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Dopamine (DA) is believed to play a fundamental role in reward processes. Virtually all drugs of abuse activate dopaminergic systems, as
do “natural” rewards such as sexual interaction and food. Sweet-tasting solutions, for example, are a well characterized natural reward.
In the present experiments, we used mice that cannot make DA (DD mice) to test the hypothesis that DA is necessary for reward. Sucrose
preference, assessed with a computerized “lickometer,” was used to determine whether DD mice respond preferentially for rewarding
stimuli. DD mice preferentially chose sucrose over water, and also preferred the noncaloric sweetener saccharin. Furthermore, the rate of
licking, bout size, and length were greater in DD mice drinking sweets than in controls. These data refute the necessity of DA for the reward
processes manifested by sucrose preference. However, DD mice initiated licking less frequently than control mice and had fewer total
licks. We suggest that DD mice have a deficit of goal-directed behavior that is not specific to reward processes. Lastly, juvenile DD mice
demonstrate robust sucrose preference before experience with food in the presence of DA. Thus, DA is not required for mice to learn to
consume sweet solutions preferentially. We conclude that DA is not required to find the sweet tastes of sucrose or saccharin rewarding.
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Introduction
Virtually all drugs of abuse elicit the activation of dopaminergic
systems, as do “natural” rewards such as sweets (Smith, 1995;
Berridge and Robinson, 1998; Robinson and Berridge, 2000;
Nestler, 2002; Schultz, 2002; Wise, 2002; Salamone et al., 2003).
In the present study, we test the hypothesis that dopamine (DA)
is necessary for reward processes by using mice that cannot make
DA (DD mice) (Zhou and Palmiter, 1995). DD mice are less
active than normal mice and demonstrate minimal spontaneous
feeding behavior (Zhou and Palmiter, 1995; Szczypka et al.,
1999). Complex behaviors such as bar pressing, maze running,
and conditioned place preference can be used to make inferences
about reward (Laakso et al., 2002). However, these tasks require
multiple neural events in addition to reward processes, (e.g., sen-
sory perception, motor ability, learning, and memory) that can
be confounding. Furthermore, the hypoactive DD mice are less
likely to perform complex behavioral tasks. To evaluate the re-
ward processes of DD mice while avoiding many of these prob-
lems we have used a simple preference test for a well established
natural reward, sucrose. Reward processes elicited by sucrose
correlate with the activation of dopaminergic neurons and the
release of DA (Hernandez and Hoebel, 1988; Hajnal and Nor-
gren, 2001, 2002), and DA receptor antagonists or lesions of do-
paminergic neurons can reduce the consumption of sucrose
(Smith, 1995; Pecina et al., 1997). Sucrose preference is a widely
used index of reward, and the operant behavior, licking, is a sen-

sitive measure suitable to animals with lower spontaneous activ-
ity. Lastly, solutions of sucrose elicit hedonic responses in new-
born human infants (Steiner, 1973) and in 3-d-old rat pups (Hall
and Bryan, 1980), suggesting that the reward value of sucrose is
established early in life and that the sucrose preference test re-
quires minimal learning and memory.

Materials and Methods
All experiments were conducted in accordance with the guidelines of the
Institutional Animal Care and Use Committee at the University of Wash-
ington. Mice were housed in a temperature- and humidity-controlled
room with a 12 hr light/dark cycle. Mice were fed a pelleted, higher-
energy (25% fat) breeder diet (5LJ5; PMI Nutritional Inc., Brentwood,
MO) in the birth cage, and a liquid rodent diet (LD-101; Test Diet,
Richmond, IN) in the lickometer cages. Adult mice were housed individ-
ually in the lickometer cages for the duration of the experiment.

DD and wild-type mice. Mice lacking tyrosine hydroxylase (TH), in
dopaminergic neurons (DD or Th�/�;Dbh Th/�) were bred as described
and maintained on a mixed C57BL/6 � 129/SvEv genetic background
(Zhou and Palmiter, 1995). Littermate controls, referred to as wild type
(WT), had at least one intact Th and one intact Dbh allele, which are
sufficient for the production of nearly normal levels of DA and norepi-
nephrine (Thomas et al., 1998; Rios et al., 1999). At birth, DD mice
resemble WT mice, but by 2 weeks they are runted, hypoactive, and
hypophagic; they will starve in the midst of readily available, palatable
foods (Zhou and Palmiter, 1995). From the onset of this phenotype, DD
mice were injected daily with L-3,4-dihydroxyphenylalanine (L-dopa)
(50 mg/kg, i.p.), a dopamine precursor. L-Dopa injection elicits intense
hyperactivity and voracious feeding by DD mice, but there is no such
effect in WT mice. Within 12 hr after the administration of L-dopa, DD
mice return to their basal hypoactive and hypophagic state; by 18 hr DA
levels are �1% of normal.

Lickometer cages. Lickometer cages (Columbus Instruments, Colum-
bus, OH) were modified for mice; the drinking spouts were 5 cm apart,
and were inserted 2 cm above the metal wire cage floor (see Fig. 1 A). The
cage was placed on a heat source so that the cage temperature was �26°C.
The program Event Counter (Columbus Instruments) cumulated events
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in 10-sec intervals. An event was recorded when the mouse came in
contact with the floor of the cage and the metal spout at the same time,
usually while licking but occasionally by touching the spout with a paw.
However, these non-lick events were easily detected because rodents lick
in rapid bursts (Davis and Smith, 1988; Davis, 1998). Our mice lick at a
rate of 20 – 80 licks per 10 sec interval. Therefore, we excluded tests dur-
ing which the total number of events, recorded at either tube during 5 hr,
was �10. We further modified the lickometer cages for juvenile mice by
raising the floor so that the spout was elevated only 1 cm, rather than 2
cm. The internal temperature was raised to �30°C, and to increase hu-
midity we placed a wet towel beneath the wire cage floor and another heat
source on the cage top. Two 1 cm diameter holes in the cage provided
ventilation.

Preference tests. In the first experiment, each test began 18 hr after the
last treatment with L-dopa and lasted for 5 hr (10:30 A.M. to 4:30 P.M.).
On the first 4 d, adult DD and WT mice were given water in both tubes,
then for 5 d they were given the choice of water or a 0.5 M sucrose
solution. In the next experiment, adult mice were given two doses of
amphetamine (AMPH) (2 mg/kg, i.p.) at 24 and 26 hr after the last
treatment with L-dopa. Two hours after the last injection of AMPH (28 hr
after L-dopa), mice were given access to water and either 0.5 M sucrose or
10 mM saccharin, a noncaloric sweetener (Bachmanov et al., 2001; Smith
and Sclafani, 2002) for 15 hr. In the final experiment, DD mice were
identified at postnatal days 14 –17, and were removed from the home
cage with a control littermate. Juveniles were tested individually over-
night on 2–3 consecutive nights in modified lickometer cages, but spent
the days together with a surrogate dam. The number of licks was used to
calculate a preference score. The preference for the sweet solution was
calculated by dividing the number of licks at the sweet tube by the total
licks at both tubes. A score of 0.5 indicates no preference for either spout,
whereas �0.5 indicates a preference for sweet. The position of the water
and the sweet tubes were randomly assigned, then switched on subse-
quent days. Sucrose and saccharin (Sigma Aldrich, St. Louis, MO) were
diluted in the same sterile water the mice were accustomed to drinking.
Mice did not have access to a pellet or a liquid diet during the preference
tests.

Statistical analysis. Data were analyzed by Student’s t test with signifi-
cance set at p � 0.05. Preference scores were compared with 0.5 (no
preference). Values are means � SEM.

Results
Mice lacking DA demonstrate normal sucrose preference
despite diminished ingestive behavior
When water only was available, all WT mice licked at both tubes
during each of the 5 hr tests (mean total licks per test, 134 � 75).
As predicted by their hypophagia and hypoactivity, the licking
behavior of DD mice was less than that of WT mice. From a total
of 12 DD mice, 3 did not lick during any test and were excluded
from analysis, whereas the remaining DD mice licked, on aver-
age, during only 1.6 of the 4 tests (mean total licks per included
test, 30 � 10). DD and WT mice had no significant preference for
either tube position when both tubes contained water (data not
shown). On the next 5 test days, water and sucrose were available.
Of 12 DD mice, 4 did not lick during any test, and the remaining
8 mice licked, on average, during only two of the five tests. For
preference analysis, we included only the DD mice that drank
during both position (water only) and sucrose-preference tests
(n � 8). Both WT and DD mice had a significant preference for
sucrose (Fig. 1B). Furthermore, both DD and WT mice re-
sponded to sucrose with increased licking (total licks at either
spout by WT mice, 364 � 68; by DD mice, 127 � 47). Thus, both
WT and DD mice preferentially chose sucrose over water and
increased their total intake when sucrose was available. This re-
sult is in contrast with a previous report wherein DD mice had no
sucrose preference as measured by volume intake (Szczypka et al.,
2001). However, the lickometer system used here is more sensi-

tive, has a diminished margin of error, and allowed us to exclude
mice that had no drinking behavior, which otherwise receive an
erroneous preference score of 0.5 (or no preference).

Amphetamine eliminates residual dopamine in DD mice
In DD mice, DA levels were �1% of normal at the start of the 5 hr
test. In the next experiment, we eliminated residual DA by treat-
ing mice with AMPH, which releases monoamines from neurons
and prevents their reuptake, thereby flooding the synapse with
transmitter (Sulzer et al., 1995). One of the behavioral correlates
of AMPH treatment is hyperactivity. When DD mice were given
AMPH 24 hr after L-dopa, they were modestly hyperactive, sug-
gesting that release of monoamines, including residual DA, can
activate the hypersensitive neural circuits of DD mice (Kim et al.,
2000) required for locomotion (Fig. 2A,C). In WT mice, a second
dose of AMPH 2 hr later resulted in a second bout of locomotion
(Fig. 2B,C), whereas DD mice had no response to the second dose
of AMPH (Fig. 2A,C), in agreement with previous results (Szc-
zypka et al., 1999; Heusner et al., 2003). A third injection of
AMPH given 42 hr after L-dopa also elicited no response (Fig.
2A,C). These results suggest that in the absence of TH, DD mice
do not retain residual DA after AMPH treatment.

Mice lacking dopamine demonstrate robust sucrose
preference after amphetamine pretreatment
Although DD mice are generally hypoactive, their locomotor ac-
tivity is comparable with that of WT controls for several hours
beginning �30 hr after L-dopa injection. This activity is not DA-
dependent, because it is unaffected by previous treatment with
AMPH or DA receptor blockers (Szczypka et al., 1999). During
this period, DD mice explore the lickometer cages, rear, and at-
tempt to climb the walls, similar to WT mice (Fig. 2A). Thus, for
subsequent studies we prepared DD mice by injecting AMPH at
24 and 26 hr after L-dopa and beginning the 15-hr preference test
at 28 hr, just before lights out. In contrast with the 5 hr tests (Fig.
1), all DD mice demonstrated some licking behavior during each
15 hr trial. This difference may reflect the longer duration of the
test, most of which was in the dark cycle, and the inclusion of the
period of spontaneous locomotor activity. Previous treatment
with AMPH did not affect the total number of licks (consump-
tion) by either WT or DD mice (Fig. 2D).

As in the previous experiment, the DD mice had a preference
for sucrose that appeared identical to that of WT mice (Fig. 3A).
The pattern of feeding by DD and WT mice was markedly differ-
ent, as illustrated by the representative examples (Fig. 3G,H); WT
mice initiated licking many times throughout the night (Fig. 3B),
whereas DD mice had fewer (Fig. 3B), longer bursts of more rapid
licking (Fig. 3D,E), and a greater number of licks per bout (Fig.

Figure 1. Preference for 0.5 M sucrose by WT and DD mice. A, Lickometer cage modified for
mice. B, WT and DD mice were given the choice of either water or sucrose. Both WT (n � 3) and
DD (n � 8) mice demonstrated significant preference. Asterisks denote preference ( p � 0.01).
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3F). When normal animals drink sucrose, larger bout size, longer
bout length, and increased lick rate indicate increased reward
value (Davis and Smith, 1988; Smith, 1995; Smith and Sclafani,
2002). However, the number of bouts and total licks by DD mice
were less than those of WT mice (Figs. 2D, 3B,C). DD mice most
often drank in abnormal, and apparently uncomfortable, pos-
tures. It appeared as if they had difficulty assuming a normal
drinking position, and would begin to consume eagerly before
they were able to assume a more comfortable position.

DD mice also preferred saccharin to water (�90% preference
for saccharin by both DD and WT). Saccharin, like sucrose, elic-
ited greater licks per bout in DD mice (144 � 53 vs 33 � 4). This
suggests that caloric value is not required for preference in the
absence of DA. However, neither DD nor WT mice licked as
rapidly for saccharin as for sucrose ( p � 0.05; data not shown),
although both sweets were given at a concentration that elicits
maximal lick rate (Bachmanov et al., 2001; Smith and Sclafani,
2002). This is consistent with previous results (Smith and
Sclafani, 2002), which suggest that saccharin is not as palatable as
sucrose.

Juvenile DD mice demonstrate sucrose preference
To address the possibility that previous experience with mother’s
milk or a rodent lab diet in the presence of DA is required for
subsequent preference, we tested juvenile DD mice before their
first injection of L-dopa. Naive, juvenile DD mice that had never
been injected with L-dopa demonstrate robust sucrose preference
(Fig. 4).

Discussion
Brain reward processes probably evolved in response to natural
rewards, such as the presence of food. The sweet taste of sucrose
can condition a place preference (White and Carr, 1985), moti-
vate operant responding (e.g., bar pressing) (Bailey et al., 1986),
and elicit orofacial reactions suggestive of pleasure in animals
(Grill and Norgren, 1978) and human infants (Steiner, 1973).
The more concentrated the sucrose, the more rewarding it seems
to be (Smith and Sclafani, 2002). For example, when animals
press a bar to receive sucrose, they will work harder for concen-
trated sucrose than for dilute solutions (Bailey et al., 1986; Reilly,
1999). Likewise, lick rate increases as the sucrose concentration
increases (Davis and Smith, 1988). In the present studies, DD
mice demonstrated preference for sucrose and saccharin, as well
as larger bout size, longer bout length, increased lick rate, and
increased total consumption in response to sucrose and saccharin
compared with water. We conclude that mice lacking DA find the
sweet tastes of sucrose and saccharin rewarding.

Even simple behaviors motivated by reward, such as returning
to a palatable food, also involve nonreward processes, e.g., sen-
sory perception, motor ability, learning, and memory. In these
studies, when WT mice found the palatable food, they returned to
it often and preferentially. In contrast, the DD mice did not dem-
onstrate an increased bout number in response to either sucrose
or saccharin, and the total intake of sucrose and saccharin by DD
mice was less than that of WT mice. Thus, in the absence of DA,
DD mice exhibit profound constraints on performance during

Figure 2. DD mice did not increase locomotor behavior in response to repeated AMPH. A, DD mice (n � 12) were given L-dopa (50 mg/kg) at time 0, AMPH (2 mg/kg) at 24, 26, and 42 hr after
L-dopa (filled arrowheads), and a control injection of PBS 44 hr after L-dopa (open arrowhead). The black bars indicate when room lights were off. The increased activity at 30 hr after L-dopa (white
bar) is characteristic of DD mice (see Results). B, WT mice (n � 3) were treated as described for DD mice. C, Cumulative ambulations of WT (white columns) and DD (black columns) mice for 1.75 hr
after AMPH or PBS at 24 (AMPH 1), 26 (AMPH 2), 42 (AMPH 3), and 44 (PBS 1) hr after L-dopa. *p � 0.05 compared with PBS value. D, DD and WT mice were given access to sucrose and water for
15 hr beginning 28 hr after the administration of L-dopa, either after AMPH at 24 and 26 hr (AMPH) or without previous AMPH administration (no AMPH). There was no difference in the total intake
of DD or WT mice with or without previous AMPH administration.
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the sucrose preference task. Because DD mice can apparently
taste sweets and have the motor ability to lick and move about the
cage, gross sensory and motor deficits cannot explain the failure
of DD mice to return to the reward more often, or to consume as
much as the WT mice. We propose that the abnormalities dem-
onstrated by DD mice during the sucrose preference test reveal a
deficit in goal-directed behavior toward the sucrose reward. This
deficit is also revealed by behaviors not required for sucrose pref-
erence [e.g., without L-dopa DD mice do not engage in reproduc-
tive behavior (Szczypka et al., 1998) or build a nest when bedding
material is provided (Szczypka et al., 2001)]. They will starve to
death when palatable solid or liquid food is readily available,
unless they are injected daily with L-dopa or given food directly
into the mouth. On the other hand, DD mice behave as if they are
motivated to consume calories; when a liquid diet is delivered
directly into the mouth via an intraoral cannula, they avidly con-
sume it, and they can be maintained this way for many days in the
absence of L-dopa (our unpublished observations). Although
food is a reward, starvation is undoubtedly aversive (Bechara and
van der Kooy, 1992). Yet DD mice do not eat enough to avoid

starvation, either to obtain food reward or to alleviate this aver-
sive state. We propose that DA is necessary for goal-directed
behaviors, feeding being just one physiologically important
example.

The observations that DA is released in the striatum in re-
sponse to natural and drug rewards (Hernandez and Hoebel,
1988; Hajnal and Norgren, 2001, 2002), that animals will work to
elicit electrical stimulation of dopaminergic neurons (Wise,
2002), and that animals will self-administer many different
classes of drugs that all enhance DA release (White, 2002) are
consistent with the hypothesis that DA mediates the hedonic or
pleasurable experience of rewards (Wise, 1994). Although this
hypothesis was an important impetus to research in this area, it
has been vigorous challenged (Salamone et al., 1997; Berridge and
Robinson, 1998) and is giving way to alternative views that are
more in line with our data. For example, the activity of dopami-
nergic neurons increases not only in response to rewarding stim-
uli but also in response to aversive stimuli such as a bitter quinine
solution or even an electric shock (Horvitz, 2002). Thus, it may be
more appropriate to think of dopaminergic activation as a con-
sequence of unexpected environmental events rather than re-
ward. Furthermore, increased firing of dopaminergic neurons
does not necessarily equate with increased DA release in the stri-
atum. For example, Garris et al. (1999) demonstrate that DA
release in the nucleus accumbens could be detected during
experimenter-delivered electrical stimulation of the midbrain
dopaminergic neurons, but not when the animal was delivering
the same stimulation to itself. Hence, release of DA in the nucleus
accumbens is not necessary to sustain self-stimulation. Likewise,
our experiments suggest that the preferential consumption of a
sweet solution once it is discovered, whether it is nutritious or
not, does not depend on DA release from dopaminergic neurons.

Figure 3. In the absence of releasable DA, DD mice preferred sweet solutions to water. WT
(n � 7) and DD (n � 8) mice were given the choice of sucrose (black columns) or water (white
columns). A, Both groups demonstrated significant preference for sucrose ( p � 0.01). B, C, DD
mice had fewer bouts (licking during consecutive 10 sec intervals) and fewer total licks at the
sucrose tube compared with WT mice ( p � 0.05). D–F, During each bout of sucrose intake, lick
rate, bout length, and total licks/bout were greater for DD compared with WT mice ( p � 0.01).
G, H, Licking pattern of representative individual WT ( G) or DD ( H ) mice given the choice of
sucrose (filled circles) and water (open circles).

Figure 4. Previous experience with DA was not required for sucrose preference by DD mice.
Juvenile DD (n�4) and WT littermates (n�4) were given the choice of sucrose or water before
their first injection of L-dopa. A, Both WT and DD juvenile mice preferred sucrose ( p � 0.01). B,
C, Licking pattern of representative individual WT ( B) or DD ( C) mice given the choice of sucrose
(filled circles) or water (open circles). Juvenile DD mice demonstrated fewer total licks during
the 18 hr test (mean total licks: WT, 2667 � 855; DD, 438 � 162).
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Lastly, severe depletion of dopaminergic terminals in the stria-
tum by the neurotoxin 6-OHDA (�99% depletion of DA) results
in profound hypoactivity and anorexia; however, this treatment
did not diminish the pleasurable facial expressions (taste reactiv-
ity) to intraorally infused sucrose (Berridge et al., 1989; Berridge
and Robinson, 1998). These results suggest that DA is not re-
quired for the hedonic response to natural rewards. We suggest,
instead, that the failure of DD mice to initiate feeding bouts re-
flects a generalized deficit of goal-directed behaviors that may be
independent of reward processes. The fact that DD mice are able
to orchestrate some complex behaviors (e.g., locomotion,
grooming, climbing, and ingestion), suggests that DA facilitates
goal-directed behaviors, but that other neurotransmitters are suf-
ficient for their execution. We also suggest that DA release in the
dorsal striatum is important for goal-directed behaviors, because
viral restoration of DA signaling in that brain region of DD mice
restores feeding, nest-building, and reproduction (Szczypka et
al., 2001).

Drugs of abuse and natural rewards may act through the same
brain reward circuits, and it is widely held that addiction occurs
when drugs co-opt the reward processes naturally elicited by
food, for example. DA may be critical to the development of
addiction or to learning about the environmental events that
predict reward (Robinson and Berridge, 2000; Nestler, 2002;
Schultz, 2002). Here, we report that increased consumption of
sweet solutions occurs even in naive juvenile DD mice that have
never consumed food in the presence of DA. Thus, DA is not
required for mice to learn to consume sweet solutions preferen-
tially. However, we were unable to ascertain whether DD mice
craved sucrose before they initiated drinking, or whether they
learned and remembered which tube contained sucrose. More
discrete behavioral tests, along with restoration of DA signaling
to specific brain regions of these mice, should help refine the
precise role of DA in learning about rewards and craving them, as
in addiction.
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