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Abstract
Dopamine-producing neurons fire with both basal level tonic patterns and phasic bursts. Varying
affinities of the five dopamine receptors have led to a hypothesis that higher affinity receptors are
primarily activated by basal level tonic dopamine, while lower affinity receptors may be tuned to
be sensitive to higher levels caused by phasic bursts. Genetically modified mice provide a method
to begin to probe this hypothesis. Here we discuss three mouse models. Dopamine-deficient mice
were used to determine which behaviors require dopamine. These behaviors were then analyzed in
mice lacking D1 receptors and in mice with reduced phasic dopamine release. Comparison of the
latter two mouse models revealed a similar failure to learn about and respond normally to cues that
indicate either a positive or negative outcome, giving support to the hypothesis that phasic
dopamine release and the D1 receptor act in the same pathway. However, the D1 receptor likely
has additional roles beyond those of phasic dopamine detection, because D1 receptor knockout
mice have deficits in addition to what has been observed in mice with reduced phasic dopamine
release.

Introduction
Dopamine (DA)-producing neurons comprise a major modulatory system in the brain that is
important for motor function, arousal, motivation, emotion, learning, and memory. Not
surprisingly, alterations in the DA system are linked to numerous neurological and
psychiatric disorders ranging from Parkinson’s disease to schizophrenia (Goto et al. 2007;
Halliday and McCann 2010). Decades of research have gone into working out the pathways
and mechanisms of DA action in order to better understand how alterations in DA signaling
produce these disease phenotypes. Although there has been tremendous progress, our
understanding remains incomplete.
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DA neurons have been classified into nine distinct nuclei: A8–A16 (reviewed by Björklund
and Dunnett 2007); the A9 and A10 groups, or substantia nigra (SNc) and ventral tegmental
area (VTA), comprise the nigrostriatal and mesolimbic dopamine circuits, respectively. DA
neurons of the nigrostriatal pathway innervate the caudate and putamen, or dorsal striatum.
DA neurons of the mesolimbic pathway innervate the ventral striatum, as well as other
cortical and limbic structures including the hippocampus, prefrontal cortex and amygdala.
Because each of these brain regions simultaneously modulates distinct aspects of behavior
and because they are innervated by subpopulations of DA neurons that exhibit a variety of
electrophysiological characteristics, ascertaining the contribution of DA to behavior is often
a complicated process.

The modulatory functions of DA are mediated by five distinct DA receptors that are
differentially expressed in the brain and are classified into two major categories, the D1-like
and D2-like receptor families. All five DA receptors are G-protein coupled and modulate
various intracellular signaling cascades that act to either suppress or enhance neuronal
activity. The D2-like family of receptors include D2, D3, and D4 and are coupled to
heterotrimeric G-proteins that include the Gi/o subunit. Activation of the D2-like family of
receptors typically results in the inhibition of adenylyl cyclase, activation of K+ channels,
and the modulation of numerous other ion channels resulting in the dampening neuronal
excitability and the facilitation of long-term depression of excitatory synapses. In contrast,
the D1-like receptors, including D1 and D5, are coupled to heterotrimeric G-proteins that
include the Gs/olf subunit. Activation of the D1-like family of receptors typically results in
the increased activity of adenylyl cyclase, induction of immediate early gene expression, and
the modulation of numerous ion channels that overall enhance neuronal excitability and
facilitate longterm potentiation of excitatory synapses. Although these functions of D2- and
D1-like receptor signaling generally apply, they can vary depending on the cell type and
brain region in which they are expressed.

Members of the D2-like receptor family reportedly have a higher affinity for DA compared
to the D1-like family (Richfield et al., 1989; Missale et al., 1998). Based on this higher
affinity, it is hypothesized that D2-like receptors can detect the low levels of tonic DA
release (Goto et al., 2007). The D1 receptor (D1R) has the lowest affinity for DA, which is
up to 10-fold lower than even the D5 receptor (Sunahara et al., 1991; Tiberi et al., 1991).
Consequently, the D1 receptor is hypothesized to be preferentially activated by transient,
high concentrations of DA mediated by phasic bursts of DA neuron activity (Goto and
Grace, 2005; Grace et al., 2007).

Most DA neurons in the SNc and VTA fire action potentials in a slow, irregular manner (~ 2
Hz) when recorded in either anesthetized or freely behaving animals and adopt a pacemaker-
like firing pattern in slice preparations (Grace and Bunney, 1984; Kang and Kitai, 1993;
Marinelli,et al., 2006; Overton and Clark, 1997). Low-frequency irregular firing of DA
neurons is proposed to tonically generate a low basal level of extracellular DA (Grace et al.,
2007). Tonic DA signaling is thought to preferentially activate high-affinity DA receptors in
select cell types to dampen neuronal activity that would otherwise be saturated by phasic
increases in DA. Release of this suppression of neural activity is facilitated by transient dips
in DA mediated by pauses in DA neuron activity, such as those observed following omission
of anticipated reward (Schultz, 1998, 2007). Superimposed on the low-frequency, irregular
firing pattern are bursts of activity reaching 10–20 Hz that are composed of two or more
spikes (mean 3–5) having initial inter-spike intervals of less than 80 ms (Grace and Bunney,
1984). These bursts are driven by excitatory (primarily glutamatergic) inputs in response to
salient environmental events (Overton and Clark 1991; Schultz 2007) and lead to transient
elevations of synaptic DA, referred to as phasic DA release that can be readily detected by
fast scan cyclic voltammetry (Clark et al., 2010). These higher concentrations of phasic DA
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would recruit low-affinity DA receptors and result in the facilitated activation of select
populations of neurons within the nigrostriatal and mesolimbic circuits. An illustration of the
dichotomous function of DA receptor signaling can be found in the striatal direct and
indirect, (or Go and No Go) pathways (Frank and O’Reilly, 2006). Within these striatal
circuits, tonic DA would suppress activation of D2 receptor-expressing neurons of the No
Go pathway. During periods of phasic DA release (superimposed on tonic DA levels) the
striatal Go pathway is recruited which would facilitate the engagement of goal-directed
behavior. In contrast, when tonic DA levels are reduced, neurons in the No Go pathway are
relieved of tonic DA suppression leading to a disengagement, or inhibition of ongoing
behavior.

Considerable electrophysiological, pharmacological, genetic, and modeling data support the
hypothesis of distinct behavioral functions of tonic and phasic DA signaling. Recent
advances in genetic techniques have also contributed to our understanding of DA action. In
this review, we summarize behavioral data from genetic models of DA synthesis, release,
and signaling in an attempt to draw parallels and contrasts in behavioral phenotypes between
these various models as they relate to the role of D1 receptor selectivity for phasic DA
release. Because of limited space, we deliberately avoid discussing the effects of genetic
manipulaitons on most drug-related behaviors, which are interesting but complicated. For
instances in which the behaviors regulated by D1 receptor signaling are absent from the
literature, or the reported results are equivocal, we provide our primary data from D1
receptor knockout (D1R KO) mice to allow a more thorough comparison with other mouse
models.

Genetic Mouse Models of DA Signaling
Progress towards understanding DA function began decades before the arrival of
genetically-altered mouse models as research tools. Pharmacological and lesion methods
were used to gain insight into DA actions during this time. Pharmacological studies continue
to be necessary for temporal resolution of DA receptor activity at various time points during
behavior. Genetic manipulations allow for reliable inactivation of gene function with
cellular and anatomical specificity. The advent of genetically engineered mice has brought
additional information that could not be gained from pharmacology alone. This review
investigates what has been learned about DA signaling from genetically engineered mice.

Dopamine-deficient (DD) mice
The use of 6-hydroxy-dopamine (6-OHDA) has been used extensively to examine the
consequence of ablating DA neurons (Beal, 2001; Deumens, et al., 2002; Blandini, et al.,
2008; Salamone et al., 2007; Ungerstedt, 1971). Though this lesion method can be made
specific to DA neurons, killing the neuron destroys all other normal signaling of that cell
and therefore cannot isolate the function of DA alone. To address the behaviors that require
DA synthesis, we generated a mouse model in which the gene encoding Tyrosine
hydroxylase (Th), the rate-limiting enzyme in catecholamine synthesis, was inactivated. To
overcome the developmental requirement for norepinephrine (Thomas et al., 1995; Zhou et
al., 1995a), the Th gene was targeted to the Dopamine β-hydroxylase (Dbh) locus allowing
Th to still be expressed in all noradrenergic and adrenergic neurons (Zhou and Palmiter,
1995b). Dopamine-deficient (DD) mice (Th−/−; DbhTh/+) are born at expected frequencies
and grow normally for about 10 days, after which they become hypoactive, adipsic and
aphagic and perish by ~3 weeks without intervention. However, these mice can be
maintained by a daily injection of L-3,4-dihydroxyphenylalanine (L-Dopa), which is taken
up by neurons and converted to DA by L-aromatic amino acid decarboxylase. After
injection of L-Dopa, DD mice become active for ~10 hr during which time they are capable
of performing most behaviors. Alternatively, some locomotion can be restored by caffeine,
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allowing for assay of select behaviors in the absence of DA. Although DD mice are unable
to synthesize DA, the firing pattern of DA neurons is normal, indicating that these neurons
are “firing blanks” during the DA-depleted state (Robinson et al., 2004). This DD mouse
model is unique in that it allows one to train or test the mice in either a DA-depleted or DA-
replete state. DA neurons and their post-synaptic cells develop normally in absence of DA;
however, DA receptors are hypersensitive to DA even though receptor abundance appears to
be normal (Kim et al., 2002). This hypersensitivity can be reversed by semi-chronic
administration of L-Dopa for a day or two (Kim et al., 2006). More recently, we introduced
another DD mouse model (fsDD) in which the Th gene is inactive due to insertion of a stop
cassette into the first intron. This Th gene can be reactivated by Cre recombinase mediated
excision of the stop cassette (Hnasko et al., 2006). Utilizing viral-mediated expression of
Cre recombinase to reactivate DA signaling in selected brain regions allows for functional
mapping of DA sufficiency for a variety of behaviors (Darvas and Palmiter, 2009, 2010;
Fadok et al., 2009; Hnasko et al., 2006; Robinson et al., 2007).

D1 receptor knockout (D1R KO) mice
D1R KO mice were engineered by either deleting part (Drago et al., 1994) or most of the D1
receptor coding region (Xu et al., 1994) from the genome. Both methods result in complete
inactivation of the D1 receptor demonstrated by autoradiography with a labeled D1 receptor
antagonist (Drago et al.,1994; Xu et al., 1994). Because most D1 receptor agonists and
antagonists affect both the D1 and D5 receptors, D1R KO mice have the advantage of
allowing one to examine specific D1 receptor-dependent behaviors.

Genetic inactivation of other DA receptors
Although this review primarily describes D1R KO mice, genetic disruptions of each of the
remaining four DA receptors have also been generated and their behavioral consequences
have been examined (Table 1, see Drago et al. 1998 for review). The phenotype of D3R,
D4R or D5R KO mice are relatively mild compared to that of either D1R or D2R. In some
cases, mice lacking combinations of DA receptors have been produced. Whereas all of the
single KO lines survive, mice lacking both D1R and D2R fail to thrive and their phenotype
resembles that of untreated DD mice (Kobayashi et al., 2004), suggesting that signaling by
these two DA receptors is most important for survival.

Mice with reduced burst-firing (NR1:DAT KO mice)
Burst firing by DA neurons and subsequent phasic DA release are driven in part by
glutamate signaling through the NMDA-type glutamate receptors (NMDAR) (Overton and
Clark, 1997). To determine the contribution of DA neuron burst-firing to DA-dependent
behaviors, a mouse model was generated in which the Grin1 gene encoding an essential
NR1 subunit of the NMDAR was conditionally inactivated selectively in DA neurons
(Engblom et al., 2008; Zweifel et al., 2008). This was achieved by crossing mice containing
a major portion of the Grin1 gene flanked by loxP sites (Tsien et al.,1996) with mice
expressing Cre-recombinase under the control of endogenous DA transporter (DAT) locus,
Slc6a3 (Zhuang et al., 2005). These mice are referred to as NR1:DAT KO mice and have a
60–70% reduction in DA neuron burst firing (Zweifel et al. 2009). These mice also have a
>50% reduction in phasic DA release in response to unexpected rewards or electrical
stimulation of a major source of glutamatergic input, the pendunculopontine tegmental
nucleus (Parker et al., 2010; Zweifel et al., 2009). In addition to phasic DA neuron activity,
NMDAR signaling in DA neurons is also important for synaptic scaling of AMPA receptor
currents (Zweifel et al., 2008; Engblom et al.,2008). Thus, alterations in behavior observed
in DAT-NR1 KO mice could also be due to a lack of activity-dependent synaptic plasticity
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General Characterization of Mice with Disruptions of DA Signaling
Feeding, growth and survival

Global DA depletion drastically affects growth, feeding and survival. Although the DA
neurons and their post-synaptic targets in the striatum develop normally in DD mice and the
gross anatomy in the DD brain is similar to controls, the overall size of the mutant brain and
the number of DA neurons is reduced (Palmiter 2008, Zhou and Palmiter 1995b). Due to the
aphagic phenotype of DD mice, they require a daily injection of L-Dopa to eat and drink
enough to survive (Zhou and Palmiter, 1995b). As DA levels diminish due to metabolism,
the mice become hypoactive, bradykinetic and fail to engage in most goal-directed behaviors
including normal feeding (Palmiter 2008).

D1R KO mice have a 20–25% reduction in body weight compared to littermate controls
(Smith et al., 1998) and a 22% reduction in striatal volume (Xu et al., 1994). D1R KO mice
need moist food at weaning to survive, after which they require no further intervention to
thrive. Removal of both D1 and D2 receptors produces the same wasting phenotypes as DD
mice, indicating that these two receptors both contribute to normal growth and feeding
(Kobayashi et al. 2004). NR1:DAT KO mice have normal appearance, body weight and
food intake (Zweifel et al. 2009).

Locomotor activity and motor coordination
General locomotor activity is typically measured as total distance traveled (usually by
infrared light beam breaks in an activity chamber) during one or several 24-hr periods.
Locomotor activity during the first few hours reflects behavioral activation in response to a
novel environment; after that one observes circadian activity which predominates at night.
Other motor activities (rearing, resting/sleeping, climbing, hanging) can also be monitored
from video recordings.

During their DA-depleted state, DD mice are ~10% as active as wild-type controls and they
are very slow to initiate movements (Zhou and Palmiter 1995b). However, their righting
reflex is intact and they will swim to avoid drowning, although their swim speed is reduced
and they generally do not direct their swimming efforts towards a visible escape platform
(Darvas and Palmiter, 2010; Denenberg et al., 2004; Szczypka et al., 1999). DD mice fail on
simple tests involving coordinated movement; they can maintain balance on a stationary rod
for at least 3 min, but will fall off as soon as the rod begins to rotate (Zhou and Palmiter,
1995b).

D1R KO mice have abnormal locomotor behavior and impaired motor coordination.
Locomotor behavior ranges from hypoactive to hyperactive depending on the experimental
conditions. Early experiments by Xu et al. (1994) showed that these mice were hyperactive
in a novel environment and during the dark phase of the light-dark cycle. Granado et al.
(2008) also reported hyperactivity in the same strain of D1R KO mice. Kobayashi et al.
(2004) found that the strain of D1R KO mice generated by Drago et al. (1994) also had an
enhanced locomotor response to novelty, but displayed reduced activity in a home cage. In
contrast, Smith et al. (1998) noted an increased latency to move from the center of an open
field, reflecting a hypoactive phenotype. To further explore the contribution of D1 receptors
to novelty and activity during the light-dark cycle, we performed a 72-hr locomotion test.
D1R KO mice (Drago et al. 1994 line; backcrossed onto C57/BL/6 > 10 generations) had an
exaggerated locomotor response in the novel environment for the first 3 hr (p= 0.04), after
which their activity closely resembled that of controls during each day (two-way repeated
measures ANOVA; p= 0.147). However, during the dark phase, locomotion was
significantly greater than that of control mice (Figure 1A, B). Analysis of night-time,
locomotor data revealed that only a subset of D1R KO mice were responsible for this
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increase in activity. These high responders made up 31% of the total group, while the rest of
D1R KO mice resembled wild-type mice. Given that the mice used in this study had
undergone extensive backcrossing, the hyperactivity observed in this subset of mice is
unlikely to be the result of genetic differences. Instead, this observation highlights the
variability of locomotor responses by D1R KO mice that may underlie the prevalence of
inconsistent reports on locomotor activity in these mice.

D1R KO mice behaved normally in tests involving motor reflexes: righting reflex, placing
and grasp reflexes as well as a simple coordination protocol involving walking along a
wooden rod (Drago et al., 1994; El-Ghundi et al., 1999). However, they manifested deficits
in complex coordinated behaviors (Kobayashi et al., 2004, Short et al., 2006), which appear
to become more profound if the protocol included multiple training trials (Karasinska et al.,
2000). To further investigate how training affects motor coordination in D1R KO mice, we
monitored their performance on rotarod across 4 days. We found that D1R KO mice had a
generalized motor coordination deficit on the first day of training (p= 0.009) and no
improvement of performance with training (one-way repeated measures ANOVA, p= 0.167)
(Figure 1C).

NR1:DAT KO mice had normal 24-hr locomotor activity and normal responses to novelty,
drugs of abuse, and DA receptor-selective agonists (Zweifel et al., 2008). Motor
coordination on an accelerating rotarod was also intact (Zweifel et al., 2009). Therefore,
NMDAR-dependent phasic DA signaling, which contributes 60–70% of control phasic DA
signaling, is not important for these motor activities.

Taken together, these locomotor experiments indicate that DA is essential for motor activity
and coordination. However, genetic inactivation of any of the DA receptors individually
does not result in greatly reduced locomotor activity (Table 1). Additionally, D1R KO mice
are more active than control mice in response to a novel environment and during the dark
cycle, when mice are normally active. Therefore, some combination of DA receptors,
presumably both D1 and D2 receptors, is necessary to maintain normal locomotor activity.
In contrast, general motor coordination during repeated training on an accelerating rotarod
depends on D1R signaling but not NMDAR-dependent phasic DA release.

The Role of DA in Learning and Memory
As an animal explores its environment it acquires knowledge of important places and events
that help to ensure its survival. This knowledge is thought to be stored as changes in
synaptic efficacy in critical neuronal circuits. For example, long-term potentiation (LTP)
allows subsequent excitations of the same synaptic pathway to elicit a greater post-synaptic
response (reviewed by Bennett, 2000; Kauer and Malenka, 2007), whereas long-term
depression (LTD) dampens post-synaptic responses. Studies in vitro and in vivo have
demonstrated that D1 receptors are necessary for the induction of LTP and LTD and are
sufficient for induction of LTP at some synapses (Centonze et al., 2001, 2003; Kerr and
Wickens, 2001; Shen et al., 2008). Changes in dendritic spine morphology and density are
strongly correlated with learning (reviewed by Leuner and Shors, 2004) and DA has been
shown to influence these processes (Neely et al., 2007). While the contribution of DA
learning has become widely recognized, the specific role of phasic DA signaling, the DA
receptors that are involved, and the brain regions in which DA signaling is necessary for
learning are just beginning to be deciphered. Genetic mouse models have proven an
invaluable resource for unraveling these complex details.
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T-Maze with food rewards
Because DD mice will not perform most tasks in a DA-depleted state, testing their ability to
learn can be complicated. DD mice are particularly useful for investigating whether DA is
necessary for the acquisition or performance of a reward-based learning task. For instance,
training DD mice in a DA-depleted state and then monitoring their performance once DA is
restored establishes whether DA is required for the acquisition phase of learning. In contrast,
training DD mice in a DA-replete state and then testing them in the DA-depleted state will
reveal the requirement of DA for the performance of a previously learned task. Robinson et
al. (2005) employed such a strategy to ask whether DD mice could learn the location of a
food reward in a simple T-maze task. The mice had to learn to turn into the right arm
(always marked by horizontal stripes) to obtain a food reward. Thus, they could use either a
cue- or response-based strategy to find the reward. DD mice were administered caffeine to
stimulate movement and guided to the food reward if they did not find it at the end of each
trial. After 100 trials (10 trials a day for 10 days) the DD mice showed no preference for the
rewarded arm of the maze. In the second phase of the experiment these same mice were
given L-Dopa just before testing for 10 additional days of training. On the first day of L-
Dopa treatment they performed better than untrained DD mice that were given L-Dopa
during their first training session. These observations indicate that the DD mice trained in
the absence of L-Dopa must have learned the location of the reward when given only
caffeine, even though they failed to express reward-directed behavior without DA. Although
this experiment suggests that the DD-mice had learned the location of reward in the absence
of L-dopa, it does not reveal how quickly they were able to form this association. The
performance deficit of the DD mice in the absence of L-dopa cannot be explained by
anhedonia since they have a normal preference for sweet (sugar or saccharin) solutions, even
in the absence of DA (Cannon and Palmiter, 2003). Furthermore, all of the DD mice
consumed all of the rewards they encountered, regardless of their DA state.

Mounting evidence specifically points to phasic DA signaling as being important for reward
learning. The activity of DA neurons increases transiently in response to unexpected
rewards, and this correlates with phasic DA release in the core of the nucleus accumbens
(Schultz 2007). When reward delivery is repeatedly paired with a cue as during Pavlovian
conditioning, the cue begins to elicit a phasic DA response (Schultz, 1998; 2007). The cue-
elicited phasic DA response is thought to represent the learned incentive value of the
predictive stimulus and is believed to be important for initiating behaviors for obtaining
rewards (Berridge and Robinson 1998). The magnitude of the cue-elicited phasic DA
response is influenced by the size of the reward, the time to reward delivery and the
probability of receiving a reward (Fiorillo et al., 2003; 2008). In addition, the omission of an
expected reward often results in an inhibition of DA neuron activity in well-trained animals.
These observations suggest that phasic DA signaling is particularly important for using
environmental cues to predict multiple aspects of reward availability.

The D1R KO mice had a profound deficit in the response-based, T-maze task. Analysis of
correct trials by 2-way ANOVA revealed significant effects of genotype (p < 0.05), time (p
<0.01) and time × genotype interaction (p < 0.01). Even after 100 trials, their performance
was not equal to that of control mice (p < 0.05. Figure 2A). However, unlike the DD mouse
model, it is not possible to dissociate acquisition and performance in D1R KO mice.
Therefore, determining whether these mice are able to form the association is confounded by
the known contribution of DA to the performance of goal-directed behaviors. Nonetheless,
the deficit in D1R KO mice is unlikely due to decreased rewarding properties of the sucrose
pellets because DA is not required to prefer sweet solutions and the D1R KO mice
consumed all the sucrose rewards. Furthermore, D1R KO mice also had a normal preference
for saccharin given a two-choice test (Figure 2B).
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NR1:DAT KO mice reveal that phasic DA signaling modulates the acquisition of both a
response-based and cue-based T-maze tasks (Zweifel et al., 2009). The NR1:DAT KO mice
were slower to acquire the simple, response-based T-maze task, although their performance
was equivalent to controls after 100 trials. However, when the T-maze task required the
NR1:DAT KO mice to use a cue presented in a pseudo-random order to find the food
reward, they performed poorly and never reached the performance of control mice (Zweifel
et al., 2009). This latter finding specifically implicates phasic DA in cue-based learning
strategies.

Instrumental and Pavlovian conditioning for food rewards
Instrumental conditioning paradigms assess whether a mouse can learn to associate an action
with a reward. A typical instrumental paradigm requires a mouse to press a lever for the
delivery of a food reward. Instrumental conditioning not only requires the animal to form an
association between the lever-press and the delivery of the food pellet, but it also requires
the animal to be motivated to work to obtain the reward. More complex paradigms may
require mice to discriminate between a correct and an incorrect lever and may impose delays
for incorrect trials (during which the correct lever will no longer deliver a food reward).

Pavlovian conditioning measures the degree to which a mouse can form an association
between a cue and a food reward. Unlike instrumental conditioning, the mouse is not
required to perform any work to obtain the food reward. In our paradigm, learning is
measured by the conditioned approach behavior of the mouse to the food delivery receptacle
after training. Once an animal has learned to associate the previously neutral stimulus with
the food reward, their head-entry rate to the food receptacle is selectively increased in the
presence of the cue.

DD mice were unable to master a simple instrumental task in which they had to press either
of two levers to obtain a food pellet (Robinson et al., 2007). However, given L-Dopa to
restore DA everywhere, or after restoration of DA signaling in only the dorsal striatum by
viral gene therapy they were capable of learning the task (Robinson et al., 2007; Darvas and
Palmiter 2009, 2010). Although DD mice have not been tested in the Pavlovian task, it is
unlikely that they would learn this task given that D1R KO mice fail to acquire Pavlovian-
conditioned approach (see below).

Given the poor performance of D1R KO mice in a T-maze experiment, it is not surprising
that D1R KO mice also performed poorly in a simple instrumental conditioning task, even
after 7 days of training (Figure 2C). Other groups have examined D1R KO mice in slightly
different instrumental paradigms. Olsen et al. (2009) reported that D1R KO mice could learn
to discriminate between active and inactive levers normally; however, two groups reported
that D1R KO mice had decreased preference for the active lever and reduced overall
responses (Caine et al., 2007; El-Ghundi et al., 2003). In those experiments in which D1R
KO mice displayed some learning, liquid food or sucrose was used as the reinforcer and
longer training protocols were used than in our experiment. These distinctions may have
promoted the higher degree of responding observed in those experiments. In addition to a
deficit in instrumental conditioning, D1R KO mice were also unable to learn in a simple
Pavlovian conditioning task (Parker et al. 2010) or a conditioned eye-blink task (Ortiz et al.,
2010). The failure of D1R KO mice to learn to eye blink in response to a cue was associated
with reduced hippocampal LTP (Ortiz et al., 2010). Our results support the conclusion that
the D1 receptor is essential for both instrumental and Pavlovian conditioning.

NR1:DAT KO mice were slow to learn to lever-press for food rewards although they
eventually performed equivalently to control mice (Zweifel et al., 2009). NR1:DAT KO
mice also had similar motivation to work for food, as the maximum number of lever presses
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they would perform (their breakpoint) was the same as controls (Zweifel et al., 2009). Using
the same Pavlovian task as in the D1R KO mouse experiment, NR1:DAT KO mice learned
normally (Parker et al. 2010). Although phasic DA release in the nucleus accumbens core
was greatly attenuated in the NR1:DAT KO mice during Pavlovian conditioning, they still
developed enhanced DA release in response to the cue during training (Parker et al. 2010).
In another Pavlovian task, conditioned place preference (CPP), NR1:DAT KO mice were
slow to form a preference for a food-paired context (Zweifel et al., 2009). CPP for food is
difficult to test for DD mice because they eat so little, and it has not been reported for D1R
KO mice.

The results from the T-maze, instrumental and Pavlovian experiments are consistent with a
role for DA in appetitive learning. DA signaling is not necessary to learn the very simplest
T-maze task although DD mice will not manifest their learning in the absence of DA. D1
receptors are important for learning the simplest T-maze task. When D1R KO mice were
required to make an instrumental response to obtain a food reward, they performed poorly in
our task, despite being capable of discriminating active and inactive levers in similar tasks in
which they were given more training. Still, they remained impaired in most reported
instrumental paradigms. Because DA neurons are activated by unexpected food rewards and
by cues that predict them, and because this activation depends upon signaling via NMDARs,
we predicted that NR1:DAT KO mice would have difficulty learning to associate cues with
reward delivery. This prediction was not borne out in our Pavlovian conditioning
experiments, which suggests that residual phasic release of DA was sufficient to learn in this
simple paradigm. However, in more difficult learning paradigms, NR1:DAT KO mice
performed worse than controls. These mice were slower to master the response-based T-
maze and instrumental tasks. Furthermore, they did not perform as well as controls in a cue-
based, T-maze task, indicating that optimal phasic DA release facilitates learning in more
difficult cue-based paradigms. Thus, we hypothesize that NMDAR-dependent phasic DA
release and activation of D1 receptors are important for assigning value to cues during
learning. In support of this hypothesis, a recent optogenetic experiment designed to precisely
control the activity of DA neurons in vivo has shown that bursting of VTA DA neurons
alone was sufficient to induce conditioned place preference in the absence of a reward (Tsai
et al., 2009).

Water-based escape tasks
Although mice are able to swim, they will readily escape onto a visible platform, suggesting
that swimming is a mildly aversive experience. Various water mazes have been used to
address learning in the absence of reward. The simplest water escape task is a straight alley
with a visible platform at one end. Such a task is used to assess an animal’s motivation and
ability to swim and to escape from the water. The time it takes a mouse to swim to the
platform (escape latency) gradually decreases with training, reflecting a learned behavioral
response. DD mice in their depleted state will swim randomly and rarely approach the
platform. At the end of each trial the DD mice are placed on the platform for 20 s. Despite
not swimming to the platform the DD mice had learned its location as demonstrated by their
more rapid escape latency when given L-Dopa compared to untrained DD mice given L-
Dopa in their first session (Denenberg 2004). Thus, as in the appetitive T-maze task, the DD
mice were able to learn the location of the platform, but could not manifest their learning in
the absence of DA signaling.

A more complicated version of the straight alley swim task is a water-based, U-maze, which
is essentially a T-maze with the two arms bent back so that the escape platform is not visible
from the choice point. Mice can be trained with either response- or cue-based escape
contingencies. Once the animal has learned to locate the escape platform, the contingency
can be switched in order to assess their ability to change escape strategies. The behavioral
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flexibility needed to master a shift in response strategy is thought to rely on executive
function and cortical inputs (Birrell and Brown 2000). DD mice were unable to learn the
location of an escape platform in a cue-based paradigm, even if given L-Dopa after
extensive training (Darvas and Palmiter, 2009, 2010).

The most popular water maze is the Morris water maze, which is used to assess spatial
learning ability. In the Morris water maze, a platform is submerged in a circular pool, and
the mouse has to use visual cues surrounding the pool to navigate to the platform. Spatial
learning has been shown to depend upon the hippocampus, and during the exploration of a
novel environment, DA levels increase in this brain region (Ihalainen et al., 1999). Because
the hippocampus contains both D1R and D5R (Laurier et al., 1994; Tiberi et al., 1991), DA
release in this brain structure could facilitate the formation of new spatial memories and
require one or both of these DA receptors. DD mice failed to learn in a Morris water maze.
Although supplementing the DD mice with caffeine increased their swim speed, they were
still unable to learn the location of the platform, even if given L-Dopa after extensive
training (Darvas and Palmiter, 2009, 2010).

D1R KO mice are capable of swimming and have normal or even elevated swim speeds in
water tasks such as Morris water maze (El-Ghundi et al., 1999; Granado et al., 2008;
Karasinska et al. 2000; Smith et al., 1998; Xing et al. 2010). When we tested D1R KO mice
in a straight-alley swim task, they were slightly faster to find the platform than controls;
however, in contrast to controls, D1R KO mice failed to improve their performance with
training (data not shown). D1R KO mice were slower to learn a response-based strategy in a
U-maze, they had a deficit in reversing from a turn-left strategy to a turn-right strategy, and
they were slower to shift from a response-based to a cue-based strategy than control mice.
Yet, given enough training, D1R KO mice could learn all U-maze tasks (Darvas et al.,
unpublished). D1R KO mice also have severely attenuated learning in the Morris water
maze. In some cases, D1R KO mice were able to improve slightly during training trials (El-
Ghundi et al., 1999; Granado et al., 2008), yet probe trials revealed no retention of this
spatial memory (El-Ghundi et al., 1999; Granado et al., 2008; Karasinska et al. 2000; Smith
et al., 1998; Xing et al. 2010). In some paradigms D1R KO mice learned a cued-version of
the Morris water maze in which a flag denotes the location of the platform (El-Ghundi et al.,
1999; Granado et al., 2008; Xing et al. 2010); however, others reported no learning in a
similar version of the task (Karasinska et al., 2000; Smith et al., 1998). Our results with the
straight alley swim task with a visible platform confirm this latter result. The deficits
observed by D1R KO in these water-based escape tasks is also observed in dry Barnes maze,
in which the animal learns to escape from open field into a tunnel, suggesting that the stress
of being in the water is not a key factor (Ortiz et al., 2010). In support of D1 receptor
mediation of spatial learning, recording from hippocampal place cells in the CA1 region
showed that these cells had difficulty adjusting to changes in distal cues in D1R KO mice,
an effect that was exacerbated in a novel environment (Tran et al., 2008). Thus, normal
signaling through D1 receptors in the hippocampus appears to be modulate the encoding of
spatial information.

NR1:DAT KO mice had no difficulty learning a simple straight-alley water escape task
(Zweifel et al., 2009). They also learned a response-based, working-memory task in which
the mouse is forced to choose one arm in a water-based U-maze, after which the mouse must
choose the opposite arm in a free-choice trial to find a hidden platform (Zweifel et al.,
2009). In contrast, when tested in a Morris water maze, these mice were slower to learn the
location of the platform compared to control mice. However, once learned, they could recall
the former location of the platform normally during a probe trial (Zweifel et al., 2009). The
learning deficit in NR1:DAT KO mice in a Morris water maze indicates that NMDAR-
dependent phasic DA release facilitates the acquisition of a spatial memory.
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Results from DD mice indicate that DA is not only necessary for performance of a simple
escape task, but it is also required for acquisition of cue-based and spatial-learning tasks.
D1R KO mice had severe impairments in the acquisition of all response-based and cue-
based water maze paradigms. However, their performance in some of these tasks improved
with extensive training. Spatial learning tasks appear to be sensitive to both disruptions in
D1 receptors and phasic DA signaling. As with reward learning, absence of D1 receptors
produced a similar, but more pronounced learning deficit compared to NR1:DAT KO mice.
Taken together, these data implicate DA signaling in the acquisition and performance of
water-maze learning. Acquisition seems to be specifically dependent upon D1R signaling.
Spatial learning, which uses diffuse predictive cues, appears to be particularly sensitive to
the disruption of phasic DA.

Learning about aversive events
During fear conditioning, an animal learns to associate a context or cue with an aversive
stimulus. Disruption of normal fear processing can manifest as phobias, post-traumatic stress
and anxiety. DA is thought to play an important role in learning about aversive stimuli
(Pezze et al., 2004 review). Altered DA neuron activity in response to aversive outcomes
such as a shock, pinch, or an air puff directed at the face has been documented (Brischoux et
al., 2009; Coizet et al., 2006; Joshua et al., 2008; Mantz et al., 1989; Matsumoto and
Hikosaka 2009; Schultz and Romo, 1987; and Zweifel et al., submitted). When an aversive
outcome is paired with a cue, behavioral and neuronal responses emerge in response to the
cue as it becomes predictive of the aversive stimulus. It has been reported that a subset of
DA neurons showed enhanced activity in response to a predictive cue as well as to the
aversive outcome it predicted (Joshua et al., 2008; Matsumoto and Hikosaka, 2009).
Additionally, DA has been demonstrated to facilitate long-term potentiation in key limbic
brain areas important for fear conditioning (Brissière et al. 2003; Lemon and Manahan-
Vaughan, 2006; Swant and Wagner, 2006). These observations provide strong evidence for
the involvement of DA in Pavlovian fear conditioning.

Previous work on fear processing with primates and rats provides an extensive framework
for a more detailed examination of the circuitry involved in fear conditioning. Here we
review work using genetic mouse models. A commonly used paradigm used to assess
Pavlovian fear conditioning is fear-potentiated startle. This paradigm is based on monitoring
the animal’s natural acoustic startle response. After multiple pairings of a cue with a foot-
shock, an animal will manifest an enhanced acoustic startle response in the presence as
compared to the absence of the cue, a phenomenon referred to as fear-potentiated startle
(FPS). The acoustic startle response is a reflex, and is independent of locomotion, making it
an ideal paradigm for assessing aversive learning in the DD mouse.

DD mice in their depleted state are unable to learn FPS; however, they can learn it if L-Dopa
is administered immediately after training (Fadok et al., 2009). There appears to be a
stringent temporal requirement for DA, since administering L-Dopa >1hr later does not
allow learning by DD mice. Once learned, DD mice can express FPS normally in the
absence of DA signaling. These experiments suggest that DA is involved in the stabilization
of fear memory, but is not required for the retrieval or expression of a learned fear response
(Fadok et al., 2009). Subsequent experiments have indicated that simultaneous viral
restoration of DA signaling to both the ventral striatum and the amygdala of fsDD mice is
sufficient to restore normal FPS (Fadok et al., 2009, 2010).

Both D1R KO mice (Fadok et al., 2009) and NR1:DAT KO mice (Zweifel et al., 2009) fail
to manifest FPS. Unlike DD mice, these two mouse models had elevated startle responses to
both the cued and no-cued conditions. Further analysis of NR1:DAT KO mice has revealed
that this enhanced potentiation of the acoustic startle reflex in the absence of the conditioned
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cue is context-independent (Zweifel et al., submitted) suggesting that attenuating NMDAR-
dependent phasic DA results in a generalized fear phenotype.

In contextual fear conditioning, an animal learns to associate a particular environment with a
shock, and learning is assessed by monitoring freezing behavior when the animal is returned
to the training environment. D1R KO mice have normal contextual fear responses. In fact,
D1R KO mice displayed a contextual fear response for several days longer than control mice
(El-Ghundi et al., 2001), possibly indicating a role for D1 receptors in contextual fear
extinction. In a passive-avoidance experiment, D1R KO mice also had a normal latency to
enter a dark compartment where they had previously been shocked (El-Ghundi et al., 1999).
However, more recent studies indicate that D1R KO mice have deficits in contextual and
cued fear conditioning as well as in passive avoidance (Ortiz et al., 2010).

In 2-way active avoidance, a mouse has to learn to move from one chamber to another in
response to a tone to avoid a shock. Thus, a cue-dependent motor response is necessary,
which is even harder to learn. Not surprisingly, DD mice were unable to learn 2-way active
avoidance even after 900 training trails. Although they could be trained to avoid the shock
as well as control mice when given L-Dopa, they were unable to maintain their escape
behavior in the absence of DA (Darvas, unpublished observations). Similar to DD mice,
D1R KO mice were unable to use a tone to escape a footshock in a 2-way active avoidance
task, even after 500 training trials (Ortiz et al., 2010; Darvas and Palmiter, unpublished);
NR1:DAT KO mice demonstrated a significant delay in this task, but did perform at control
levels after 200 training trials (Darvas and Palmiter, unpublished observations).

Together, these data show that DA in the ventral striatum and amygdala are necessary for
forming a Pavlovian fear association. Furthermore, phasic DA and activation of D1
receptors are needed to encode information about cues that predict aversive stimuli. Unlike
DD mice, NR1:DAT KO and D1R KO mice in FPS develop a cue- and context-independent
FPS that is the result of fear generalization (Zweifel, Fadok, and Palmiter, unpublished
observations); however, the nature of this behavioral manifestation remains unresolved.
Together, these observations highlight the importance of dopamine, D1 receptors, and
phasic DA signaling for fear processing.

Phasic dopamine release and D1R signaling facilitate learning about
discrete cues

Table 2 summarizes the behavioral results obtained with the DD, D1R KO and NR1:DAT
KO mice. DD mice in their DA-depleted state are unable to perform most of these behaviors
or do so very slowly; hence these behaviors are relevant for further analysis of the
underlying DA-dependent mechanisms. Virtually all of the behaviors of DD mice become
normal after systemic restoration of DA signaling by administration of L-Dopa indicating
that the behavioral deficits are due to lack of DA signaling rather than developmental
abnormalities.

Work from these three mouse models has shown that DA signaling mediates a wide variety
of behaviors, but that a subset of these behaviors are sensitive to both reductions in phasic
release of DA as well as loss of D1 receptors. Both NR1:DAT KO and D1R KO mice are
capable of performing several DA-dependent tasks such as seeking and consuming food,
ambulatory behavior, water escape task and contextual aversive learning. However, in more
complex tasks requiring mice to pay attention or respond to a discrete cue, both the
NR1:DAT KO and the D1R KO mice are slower to learn. Learning deficits of the D1R KO
mice were always more severe than those of the NR1:DAT KO mice, which could overcome
most learning deficits with additional training. Attenuated learning in these two KO mouse
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models for the same types of tasks is consistent with the idea that burst-firing by DA
neurons and phasic release of DA selectively activates D1 receptors in target brain regions
(Goto and Grace, 2005). Phasic DA release and D1 receptors seem to be important for
learning about both appetitive and aversive cues. There are several similarities between the
D1R and NR1:DAT KO mice, but the phenotypes are not identical. One caveat to consider
is that in addition to reduced phasic signaling, NMDARs are necessary for the induction of
LTP (Bonci and Malenka, 1999). DA neurons in NR1:DAT KO mice have attenuated LTP
and where also found to have chronically elevated AMPA receptor currents (Engblom et al.,
2008; Zweifel et al., 2008). The role of LTP in DA neurons has been associated with
learning and responses to psychostimulants in rats (Bowers et al., 2010; Stuber et al., 2008).
Because NR1:DAT mice do not have any behavioral changes beyond those of the D1R KO
mice, it is unlikely that loss of LTP in DA neurons exacerbates the phenotype associated
with impaired phasic DA signaling. Rather, the D1R KO mice have a more severe
phenotype, which could be due to several factors. First, it is possible that the growth
reduction and reduced striatal volume in the D1R KO mouse could result in a generalized
learning deficit that is not apparent in NR1:DAT KO mice. However, intact behaviors such
as contextual fear conditioning in D1R KO mice argue that certain tasks can be learned
normally. Another possibility is that D1Rs may receive and respond partially to tonic
signaling in addition to greater activation by phasic bursts of DA release. This may explain
why D1R KO mice perform poorly on the rotarod whereas NR1:DAT KO mice are normal.
Coordinated movement is thought to depend primarily on tonic DA signaling to the dorsal
striatum, an area rich in both D1 and D2 receptors. A pharmacological study comparing the
contributions of these two receptors in coordinated movement found the D2R to be essential,
whereas the D1 receptor was only important for acquiring more complex movement tasks
(Yin et al., 2009). We observed that D1R KO mice had poor performance on a rotarod
during the first trial and their performance did not improve with training, indicating that D1
receptor signaling is important for mastery of this complex motor task. Tonic input to the D1
receptor may also explain other D1 receptor-mediated deficits in innate behavior such as
hypophagia and a decreased growth rate when compared to mice with reduced phasic
signaling. Lastly, it is possible that the NR1:DAT KO mouse represents an intermediate
phenotype. If phasic DA is acting primarily on the D1 receptor, then mice lacking this
receptor would not be able to detect these bursts of DA release. However, the NR1:DAT KO
still has ~30% of normal burst firing and phasic DA release. Therefore, with enough
training, the residual phasic DA signaling may be sufficient to allow mice to learn the
simplest tasks, e.g. Pavlovian association of a cue with reward availability and rotarod.
Similarly, given enough training NR1:DAT mice can learn some more complex tasks,
although they are slower to do so than control mice, e.g. response-based T-maze,
instrumental conditioning and Morris water maze. Phasic DA may facilitate the acquisition
of a task rather than the overall degree to which a mouse is able to master that task with
extensive training. Being slower to learn, but capable of performing certain tasks in the
DAT:NR1 KO model may explain some of the discrepancies in the literature. For instance,
in our cocaine conditioned place preference paradigm, which included three cocaine-pairing
sessions alternated with test days, NR1:DAT KO mice failed to form a preference for the
cocaine-paired side (Zweifel et al., 2008). Whereas in a more extensive training protocol,
with four cocaine-pairing sessions spread over eight days an no intermittent testing,
NR1:DAT mice formed a preference that was indistinguishable from that of controls
(Engblom et al., 2008).

Continuing research is needed to complete our understanding of the specific role of phasic
DA in dopamine-dependent behavior. Though the research cited in this review provides a
framework for behaviors that are similarly affected by reduction of phasic bursts and loss of
D1 receptor detection, it is difficult to determine in what stage of learning (acquisition,
consolidation, retrieval, or expression) DA signaling is important. Techniques that allow one
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to manipulate the activity of DA neurons, to either enhance or suppress their firing in a
manner that resembles what occurs physiologically, would be a valuable step in this
direction. In most cases it is not clear where in the brain DA signaling is important for
mediating a specific behavior. Experiments aimed at restoration or inactivation of DA
synthesis, DA receptors, and ion channels within DA neurons responsible for burst firing
will provide a greater understanding of DA-dependent modulation of behavior. Although we
have emphasized the role of D1R in this review, the other DA receptors play important roles
as well. Furthermore, DA receptors may serve different functions depending on where they
are located in the cell relative to active synapses. We anticipate that genetically modified
mice, in conjunction with other classical and emerging techniques, will promote a deeper
understanding of how DA signaling affects behavior.
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Figure 1. D1R KO mice have altered motor behavior
(A) Locomotion for 13 D1R KO mice and 14 WT mice was monitored for 72 hr. A two-
tailed t-test demonstrates that D1R KO mice were hyperactive each night (p=0.019), while
displaying normal locomotion during each day (two-way repeated measures ANOVA F1,50
= 2.237; p=0.147). (B) Abnormal locomotion resulted from a subset of “high responders”.
Night activity for 13 D1R KO mice and 14 WT mice was averaged over 3 nights. Four of
the KO mice traveled ~4 times further than WT mice at night, while the rest were the same
as controls (two-tailed t-test; p=0.502). (C) D1R KO mice (n = 11) and WT mice (n = 11)
were tested in a 4-day accelerating rotarod paradigm (4–40 rpm over 120 sec; 3 trials/day).
D1R KO mice had a generalized motor coordination deficit and attenuated motor learning.
A Students t-test gave a significant difference between groups on the first day of training
(p=0.009). Over days, two-way repeated measures ANOVA revealed significant effects of
time (F3,80 = 3.189; p=0.0281) and genotype (F1,80 = 45.10; p < 0.0001). Further, one-way
repeated-measures ANOVA shows that while WT performance improved during the
experiment (F3,43 = 6.242; p=0.0020), D1R KO mice showed no improvement (F3,43 =
1.807; p=0.167).
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Figure 2. Appetitive learning is attenuated, while preference for sweet rewards remains intact
(A) Learning in a T-maze for a food reward was attenuated in D1R KO mice. D1R KO mice
(n = 9) and WT mice (n = 10) were food restricted to 85% body weight, then trained (10
trials/day) for 10 days to turn right to obtain a food reward. The correct arm was denoted by
horizontal stripes (Zweifel et al. 2009). Two-way repeated measures ANOVA shows a
significant effect of genotype (F1,153 = 6.32; p= 0.0223), time (F9,153 = 4.50; p <0.001) and
time × genotype interaction (F9,153 = 2.62; p= 0.0076). One-way repeated-measures
ANOVA with Bonferroni’s multiple comparison test shows that while WT mice learned the
task by day 6 (p < 0.0001), D1R KO mice failed to acquire the task over 10 days
(p=0.3341). (B) Saccharin preference was normal in D1R KO mice. D1R KO mice (n = 6)
and WT mice (n = 7) were monitored for saccharin preference over 4 consecutive days. The
first 2 days examined preference for 0.033% saccharin vs. H2O with no difference between
genotypes (Students t-test; p=0.152). The final 2 days examined preference for 0.066%
saccharin with no difference between genotypes (Students t-test; p=0.059). The locations of
the saccharin and H2O bottles were alternated each day. (C) Instrumental conditioning is
attenuated in D1R KO mice. D1R KO mice (n = 7) and WT mice (n = 8) were trained on a
simple fixed-ratio schedule in which each lever press delivered a single food pellet up to a
maximum of 50 (Zweifel et al., 2009). Two-way repeated- measures ANOVA shows an
effect of both day (F6,91 = 6.284; p < 0.0001) and genotype (F1,91 = 498.1; p < 0.0001).
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Table 2

Comparison of specific behaviors in DD, D1R KO and DAT:NR1 KO mice. References are cited within the
text.

DD D1R KO DAT:NR1KO

Feeding Absent Impaired at weaning Normal

Sucrose/Saccharin preference Normal Normal Normal

Locomotion Hypoactive No deficit - highly variable Normal

Rotarod Motor deficit Motor coordination deficit Normal

Straight Alley swim Impaired Slightly impaired Normal

Appetitive T-maze Impaired Impaired Impaired

Instrumental conditioning Impaired Impaired Impaired

Morris water maze Impaired Impaired Impaired

Fear-potentiated startle Impaired Impaired Impaired

Active avoidance Impaired Impaired Impaired

Contextual fear Impaired Normal/Impaired Normal
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