule, due to a failure to learn to respond to a FR1 schedule and not due
to altered motivational capabilities (Young and Geyer, 2010). Alternatively, a low
breakpoint may be attributable to reduced tolerance for the ever increasing delay between
reward presentations. Reductions of the breakpoint in dopamine D5, receptor-overexpressing
mice have been demonstrated (Drew et al., 2007; Simpson et al., 2011). To identify whether
intolerance for the delay mediated this reduction, Simpson et al. (2011) elegantly increased
the delay between reward presentations to mirror the concomitant delay in the PR schedule,
rather than increasing the number of lever presses required. No differences in the number of
rewards earned in this session were observed. Thus, the lowered breakpoint observed in
these mice during the PR schedule was unlikely to reflect intolerance for the increased
temporal delay, but may have reflected decreased willingness to work.

Withdrawal from repeated amphetamine administration decreased the breakpoint for a 4%
sucrose solution (Barr and Phillips, 1999) or a sucrose pellet (Der-Avakian and Markou,
2010; figure 1B) in rats, suggesting a reduction of the motivation to obtain the sucrose
reward. However, a potential caveat with this conclusion is that dissociating a reduction of
the breakpoint that is driven by a reduction of the valuation of the sucrose reward (or
potentially the hedonic response to sucrose) or a reduction of the desire to expend energy to
obtain the sucrose reward (i.e., the drive to work to obtain sucrose) is difficult. Barr and
Philips (1999) suggested that the effects observed on the breakpoint after cessation of
amphetamine treatment are consistent with the elevations in ICSS thresholds in rats exposed
to an identical or similar drug regimen (Leith and Barrett, 1976; Cassens et al., 1981,
Paterson et al., 2000). Thus, anhedonia in this case, or at least the hedonic component of
motivated behavior, may indeed play a significant role in the lowering of the rats’
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breakpoint. The assessment of sucrose preference or the quantification of affective facial
responses described above may be used to determine whether the capacity to experience
hedonic reactions is still intact after amphetamine withdrawal. As previously discussed,
schizophrenia patients may indeed experience evoked hedonia, but have deficits in
motivated behavior (Heerey and Gold, 2007). It is suggested that hedonic experience and
anticipatory motivation are subserved by distinct neural pathways (Berridge and Robinson,
2003). Therefore, dissociating between these two aspects of reward/motivation is important
in experimental animal procedures (Simpson et al., 2012; Ward et al., 2012).

Effort-related choice procedures

Motivation can be further assessed using an operant-based effort-related choice procedure
adapted from standard PR schedules of reinforcement. Such tasks determine the willingness
to work for a preferred reward as the response requirements increase, compared with the
desire to consume a less-preferred, yet freely available, reward (Salamone et al., 1991). The
difference in the intrinsic value of the reward options introduces an element of cost/benefit
assessment to determine whether the reward is worth the amount of work required to obtain
it. Given the choice, rodents prefer to consume a highly palatable reward (e.g., sucrose
pellets or evaporated milk powder) over standard laboratory chow (Salamone et al., 1991;
Ward et al., 2012). This preference persists even when the rodent must press a lever on a
low FR schedule (e.g., FR1 or FR5) to obtain the more-preferred reward, although the lab
chow is still freely available (Salamone et al., 1991). However, alterations in the willingness
to work for the preferred reward begin to emerge when the level of work required to obtain
the preferred reward increases. When the FR is increased to FR10 or FR20, the rodents
consume less of the preferred reward and opt to eat the freely available lab chow (Salamone
etal., 1997; Salamone et al., 2007). Salamone and colleagues (1991) demonstrated that
depletion of dopamine from the accumbens, or systemic administration of the dopamine D2
receptor antagonist, haloperidol, biased rodents away from the preferred reward, indicating
cost/benefit assessment is sensitive to dopaminergic manipulations. Ward and colleagues
(2012) demonstrated that control mice and D, receptor-overexpressing mice both earned
comparable numbers of the desirable reward when the work required was minimal.
However, instead of using an FR schedule, Ward and colleagues (2012) utilized a random
ratio (RR) schedule that varied the number of lever-presses required for each reward. When
an average number of five responses was required for reward delivery (RR-5), both groups
of mice chose to work for the highly palatable reward rather than settling for the lab chow.
However, as the level of work required increased to RR-20, the number of desirable rewards
earned by control mice remained constant, whereas the amount of desirable rewards earned
by the D receptor-overexpressing mice was reduced (see Fig. 2A), an effect that was absent
when the transgene was turned off (see Fig. 2B). The low number of lever presses for the
desirable reward in D, receptor-overexpressing mice (see Fig. 2C) was accompanied by
increased consumption of the freely available lab chow (see Fig. 2D). These data suggest
that striatal D, receptor-overexpressing mice were less willing to work for the more
preferred reward when the level of work required increased, instead preferring to settle for
the less desired, freely available reward (Ward et al., 2012).
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While many of the same putative confounds that exist in progressive ratio experiments may
also exist for effort-related choice procedures, this procedure may more readily address the
potential confound of satiety. It is possible that lowered breakpoints may reflect changes in
satiety rather than reduced willingness to work. However, the choice procedure may avoid
this confounding issue in a way not available in progressive ratio experiments. When the
animal refuses to expend energy for the preferred reward, it usually opts for the less-
preferred reward. Therefore, the amount of lab chow consumed increases, suggesting that
satiety cannot explain the lowered breakpoint (Salamone et al., 1991; Salamone et al., 2003).

An alternative to an operant testing chamber to assess effort-related choice is a T-maze cost/
benefit procedure (Salamone et al., 1994; Izquierdo and Belcher, 2012). Different
reinforcement densities are located within the two arms of the T-maze. For example, one of
the arms may contain one or two pellets and is deemed the low-reward (LR) arm. The other
arm is the high-reward (HR) arm and typically contains four food pellets. The rats are
trained in the T-maze by first discriminating between the LR and HR arms. Given a free
choice, rats typically choose the HR to obtain the high-density reward. Once the rats
consistently choose the HR arm, the effort-related choice component is introduced. A small
barrier (15 cm) is placed in the HR arm, and the height of the barrier is progressively
increased by 5 cm until the target barrier height is reached (Salamone et al., 1994; Bardgett
et al., 2009), and so the only way to obtain the HR is to climb the barrier. Untreated rats are
likely to opt for the HR arm, navigate the barrier, and consume the high-density reward
(Salamone et al., 1994).

Performance within the T-maze cost/benefit procedure is sensitive to dopaminergic
manipulations. Rats that receive low-dose haloperidol chose the LR arm when a barrier was
present within the HR arm, indicating a reluctance to expend effort for a desirable reward
when a freely available, yet less-preferred, reward was available (Salamone et al., 1994). In
addition, Salamone and co-workers (1994) observed an increase in the selection of the LR
arm in rats after dopamine depletion in the nucleus accumbens when the barrier was present
in the HR arm. Interestingly, when the LR arm contained no pellets and the HR arm still
contained four pellets, nucleus accumbens dopamine-depleted rats navigated the barrier to
obtain the food reward (Cousins et al., 1996). Thus, given the choice between food and no
food, nucleus accumbens dopamine-depleted rats still chose to expend energy to retrieve the
food reward. However, when these same rats had the option for food but a choice between
differing reward densities (e.g., two pellets instead of four), depletion of nucleus accumbens
dopamine altered choice behavior, and the rats preferred the easier LR option (Cousins et al.,
1996; Salamone et al., 2007).

In addition to dopaminergic manipulations that influence choice behavior in the T-maze
cost/benefit procedure, chronic intermittent PCP treatment (Morris et al., 2005; Pratt et al.,
2008) biased rats away from the HR arm with the barrier and made them settle for the LR
option. Importantly, the preference for sucrose in PCP-treated rats was also assessed and the
reduced preference to expend energy for the HR and opt for the LR occurred without a
concomitant reduction of sucrose consumption (J. Pratt, Personal Communication). This
pattern of results suggests that the hedonic capacity associated with consuming palatable
food remained intact, but the motivation to expend energy to obtain a highly desired reward
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was impaired in a HR/LR choice scenario. Although this effect was transient (evident 24 h
but absent 72 h after PCP treatment), these findings suggest that cost/benefit procedures that
assess motivation are also amenable to impairment after NMDA receptor antagonist
administration, representing a potential method of modeling motivational impairments in
experimental animals with relevance to schizophrenia.

Procedures that Assess Anticipation and Expectancy of Rewards

Anticipatory locomotion

After repeated exposure to a sexually receptive female rat in a specially designed, two-level
chamber, male rats demonstrate anticipatory searching behavior, characterized by moving
from level to level in search of the female rat immediately prior to introduction of the female
rat (Mendelson and Pfaus, 1989; Pfaus and Phillips, 1991). This increase in anticipatory
locomotor activity has been suggested to be a useful indicator of the sexual anticipatory state
of the male rat.

Consistent with previous findings (Mendelson and Pfaus, 1989; Pfaus and Phillips, 1991),
male rats exhibited a high level of side changes in a single-level box (as opposed to the two-
level chamber described above) after repeated testing, reflecting searching behavior in
anticipation of the introduction of the female rat (Barr et al., 1999). Searching behavior can
be deemed preparatory behavior, initiated when the rat is anticipating the introduction of the
female rat. Conversely, sexual copulation is interpreted as consummatory behavior because
the animal is engaging in the activity for which it was previously preparing. Withdrawal
from an escalating amphetamine dose regimen reduced the number of anticipatory side
changes prior to the introduction of the receptive female rat (Barr et al., 1999; figure 1C).
Furthermore, the post-ejaculatory intervals were also longer in amphetamine-withdrawn
animals (see Fig. 1D). Interestingly, despite the apparent reduction of preparatory behavior
or sexual motivation during amphetamine withdrawal, consummatory behavior was not
affected, and both groups of rats engaged in copulation once the female was introduced.
Therefore, amphetamine withdrawal in this case shows specificity for inducing impairment
in the anticipation of sexual behavior rather than impairing the physical ability to engage in
copulation (Barr et al., 1999). Thus, this task may provide a valid methodology for
dissociating between the hedonic act of consummation and anticipatory or incentive
components of reward-seeking behavior. Increased anticipatory locomotor activity was also
observed in rats (Mendoza et al., 2005) and mice (Hsu et al., 2010) during the anticipation of
a highly palatable meal, suggesting that any hedonic activity and not simply sexual
copulation may induce preparatory behavior prior to consummation in rodents. Furthermore,
Barbano and Cador (2005) found that the consummatory and anticipatory components of
feeding behavior were differentially modulated by opioid and dopamine neurotransmission,
respectively, reflecting distinct neural substrates that underlie the various subgroups of
reward-related behaviors.

Successive contrast effects

Flaherty (1996) proposed a multi-stage theory of contrast to describe the phenomenon first
identified by Vogel et al. (1968). When subjects are shifted from a highly desirable and
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anticipated reward (e.g., 32% sucrose solution) to an unexpected and less desirable
substance (e.g., 4% sucrose solution), they will consume less of the solution compared with
subjects that have only experienced the less-preferred reward. This phenomenon is termed
successive negative contrast (Pellegrini and Mustaca, 2000). The opposite also holds true for
animals that are trained to receive a reward of consistently low value and unexpectedly
receive a reward of higher value. In the latter case, the subjects consume greater quantities
of the substance than subjects that were exposed only to the high-value reward (Flaherty,
1996), a phenomenon known as successive positive contrast. These alterations in responses
when faced with unexpected variations in reward valuation provide indications of the
affective state of the animal. Successive negative contrast can be observed in various
mammalian species (Pellegrini and Mustaca, 2000) and emerges after alterations in quality
(Elliott, 1928), density (Crespi, 1942), and frequency of reward (Reynolds and Limpo,
1968). Although various alterations may possibly induce successive negative contrast
effects, the consistent theme is that effects emerge after the unexpected alteration in reward
and the unexpected downshift in the reward value. The suppression of consummatory
behavior after the unexpected devaluation of reward has been suggested to reflect a negative
affective state, possibly resembling frustration or disappointment, induced by a disruption of
reward expectancy (Flaherty, 1982).

Barr and Philips (2002) demonstrated that when rats were unexpectedly downshifted from a
sucrose concentration of 32% to 4%, they consumed less sucrose than rats that that were
only exposed to a 4% sucrose solution. Interestingly, however, rats that underwent
withdrawal from an escalating amphetamine administration regimen exhibited increased
negative contrast and consumed even less of the 4% sucrose solution when downshifted
from the 32% solution compared with non-amphetamine-treated controls (see Fig. 1E).
Furthermore, no difference was found in sucrose consumption between amphetamine-
withdrawing and control rats that were not downshifted (e.g., were exposed only to 4%
sucrose consumption). Therefore, the exaggerated successive negative contrast observed in
the downshifted amphetamine-treated animals reflects a potentiation of the negative
affective response when the subject unexpectedly received a devalued reward.

In addition to the exaggerated successive negative contrast during amphetamine withdrawal,
rats withdrawn from an escalating dose regimen of amphetamine did not develop successive
positive contrast when they were unexpectedly upshifted from a reward with low intrinsic
value (e.g., 4% sucrose solution) to one with high intrinsic value (e.g., 32% sucrose
solution), an effect that was evident in saline-treated animals (Vacca and Phillips, 2005).
When unexpectedly shifted to a 32% sucrose concentration, control animals exhibited an
exaggerated response and consumed more sucrose after the unexpected upshift compared
with saline-treated animals that were only exposed to the 32% sucrose solution. Although
amphetamine withdrawing animals indeed consumed more sucrose after the upshift,
amphetamine withdrawal significantly decreased sucrose consumption compared with
saline-treated, upshifted animals. Withdrawal from amphetamine had no effect on
performance in rats maintained on the 32% sucrose solution, suggesting that the inhibition
of the development of successive positive contrast was not attributable to gross
abnormalities in hedonic capacity but rather to the specific alteration in reward valuation.
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Withdrawal from an escalating dose of amphetamine, therefore, highlights the dual nature of
successive contrast effects, in which exaggerated negative contrast or blunted positive
contrast is observed during withdrawal (Barr and Phillips, 2002; Vacca and Phillips, 2005).
Thus, this pharmacological model provides compelling evidence that alterations in reward
valuation and expectation are measurable after a manipulation, psychomotor stimulant
withdrawal, that is associated with a depression-like state (American Psychiatric
Association, 2000).

Reward, Schizophrenia and Neurobiological Mechanisms

Dopamine plays a critical role within the circuits of the brain reward system. Therefore,
manipulations that perturb the dopaminergic system are likely to elicit reward-related
abnormalities. Dysregulation of the dopaminergic system has long been thought to play a
fundamental role in schizophrenia pathophysiology (Howes and Kapur, 2009). Cortical
hypodopaminergic transmission is thought to contribute to cognitive impairment, and
subcortical hyperdopaminergic transmission is hypothesized to mediate psychotic episodes.
Moreover, the disruption of subcortical dopamine signaling may also contribute to negative
symptomatology and reward-related deficits, albeit in a complex manner. Both amphetamine
withdrawal (Barr and Markou, 2005; see figure 1) or dopamine depletion within the nucleus
accumbens (Salamone et al., 1991; Salamone et al., 1994) induced deficits in several
reward-related tasks. In addition though, striatal dopamine D, receptor overexpression
induced reductions of the willingness to work for a reward, as reflected in effort-related
choice procedures (Ward et al., 2012; see figure 2). An optimal level of dopamine signaling
may therefore be essential for reward function, with alterations in the balance of
dopaminergic transmission, either excessive or insufficient transmission, in discrete brain
regions leading to reward-related deficits. It is therefore important to note that blockade of
dopamine D, receptors after haloperidol administration also reduced performance in tasks
that assess effort-related choice (Salamone et al., 1991; Salamone et al., 1994). Current
antipsychotic drugs effectively ameliorate the psychotic symptoms of schizophrenia, but the
blockade of dopamine D receptors by these medications may in fact exacerbate
impairments in motivation. Thus, research should also focus on understanding the true
reward deficits that stem from schizophrenia neuropathology and those that arise from the
side-effects of currently used antipsychotics with high affinity for dopamine D5 receptors.

In addition to aberrant dopaminergic transmission, glutamatergic hypofunction represents
another prominent hypothesis about the neurobiology underlying schizophrenia
pathogenesis (Olney et al., 1999). As discussed above, NMDA receptor antagonists are
routinely used as inducing conditions when modeling schizophrenia. Therefore, it is notable
that glutamatergic and dopaminergic circuits interact to modulate reward-related learning
(Sutton and Beninger, 1999; Beninger and Gerdjikov, 2005). Also of great interest is the
observation that sub-chronic administration of PCP decreased prefrontal dopaminergic
activity (Jentsch et al., 1997a; Jentsch et al., 1997b) and induced sub-cortical dopaminergic
hyper-responsivity (Jentsch et al., 1998), potentially mirroring the dopaminergic
disturbances in schizophrenia. The interaction between glutamatergic and dopaminergic
transmission may therefore play an important role in brain reward deficits observed after
NMDA receptor antagonism.
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Future Considerations

Evidence suggests that schizophrenia patients discount value of future rewards more than
healthy controls (Gold et al., 2008), indicating that alterations in value representation may
exist in this patient population. This phenomenon is known as delay discounting and can
readily be assessed in experimental animals (Floresco et al., 2008). PCP withdrawal has
recently been shown to induce impulsive choice for saccharin in monkeys (Carroll et al.,
2013). However, to our knowledge, there is limited information available with respect to
inducing conditions of relevance to schizophrenia and their ability to induce delay
discounting deficits in rodents. Investigations into this research question could facilitate
further elucidation of the neurobiology of alterations in reward representation in relation to
schizophrenia pathophysiology.

In addition to delay discounting, schizophrenia patients have shown alterations in rapid
learning from response feedback (Gold et al., 2008; Gold et al., 2013). Furthermore, a
modest correlation between the severity of negative symptoms and reversal learning errors
has been observed in patients (Murray et al., 2008). Procedures investigating probabilistic
decision making (e.g., win/stay lose/shift behavior) or probabilistic reversal learning in
animals can be used to investigate these shifts in representation of reward value evident in
schizophrenia. In addition, Gold and colleagues (2013) recently identified that schizophrenia
patients exhibited abnormal effort-cost computations, with impairments greatest in patients
with elevated negative symptoms. While various tasks already exist that enable the
assessment of effort-cost relationships in animals (see Effort-related choice procedures
section), the procedure described by Gold and colleagues (2013) is novel in that it included
an element of probabilistic reward. To our knowledge, no equivalent animal procedure
encompassing probabilistic reward with effort-related choice exists at present. Future efforts
to validate an animal analog of this task, along with investigations of impairments after
schizophrenia-relevant inducing conditions, would be of great interest.

It is also interesting to note that current preclinical cost/benefit procedures typically utilize
physical effort (e.g., climbing a barrier or extended lever presses) as a means of increasing
the difficulty level between reward choices. Because motivated behavior may not always
involve physical effort, it has been suggested that these approaches may have limited
analogy to real-life situations. Human effort discounting tasks have often shown to increase
cognitive, rather than physical, effort (Botvinick et al., 2009; Croxson et al., 2009). Thus,
Cocker and colleagues (2012) sought to develop an animal procedure that provided different
reward densities after different levels of cognitive effort. It would be of interest to explore
the effects of schizophrenia-relevant inducing conditions, and investigate how they impair
performance in animals after increased cognitive effort.

Conclusions

The development of animal models of negative symptoms that display translational validity
continues to represent a major challenge for preclinical researchers. With the development
of increasingly sophisticated and biologically relevant animal models that address specific
aspects of negative symptoms, and use relevant inducing conditions, there is improved
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understanding of the underlying neural substrates of the negative symptomatology of
schizophrenia. As discussed above, an animal model of a psychiatric disorder consists of
both an inducing condition (independent variable) and measures (dependent variables)
(Geyer and Markou, 1995; Markou et al., 2009; see Table 1). Manipulations that induce
deficits in select aspects of reward function have etiological validity for schizophrenia in
terms of engaging the same neurosubstrates hypothesized to be involved in the generation
and expression of the negative symptoms of schizophrenia. The present review only
tangentially addressed the issue of the manipulations that may be used to induce reward and
other deficits that relate to the negative symptomatology of schizophrenia. Instead, the focus
was centered on procedures that enable the assessment anhedonia, avolition, and
anticipatory deficits that may underlie some of the negative symptoms of schizophrenia that
patients experience.

With regard to modeling reward deficits that are related to schizophrenia, numerous
considerations should be made. Emerging evidence suggests that anhedonia in its truest form
(i.e., impairments in the ability to experience pleasure) may not necessarily be core to
schizophrenia. Rather, deficits in the ability to anticipate the pleasure that will be derived
from future activities or the motivation required for goal-directed behaviors that facilitate
the engagement and undertaking of pleasurable activities is more likely to represent a
cardinal feature of negative symptomatology. Therefore, when assessing the effects of an
experimental manipulation, researchers may find it advantageous to utilize a number of tests
(e.g., sucrose preference in conjunction with effort-related choice) ensuring that hedonic
capacity remains intact when attempting to identify deficits in anticipatory motivation (e.g.,
Ward et al., 2012). This approach supports an accurate dissociation of behaviors that are
impaired in schizophrenia with those that are not, in an effort to improve translational
validity. For this purpose, we included experimental animal procedures that assess various
aspects of reward processing, including procedures that assess the anticipation of rewards
based on expected valuations. These procedures may not be considered measures of hedonic
capacity or motivation but indeed reflect the impairments in reward anticipation and
valuation that are observed in schizophrenia patients (Gard et al., 2007; Dowd and Barch,
2012).

Ultimately, understanding the underlying neural substrates of the impaired motivational and
anticipatory systems associated with schizophrenia may lead to the identification of novel
therapeutics. Moreover, these procedures will enable the investigation of the effects of
chronic treatment with putative medications to treat negative symptoms. Such approaches
will ideally address the negative symptoms of schizophrenia and improve the functional
outcome of patients with this debilitating disorder.
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Figure 1.
Impairments relating to various components of reward processing are evident after

withdrawal from chronic amphetamine administration. (A) Rats displayed an elevation of
ICSS thresholds, reflecting a reward deficit, after withdrawal from chronic amphetamine
administration (closed circles), compared to saline-treated controls (open circles). B:
Baseline [Modified with permission from Paterson et al., 2000]. (B) Withdrawal from
chronic amphetamine treatment significantly reduced the breakpoint for a sucrose pellet in a
progressive-ratio schedule task, reflecting a motivational deficit, an effect that persisted for
up to 29 days. B: Baseline [Modified with permission from Der-Avakian and Markou,
2010]. (C) Rats trained to anticipate the introduction of a sexually receptive female
displayed fewer anticipatory side changes during amphetamine withdrawal, compared to
saline-treated controls, reflecting an anticipatory deficit [Taken with permission from Barr
and Markou, 2005, and originally from Barr et al., 1999]. (D) Amphetamine withdrawal was
also associated with an increased post-ejaculatory interval, reflecting a reduction in an
additional component of motivated sexual behavior [Taken with permission from Barr and
Markou, 2005, and originally from Barr et al., 1999]. (E) Withdrawal from an escalating
amphetamine treatment schedule produced alterations in a successive negative contrast
procedure in rats, reflecting an increased negative reaction to reward devaluation.
Amphetamine withdrawal significantly reduced consumption of a sucrose solution when the
concentration was unexpectedly downshifted (from 32% to 4%) compared to saline-treated
rats, and significantly increased the time to return to the consumption levels of control rats
[Taken with permission from Barr and Markou, 2005, and originally from Barr and Phillips,
2002].
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Figure 2.
Overexpression of the dopamine D2 receptor (D2R-OE) in the striatum of mice resulted in

reduced willingness to work for a desirable reward as the workload was increased compared
with a less desirable, yet freely accessable, reward. (A) As the workload increased from
Ratio Requirement 5 (RR-5) to RR-20, the number of preferred rewards earned by the
control mice (open circles) remained relatively constant. However, the D2R-OE mice
(closed circles) earned fewer rewards with increasing workload. (B) When the transgene was
turned off, no differences were observed between groups of mice in the number of rewards
earned, confirming that the reduction in the willingness to work was due to overexpression
of striatal dopamine D2 receptors. (C) Performance during the RR-20 session was
significantly decreased in D2R-OE mice, exemplified by the decrease in lever presses during
this high workload session. (D) D2R-OE mice consumed more chow during the RR-20
session compared to control mice, confirming that the impaired performance of D2R-OE
mice was not due to decreased appetite or hedonic capacity for food. Figures modified with
permission from Ward et al., 2012.
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Procedures and manipulations used to assess reward-related deficits
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Behavioral Construct

Procedure

Manipulation

Measure

References

Anhedonia

Avolition

Anticipatory Deficits

Sucrose consumption

Hedonic facial reactions to
sucrose

ICSS

Fixed ratio

Progressive ratio

Operant effort-related choice

T-maze effort-related choice

Anticipatory locomotion

Successive negative contrast

Successive positive contrast

Acute PCP (up to 20
mg/kg)

Chronic intermittent
PCP (2.58 mg/kg)

Sub-chronic PCP (2 -5
mg/kg) tested after
washout

Striatal dopamine D2
over expression

Cocaine withdrawal
(self-administration
procedure)

Amphetamine
withdrawal (up to 15
mg/kg/day
experimenter-
administered)

PCP withdrawal (up to
20 mg/mg/day)

Nucleus accumbens
dopamine depletion

Striatal dopamine D2
over expression

Amphetamine
withdrawal (escalating
dosing regimen 1 - 10
mg/kg or 10 mg/kg/day
for 7 days)

Dopamine D1 receptor
KO

Nucleus accumbens
dopamine depletion

Systemic haloperidol
injection (0.1 mg/kg)

Striatal dopamine D2
over expression

Systemic haloperidol
injection (0.1 mg/kg)

Nucleus accumbens
dopamine depletion

Chronic intermittent
PCP administration
(2.58 mg/kg)

Withdrawal from
escalating amphetamine
schedule (1 - 12 mg/kg)

Withdrawal from
escalating amphetamine
schedule (1 — 10 mg/kg)

Withdrawal from
escalating amphetamine
schedule (1 — 10 mg/kg)

Decreased sucrose intake

No effect

No effect

No effect

Elevated ICSS threshold

Elevated ICSS threshold

Elevated ICSS threshold

No effect at low FR, impaired
high FR performance

Lowered breakpoint

Lowered breakpoint for
sucrose (solution and pellet)

Impaired learning operant
procedure

Reduced willingness to work
for preferred reward

Reduced willingness to work
for preferred reward

Reduced willingness to work
for preferred reward

Biased towards LR arm

Biased towards LR arm

Biased towards LR arm

Reduced anticipatory side
changes, increased post-
ejaculatory intervals, no effect
on copulatory behavior

Exaggerated negative contrast
effect

Failure to develop successive
positive contrast

Baird et al., 2008
J. Pratt, Personal
Communication
Jenkins et al., 2010

Ward et al., 2012

Markou and Koob,
1991

Paterson et al., 2000

Spielewoy and
Markou, 2003

Aberman and
Salamone, 1999

Drew et al., 2007;
Simpson et al., 2011

Barr and Philips,
1999; Der-Avakian
and Markou, 2010

Young and Geyer,
2010

Salamone et al., 1991
Salamone et al., 1991
Ward et al., 2012
Salamone et al., 1994
Salamone et al., 1994

J. Pratt, Personal
Communication

Barr et al., 1999

Barr and Philips,
2002

Vacca and Philips,
2005
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