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Abstract

Previous pharmacological studies have implicated dopamine as a modulator of olfactory bulb processing. Several disorders characterized by
altered dopamine homeostasis in olfaction-related brain regions display olfactory deficits. To further characterize the role of dopamine in olfactory
processing, we subjected dopamine transporter knockout mice (DAT —/—) and dopamine receptor 2 knockout mice (D2 —/—) to a battery of
olfactory tests. In addition to behavioral characterization, several neurochemical markers of olfactory bulb integrity and function were examined.
DAT —/— mice displayed an olfactory discrimination deficit, but did not differ detectably from DAT wildtype (DAT +/+) mice in odor habituation,
olfactory sensitivity, or odor recognition memory. Neurochemically, DAT —/— mice have decreased D2 receptor staining in the periglomerular
layer of the olfactory bulb and increased tyrosine hydroxylase immunoreactivity compared to DAT +/+ controls. D2 —/— mice exhibited the same
olfactory deficit as the DAT —/— mice, further supporting the role of dopamine at the D2 synapse in olfactory discrimination processing. The
findings presented in this paper reinforce the functional significance of dopamine and more specifically the D2 receptor in olfactory discrimination

and may help explain the behavioral phenotype in the DAT and D2 knockout mice.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The interaction of dopamine (DA) at the glomerular (D2
receptor) and granule (D1 receptor) layers of the olfactory
bulb suggests a role for dopamine in odor processing [6].
More specifically the D2 receptor has been implicated in
odor discrimination. The interaction between DA and the
D2 receptor provides an inhibitory influence on the input
from the olfactory receptor neurons and also results in lat-
eral inhibition of the mitral/tufted output cells in the glomeru-
lar layer through facilitation of GABAergic synaptic activ-
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ity [4,7,12,25,32,45,49]. Depletion of olfactory bulb dopamine
impairs olfactory discrimination in rodents and this effect is
replicated by D2 receptor antagonist treatment [27,28,37,38,49].
In addition, an association between olfactory dysfunction
and altered dopamine neurotransmission is observed in sev-
eral neurological disorders, such as Parkinson’s disease [3,6,
11,26].

One of the major regulators of DA function is the plasma
membrane dopamine transporter (DAT). High levels of DAT
expression are found in the dopaminergic cells of the substan-
tia nigra and ventral tegmental area, and in projection areas
of the basal ganglia [8-10,34]. DAT is also expressed in the
retina, olfactory bulb and the hypothalamus [8]. Deletion of the
DAT gene results in increased extracellular DA and enkephalin
expression, decreased tissue content of DA, reduced levels of D1
and D2 receptors, as well as loss of D2 autoreceptor function
within the striatum [19,29,30].
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Several social anomalies are observed in dopamine trans-
porter knockout (DAT —/—) mice, including increased social
interaction and aggression [48]. In addition, DAT —/— mice have
well-defined behavioral abnormalities: hyperactivity, irritabil-
ity, decreased habituation to a novel testing environment, and
deficits in learning and maternal behavior [16,17,19,44]. These
behavioral differences are reminiscent of the behavior seen in
rodents with bilateral removal of the olfactory bulb. Bulbec-
tomized rodents display hyperactivity, decreased habituation,
increased aggression, altered maternal behavior, and learning
and memory deficits [33,47]. Based on the striking similarities
between DAT —/— mice and bulbectomized rodents and the
pharmacological evidence supporting a role for DA in olfactory
processing, we subjected DAT —/— mice to a battery of tests
to determine whether they had olfactory deficits. In addition,
based on the alterations in D2 receptor immunoreactivity that
we found in the olfactory bulbs of DAT —/— mice and previous
research implicating the D2 receptor in olfactory discrimination,
we tested the hypothesis that D2 —/— mice also have olfactory
deficits. These findings are novel in that they are the first to
demonstrate an inherent DA-mediated olfactory deficit in intact
and drug-naive animals.

2. Methods
2.1. Animals

Adult DAT —/— mice were obtained through genetic manipulation on a
mixed C57/129SvJ background [19]. Dopamine transporter knockout mice and
their wildtype (+/+) littermates were generated by crossing DAT heterozygote
mice for seven to nine generations over approximately 2 years. Adult D2 —/—
mice were obtained through genetic manipulation [31]. Heterozygous D2 —/—
mice (derived from an N6 near congenic line in C57BL/6 background) were bred
to generate D2 —/— and their wildtype (+/+) littermates. Mice were individually
housed in clear plastic cages, maintained on a 12-h light:12-h dark cycle, and
given food and water ad libitum. All behavioral testing was performed between
7 and 9 a.m. in the animals’ home cages. Cages were cleaned the afternoon prior
to testing.

2.2. Behavioral tests

2.2.1. Olfactory discrimination

2.2.1.1. Experiment 1. A glass plate was placed in the animal’s home cage.
Solution concentrations (100 ng/ml) were freshly prepared before each experi-
ment and presented in 25 pl aliquot solutions consisting of paprika, cinnamon,
or sterilized water alone [14,18]. In a habituation—dishabituation paradigm, each
mouse was presented with the first odor (either paprika or cinnamon) on one side
of the plate and water (control) on the other side for five successive 3-min trials,
separated by 15-min inter-trial intervals to ensure that the sensory adaptation
did not influence information processing and later memory testing. The time
spent investigating both the water and scented solution was recorded. Habitu-
ation response was measured on the first five trials by examining investigation
time across trials. On the sixth trial, the mouse was presented with the alternative
odor (cinnamon or paprika) for 3 min along with the water control. Discrimi-
nation was defined as the relation between time spent sniffing the familiar odor
(fifth trial) and time spent sniffing the novel odor on the sixth trial. Sniffing was
defined when the animal’s nose was located 1 cm or less from the odor.

2.2.1.2. Experiment 2. Wooden blocks (1.8 cm?) were placed individually for
12 h in 50 ml conical tubes containing 1 g of animal bedding from test animals’
cages. The animal was presented with a block scented with its own bedding and
a block scented with another mouse’s bedding (of the same sex). The time spent
in contact with each block was recorded for a 2-min trial.

2.2.2. Sensitivity

Olfactory sensitivity was assessed by comparing the time spent sniffing a
paprika solution versus time spent sniffing a water-only solution, as described in
Section 3.1.1 [18]. Three different concentrations of paprika were used (100, 10,
and 1 ng/ml) in a step-down fashion, on separate sessions. Lack of detection was
defined by equal investigation between the odor solution and the water control
(50%). Sessions were separated by at least 2 days for DAT —/— mice and 4h
for D2 —/— mice. Differences in inter-session intervals were a result of time
restrictions on D2 mouse testing.

2.2.3. Long-term habituation or memory for a single odor

Olfactory memory was tested by exposing mice twice to the same odor with
varied intervals between odor presentation (20, 40, 60, 80, or 100 min) [18].
Intervals were examined in separated sessions at least 2 days apart, and the order
of inter-trial intervals across sessions was random, as were odors (paprika or
cinnamon: 100 ng/ml). Animals were considered to remember/recognize when
a significant decrease in investigatory time of the presented odor on the second
presentation was observed.

2.2.4. Non-olfactory sensory tests
To assess non-olfactory sensory function in DAT —/— mice, we examined
the responses of these animals in several sensory tests.

1. Responsiveness to tactile stimulation was measured as a latency to con-
tact/remove a 113.1 mm? (1.3 cm in diameter) adhesive dot (Avery Office
International) [40]. Animals were removed from their home cage, and the
dot placed between the ears, on top of the head. Animals were then put back
into their home cage, and cage returned to its normal position on the rack to
reduce external distractions. Latencies to contact/remove dots were recorded.
Recording was stopped at 2 min.

2. Quinine is often used in taste avoidance/rejection paradigms, due to its highly
unpalatable bitterness. The aversive reaction to quinine was assessed. The tip
of a cotton swab was placed into an aliquot of 2 mg/ml of quinine. Animals
were removed from their home cage, and the tip of the cotton swab was
inserted into their mouths. They were then placed back in their home cage
and put into their normal resting position. Latency to groom and/or drag the
jaw along the ground was recorded [21,43]. To control for the stimulation
of the cotton swab alone, animals were exposed to a clean cotton swab as
presented above, and latency to groom and/or drag the jaw was recorded.
Presentation of clean versus quinine stimuli was counterbalanced between
animals. The cut-off time for response in this test was 60's.

3. The trigeminal nerve innervates areas of the olfactory epithelium and nasal
mucosa and is responsible for non-odor sensations such as mild irritation
and burning sensation. In this test, we assessed the function of the trigeminal
nerve by exposing the mice to either ammonia, known to exert a trigeminal
response, or water. A glass plate with 25 pl of water or ammonia (counter-
balanced between animals) was placed in the animal’s cage. Time sniffing
(as defined above) was recorded for a 2-min session.

2.3. BrdU labeling, tissue processing and histochemistry

Adult DAT +/+ and DAT —/— mice (n = 6 per group) received two intraperi-
toneal injections of BrdU (50 mg/kg) in phosphate-buffered saline (PBS) and
11 days later were perfused with 4% paraformaldehyde. Brains were removed,
cryoprotected in 25% sucrose in PBS and then frozen in powdered dry ice.
Forty microns coronal sections through the rostral subventricular zone (SVZ)
(extending rostrally + 0.2 mm from Bregma), rostral migratory stream and olfac-
tory bulb were cut with a sliding microtome and every sixth section was used for
Nissl or immunohistochemical stains. Diaminobenzidine peroxidase immuno-
histochemistry was performed on free-floating sections as described previously
[36] using antibodies to BrdU (1:1000 dilution; mouse monoclonal; Boehringer
Mannheim, Indianapolis, IN), doublecortin (1:5000; rabbit polyclonal; a gift of
Chris Walsh, Harvard University, Boston, MA), GFAP (1:500; rabbit polyclonal;
Sigma), TH (1:500; rabbit polyclonal; Chemicon, Temecula, CA), and D2 recep-
tor (1:200; rabbit polyclonal; Chemicon, Temecula, CA). The only modification
was incubation of sections in D2 receptor antibody for 24 h at room temperature
instead of overnight at 4 °C. For Nissl staining, sections were mounted on slides
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(Superfrost-plus, Fisher Scientific, Pittsburgh, PA), dehydrated and rehydrated
in graded ethanols and xylenes, incubated in 1% cresyl violet (Sigma, St. Louis,
MO) for 305, decolorized in acetic acid, and then dehydrated and coverslipped
with Permount (Fisher Scientific).

2.4. Data analysis

Statistical analyses were run using SPSS Software. Data in Section 3.1.1
were analyzed using repeated-measures ANOVA (group x odor). Post hoc anal-
yses examined each group response to the control (trial 5) and discriminative
odor (trial 6). In addition, habituation to the odor for trials 1-5 was analyzed
using one-way ANOVAs (odor/water x presentation) for each group. In Section
3.1.2, individual one-way ANOVAs per group were used to analyze the time
spent investigating each block for the two paradigms. Similarly, each group was
separately analyzed for odor sensitivity. One-way ANOVAs comparing time
spent investigating the odor versus time spent investigating water were run for
each concentration. Finally, a repeated measures ANOVA (group X inter-trial
interval) was conducted in the long-term habituation/memory task.

Tactile and quinine sensitivity were analyzed with a one-way ANOVA for
each group. Comparisons between water control and ammonia were tested using
a one-way ANOVA for both wild type and knockout animals. In addition, the
responses of each group to water control and ammonia were compared. When
appropriate, post hoc analyses were run with a Bonferroni correction. Levels of
significance were set at 0.05. Immunostained sections were examined by light
microscopy and analyzed by a blinded observer. The intensity of olfactory bulb
and striatal TH and D2 receptor immunostaining in DAT +/+ and —/— mice was
scored as minimal (+/—), mild (+), moderate (++), or strong (+++) under 200x
magnification (see Table 1).

3. Results

3.1. Behavioral manifestations of olfactory discrimination
deficit in DAT and D2 —/— mice

3.1.1. Discrimination experiment 1

The first olfactory discrimination experiment examined the
ability of the animal to discriminate between a familiar (habit-
uated) odor and a novel odor. During the initial trials of the
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Table 1
Summary table of immunostaining in olfactory bulbs of DAT +/+ and —/— mice

DAT +/+ DAT —/—
Striatal TH +++ +
Olfactory TH ++ +++
Striatal D2 +++ +
Olfactory D2 ++ +/—

The intensity of olfactory bulb and striatal TH and D2 receptor immunostaining
in DAT +/+ and —/— mice was scored as minimal (+/—), mild (+), moderate
(++), or strong (+++) under 200 x magnification.

habituation phase of this task, both DAT +/+ and DAT —/—
animals clearly detected the paprika or cinnamon odor, demon-
strated by a greater amount of time investigating these solutions
over water only. Both groups of animals also demonstrated sim-
ilar habituation to either the paprika or cinnamon odor across
the first five presentations in this task (water: F(4,36)=11.16,
p<.01; odor: F(4,36)=22.09, p<.01). No significant group
differences were seen for either water (F(1,9)=2.82) or odor
(F(1,9)=.52) habituation measures (Fig. 1A and B).

A significant group by trial interaction was found in the first
discrimination task comparing investigatory time between the
familiar (habituated) odor and a novel odor (F(1,9) = 37.26). Fur-
ther examination compared each group on response to the habit-
uated odor (trial 5) and response to the novel odor (trial 6). A sig-
nificant increase in time spent investigating the novel odor was
found for the DAT +/+ group (F(1,8)=30.21, p<.01). In con-
trast, DAT —/— animals showed no significant change in inves-
tigatory time when presented with a novel odor (F(1,10) =.49).
DAT —/— animals performed in a similar fashion to DAT +/+
animals during the habituation phase, demonstrating that they
are both capable of performing the task and show behavioral
interest in novel odors. In contrast, when presented with a novel
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Fig. 1. Habituation to novel odor. (A) DAT +/+ shows initial preference for the novel odor vs. water, but habituate to both odors by the fifth trial. (B) DAT —/— mice
show a similar habituation pattern as DAT +/+ control. (C) D2 +/+ show initial preference to the novel odor vs. water, but habituate to the odorant by the fifth trial.
(D) D2 —/— mice habituate to a novel odor over trials in a similar manner as D2 +/+ controls.
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Fig. 2. Lack of olfactory discrimination in DAT —/— and D2 —/— mice. (A) DAT +/+ animals showed an increase in investigatory time following presentation of a
novel odor on trial 6 vs. a habituated odor on trial 5. DAT —/— mice did not show increased investigation towards the novel odor. (B) As seen in DAT —/— mice, D2
—/— animals displayed a significant deficit in discrimination upon presentation of a novel odor following a habituation/dishabituation paradigm. In contrast, D2 +/+
animals showed an increase in investigatory time following presentation of a novel odor on trial 6.

odor, DAT —/— mice show significant behavioral performance
consistent with olfactory discrimination impairment (Fig. 2A).

As was seen with the DAT mice, both D2 +/+ and D2 —/—
animals showed similar habituation across presentation (water:
F(4,32)=8.59, p<.01; odor: F(4,32)=9.31, p<.01) (Fig. 1C
and D). No significant group differences were found for water
(F(1,8)=.07) or odor (F(1,8)=.85) habituation performance,
suggesting a normal ability of D2 —/— animals to perform both
the motor and memory tasks required for the habituation and
discrimination tasks.

In time spent investigating the habituated odor versus time
spent in contact with the novel odor, D2 —/— animals showed
a significant group x trial interaction (F(1,8)=42.00, p<. O1).
Post hoc analyses revealed a significant increase in investiga-
tory time of the novel odor for D2 +/+ mice (F(1,8)=156.99,
p <.01), whereas D2 —/— mice did not show any change in inves-
tigatory time of the novel odor compared to the habituated odor
(F(1,8)=.01). Again, these data are consistent with an olfactory
discrimination deficit in the D2 —/— mice that is not the result of
an inability to perform the task or lack of motivation, as observed
in the reactivity and habituation phase of this task (Fig. 2B).

3.1.2. Discrimination experiment 2

In this discrimination task, we tested the ability of the animal
to discriminate between a block scented with its own bedding
and a block scented with a novel animal’s bedding. No group
differences between initial contact times were observed between
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the DAT +/+ and DAT —/— mice (F(1,8)=.39). However,
the DAT +/+ mice spent significantly more time investigating
the block scented with another animal’s odor versus the self-
scented block (F(1,8)=13.43, p<.01). In contrast, DAT —/—
mice did not display a preference for exploration of either block
(F(1,8)=.40). The lack of preference was not due to decreased
exploration; rather, the animals switched back and forth between
the two blocks during the testing trial (Fig. 3A).

Mirroring the DAT +/+ mice, D2 +/+ mice derived from the
D2 —/— colony spent significantly more time in contact with
the block scented with another animal’s bedding versus the self-
scented (with bedding) block (F(1,8)=15.80, p<.01). Unlike
the D2 +/+ animals, D2 —/— mice did not show preferential
exploration of either odor (F(1,8) =1.17) (Fig. 3B). As was seen
with the DAT —/— mice, this lack of preference was not due to
a decrease in exploration, indeed, most D2 —/— mice spent all
their time exploring whichever block they contacted first. Wild-
type animals from both groups made contact with both blocks
and then returned to the “preferred” block for the majority of
the time. It is possible, given the limited capacity of this task, to
allow for habituation that D2 —/— mice fail to disengage from
the block initially contacted, similar to animals with moderate
6-hydroxydopamine induced degeneration of nigrostriatal DA
terminals, which orient to sensory stimuli presented to either
side of the body normally, but fail to respond to sensory stimuli
presented to the affected side when engaged in eating, drinking
or grooming [39].
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Fig. 3. Lack of between animal odor discrimination in DAT —/— and D2 —/— mice. (A) When given a choice between a block scented with another animal’s bedding
and a block with the animal’s own bedding, DAT +/+ mice show preferential exploration of the block scented with a different animal’s bedding. In contrast, DAT —/—
mice do not show preferential exploration of either block. (B) Similar to DAT +/+ mice, D2 +/+ mice prefer to explore the block scented with a different animal’s
bedding, whereas D2 —/— animals did not show preferential exploration of either block.



J.L. Tillerson et al. / Behavioural Brain Research 172 (2006) 97—-105 101

BWDAT +/+
ODAT /-

1404

1204

1004
80 4
04 « F *
404 £ #*
*
20 40 60 80

100

trial 2/rial 1

Fig. 4. Normal olfactory memory in DAT —/— mice. Both DAT +/+ and DAT
—/— mice show similar olfactory memory/long-term habituation performance.
Both groups display memory for a previous odor up to inter-trial intervals of
60 min.

3.1.3. Sensitivity

To determine if the differences in olfactory discrimination
seen in paradigm one were due to altered sensitivity, we esti-
mated relative olfactory sensitivity across different concentra-
tions of odorant. Significant odor detection was found in both the
DAT +/+ (F(1,8)=12.18, p<.01) and DAT —/— (F(1,10) =6.43,
p<.05) groups at the 100ng/ml odor concentration used in
the discrimination task. Olfactory sensitivity was lost for both
groups at the 10 ng/ml concentration (DAT +/+: (F(1,8)=1.16);
DAT —/—: (F(1, 10)=.91). These data demonstrate no differ-
ence in sensitivity at the concentration used in the first olfactory
discrimination task.

Both D2 +/+ and D2 —/— mice exhibited a significant
sensitivity at the 100ng/ml paprika concentration (D2 +/+:
F(1,8)=10.30,p<.02; D2 —/—: F(1,8)=30.70,p < .01). As was
seen in the DAT animals, sensitivity was lost for both D2 —/—
(F(1,8)=3.32) and +/+ (F(1,8) =3.28) mice at the 10 ng/ml con-
centration.

3.1.4. Long-term habituation or memory for a single odor

In addition to discrimination and sensitivity, we measured
olfactory memory in the different animals to determine whether
there were any obvious group differences in olfactory mem-
ory performance. Neither a significant group x time interaction
(F(4, 36)=.47), nor a significant group effect were detected
(F(1,9)=3.07) in the olfactory memory task. Therefore, no sig-
nificant differences between DAT —/— mice and DAT +/+ mice
were detected for long-term memory capacity (Fig. 4).

3.1.5. Non-olfactory sensory performance

Tactile, taste aversion, and trigeminal nerve responses were
also measured to test for gross non-olfactory sensory deficits
in DAT —/— mice (Fig. 5A-C). No significant performance
differences were detected in tactile (F(1,9)=.69) and quinine
(negative taste reactivity) (F(1,9) = 1.96) reactions between DAT
+/+ and DAT —/— mice. In addition, both DAT +/+ and DAT
—/— mice showed significant decreases in time spent investi-
gating ammonia compared to water (DAT +/+: F(1,8)=66.25,
p<.01; DAT —/—: F(1,10)=135.75, p<.01), but no signifi-
cant difference between groups was seen in response to water
(F(1,9)=.69) or ammonia (F(1,9) =.19). Thus, DAT —/— do not

differ from DAT +/+ mice in measures of general tactile respon-
sivity, trigeminal nerve response, or aversive taste reactivity.
No significant differences were found in measures of tactile
sensitivity (F(1,8) =2.95) or initiation of grooming or chin rub-
bing in response to quinine (F(1,8) =3.43). In addition, as with
both DAT —/— and DAT +/+ mice, both D2 +/+ and D2 —/— mice
showed significant decreases in investigatory time upon presen-
tation of ammonia versus water (D2 +/+: F(1,8)=42.06, p<.01;
D2 —/—: F(1,8)=34.51, p<.01), and no group differences were
found in time spent investigating the water (F(1,8) =.59), or time
spent investigating the ammonia (F(1,8) =.02) (Fig. SD-F).

3.2. DAT —/— mice do not display altered olfactory bulb
architecture, nor neurogenesis

Nissl staining of olfactory bulb sections (40 wm) in DAT
+/+ and DAT —/— mice showed the six characterized olfac-
tory bulb layers. No obvious differences between DAT +/+ and
DAT —/— mice were found in the appearance of these structures
(Fig. 6A and B). In addition to anatomical architecture, we also
used BrdU labeling and immunostaining of migrating neurob-
lasts to investigate whether alterations in adult subventricular
zone (SVZ)-olfactory bulb neurogenesis were apparent in DAT
—/— mice. Impaired olfactory bulb neurogenesis in other genet-
ically deficient mouse lines has been associated with olfactory
discrimination defects [13,17]. BrdU was administered to label
proliferating cells and mice were sacrificed 11 days later, a dura-
tion sufficient for labeled SVZ neuronal precursors to migrate to
the olfactory bulb. No differences in BrdU-labeled cells in the
SVZ, rostral migratory stream, or olfactory bulb were observed
between DAT +/+ and DAT —/— groups (data not shown).
Immunostaining for doublecortin, a protein expressed by migrat-
ing neuroblasts in the SVZ-olfactory bulb pathway [20], and glial
fibrillary acidic protein (GFAP) was also unchanged (data not
shown). These findings suggest that persistent neurogenesis in
the olfactory bulb is not disrupted in adult DAT —/— mice.

3.3. DAT —/— mice display increased TH concentrations
and a down-regulation of D2 receptors in the olfactory bulb

To determine whether dopamine regulation was disturbed in
the glomerular layer of the olfactory bulb, we examined tyro-
sine hydroxylase (TH) expression in DAT +/+ and DAT —/—
mice by immunohistochemistry. TH immunostaining within the
glomerular layer was substantially increased in DAT —/— mice
compared to control animals (Fig. 6C and D; Table 1). Previous
work has shown down-regulation of TH staining in the stria-
tum of DAT —/— mice, and immunostaining of the striatum
in our mice replicated this finding (Fig. 6E and F), reflecting
differential regulation of TH in dopamine systems following
DAT deletion. In addition to changes in TH staining, we found
decreased D2 receptor staining in the olfactory receptor neuron
layer and the glomerular layer in DAT —/— mice (Fig. 6G and H;
Table 1). These findings demonstrate abnormal dopamine trans-
mission within the olfactory bulb and specifically implicate the
abnormal regulation of the D2 receptor as a cause of olfactory
dysfunction in the DAT —/— mice.
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Fig. 5. Both DAT —/— and D2 —/— mice perform similar to control mice on non-olfactory sensory tests. (A and D) Response to tactile stimulation was similar
between both DAT and D2 —/— groups compared to DAT and D2 +/+ controls. (B and E) Response latency for quinine was similar for both DAT and D2 —/— groups
compared to DAT and D2 +/+ controls. (C and F) Investigatory time for water vs. ammonia (aversive trigeminal stimulation) was similar between both DAT and D2
—/— animals and DAT and D2 +/+ controls.

Fig. 6. Immunocytochemical analysis of olfactory bulb in DAT +/+ and DAT —/— mice. Nissl staining of coronal sections through the olfactory bulb of DAT +/+
(A) and DAT —/— (B) mice. Olfactory bulb structure was similar between the two groups (glomerular layer is at top). (C and D) Olfactory bulb TH immunostaining
was increased in the glomerular layer of DAT —/— mice (D) compared to DAT +/+ littermates (C). The boxed regions shown at higher magnification in the insets
are single glomeruli. (E and F) TH immunoreactivity was decreased in the striatum of DAT —/— mice (F) compared to DAT +/+ animals (E). (G and H) D2 receptor
immunostaining of coronal olfactory bulb. D2 immunoreactivity was decreased in DAT —/— animals (H) compared to DAT +/+ (G) in both the glomerular (asterisks)
and olfactory nerve (arrowheads) layers. Scale bars: A—F (shown in A), 100 pm; insets in C and D (shown in C), 10 wm; G and H (shown in G), 40 pm.
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4. Discussion

Several findings suggest that DA plays a role in olfactory
bulb processing: DA and DAT localization in the periglomerular
interneurons, D2 receptors on olfactory receptor neurons (ORN)
and mitral/tufted cells, and D1 receptors within the granule layer
[7]. More specifically, the interaction of DA at the D2 synapse
has been implicated in odor discrimination [4,7,12,25,32,45,49].
While the majority of studies have utilized pharmacological
methods to determine the role of DA in olfaction, we sought
to further contribute to this knowledge by examining the role of
DA in odor discrimination using mice, in which, either, DAT or
the D2 receptor had been genetically deleted.

We first tested the hypothesis that deletion of DAT results
in olfactory deficits. Animals lacking expression of DAT are
unable to discriminate between a previously habituated odor and
anovel odor (Fig. 2A). This effect was not based on an inability
to perform the task, as both DAT —/— and DAT +/+ animals
explored odors for the same amount of time. Nor was this effect
due to overall anosmia in the animals, as DAT —/— mice did
not differ from DAT +/+ animals in odor reactivity/habituation
(Fig. 1A and B). To further support that DAT —/— mice suffer
from an olfactory discrimination deficit, the animal’s ability to
discriminate between wooden blocks scented with the animal’s
own bedding and one scented with a novel animal’s bedding was
examined. As was seen in the first discrimination experiment,
DAT —/— mice did not behaviorally display olfactory discrim-
ination in this paradigm (Fig. 3A). No differences in olfactory
sensitivity at the odor concentrations used in the first discrim-
ination paradigms, olfactory memory, or non-olfactory sensory
responses were detected between DAT —/— and DAT +/+ mice
(Figs. 4 and 5A). We suggest that the odor discrimination failure
characterized by these data is a probable factor in many of the
behavioral dysfunctions described in DAT —/— mice.

Following behavioral phenotyping of the olfactory deficit in
DAT —/— mice, we examined the olfactory bulbs. The olfactory
bulbs of DAT —/— mice did not differ from DAT +/+ controls in
basic architecture or neurogenesis patterns. Immunostaining of
several DA markers within the olfactory bulb revealed increased
TH immunoreactivity and decreased D2 immunoreactivity in
the glomerular layer of DAT —/— mice (Fig. 6; Table 1). These
findings are consistent with abnormal dopamine transmission
within the olfactory bulb, and specifically implicate deregulation
of the D2 receptor as a contributor to, or at least as a marker of
olfactory dysfunction of DAT —/— mice.

Finally, based on the alterations in TH and D2 immunoreac-
tivity in DAT —/— mice, we next examined olfactory function
in D2 —/— mice. As was found in DAT —/— mice, D2 —/—
mice show a specific olfactory discrimination deficit (Figs. 2B
and 3B), but no alterations in habituation, sensitivity, or non-
olfactory sensory responses (Figs. 1 and 5). The near identical
behavioral olfactory phenotype between DAT and D2 —/— mice
further supports a role for the D2 receptor in olfactory dis-
crimination. However, it should be noted that the behavioral
performance of D2 —/— mice on the second discrimination task
could be interpreted as a disengage deficit similar to what is
found in animals with neonatal or adult depletions of DA [41,42],

though this interpretation is not in opposition to an olfactory dys-
function.

The increase in olfactory bulb TH expression in DAT —/—
mice may be derived from multiple effects of DAT deletion.
Absence of DAT prevents recycling of DA, may impair D2
autoreceptor function [29], and results in increased demand on
the periglomerular cells due to increased excitation of ORN
and mitral/tufted cells. Although TH immunoreactivity was
increased in the olfactory bulb of DAT —/— mice, we found
decreased TH expression in the striatum, as has been described
previously [30]. This disparity suggests that DA-containing neu-
rons in local circuits of the olfactory bulb have a differential
regulation of TH than do long-distance dopaminergic projec-
tion neurons in the striatum.

Although ORN show some specificity of response, less-
specific binding does occur at receptor sites with a similar molec-
ular structure [13,15]. The DA that binds the ORN originates
from the periglomerular interneuron. DA binds D2 receptors
on the ORN, creating a threshold of inhibition [2,22,23]. We
hypothesize that the down-regulation of D2 receptors in DAT
—/— mice and the deletion in D2 —/— mice leads to a decrease in
modulatory inhibition, resulting in a more generalized response
of ORN to odorants, similar to what is seen following olfactory
stimulation after a prolonged period of olfactory deprivation and
D2 antagonist application [27,28,37,38,49].

Dopamine has been hypothesized to play a role in novelty-
seeking [24,35]. Thus, one potential limitation to our study is
that the primary deficits that we observed depend upon the ani-
mal discriminating a novel odor from a habituated odor. We
believe that two lines of argument may discount this possibility.
First, other studies have suggested that dopamine alterations in
DAT or D2 receptor may lead to increases in novelty responses
[46]. In addition, both D1 and D2/D3 antagonists have been
shown to have no effect on visual object recognition tests at
doses that affect conditioned place preference [5]. Second, our
data demonstrate that initial odor exploration to either paprika or
cinnamon is significantly greater than water exploration (Fig. 1).
Together, these data suggest that our results are not due to a
deficit in novelty-induced behavior. Rather, it suggests that our
results using a novel odor recognition task are distinctly dif-
ferent from the novel visual object recognition task as reported
by Besheer and colleagues [5]. Thus, the most parsimonious
explanation for our findings is a specific deficit in olfactory
discrimination.

Many disorders with hyperdopaminergic tone and/or D2
receptor gene alterations, such as Parkinson’s disease (PD) show
olfactory dysfunction [3,6,11,26]. In addition, Parkinson’s dis-
ease patients exhibit olfactory deficits and abnormalities in the
olfaction-related structures years before diagnosis of the disor-
der, including an increase in TH positive neurons in the olfactory
bulb [3,6,11,26]. Sandyk [39] recently reported several case
studies in which these characteristic PD olfactory deficits were
improved following an intervention of pulsed electromagnetic
fields, but only when it coincided with D2 receptor activation. In
fact, D2 —/— mice have been proposed to be an animal model of
PD, displaying several hallmark characteristics of the disorder
[1]. The findings presented in this paper reinforce the functional
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significance of dopamine and more specifically the D2 receptor
in olfactory discrimination. Moreover, the deficits in olfactory
discrimination may explain some of the behavioral phenotype
in the DAT and D2 knockout mice.

Acknowledgements

This manuscript was prepared by Jennifer L. Tillerson in
partial fulfillment of Ph.D. coursework for the Institute of Neu-
roscience, University of Texas at Austin. The authors would
like to thank Dr. David Grandy and Dr. Marc Caron for pro-
viding mice and critical review of the manuscript, Dr. Kerry
Ressler and Gabriela Redwine for editorial comments, Dr. Chris
Walsh and Dr. Allan Levey for providing antibodies and Kather-
ine Suchland for her excellent technical assistance. This work
was supported by National Institutes of Health grants: NS-37031
(GWM), ES-09248 (GWM), U54 ES-012068 (GWM) and NS-
19608 (TS).

References

[1] Baik JH, Picetti R, Saiardi A, Thiriet G, Dierich A, Depaulis A, et al.
Parkinsonian-like locomotor impairment in mice lacking dopamine D2
receptors. Nature 1995;377:424-8.

[2] Baker H, Kawano T, Margolis FL, Joh TH. Transneuronal regulation of
tyrosine hydroxylase expression in olfactory bulb of mouse and rat. J
Neurosci 1983;3:69-78.

[3] Berendse HW, Booij J, Francot CM, Bergmans PL, Hijman R, Stoof JC,
et al. Subclinical dopaminergic dysfunction in asymptomatic Parkinson’s
disease patients’ relatives with a decreased sense of smell. Ann Neurol
2001;50:34-41.

[4] Berkowicz DA, Trombley PQ. Dopaminergic modulation at the olfactory
nerve synapse. Brain Res 2000;855:90-9.

[5] Besheer J, Jensen HC, Bevins RA. Dopamine antagonism in a novel-
object recognition and a novel-object place conditioning preparation with
rats. Behav Brain Res 1999;103:35-44.

[6] Braak H, Tredici KD, Rub U, de Vos RAI, Steur ENHJ, Braak E. Staging
of brain pathology related to sporadic Parkinson’s disease. Neurobiol
Aging 2003;24:197-211.

[7] Brunig I, Sommer M, Hatt H, Bormann J. Dopamine receptor subtypes
modulate olfactory bulb gamma-aminobutyric acid type A receptors.
Proc Natl Acad Sci USA 1999;96:2456-60.

[8] Cerruti C, Walther DM, Kuhar MJ, Uhl GR. Dopamine transporter
mRNA expression is intense in rat midbrain neurons and modest outside
midbrain. Brain Res Mol Brain Res 1993;18:181-6.

[9] Ciliax BJ, Drash GW, Staley JK, Haber S, Mobley CJ, Miller GW, et al.
Immunocytochemical localization of the dopamine transporter in human
brain. J Comp Neurol 1999;409:38-56.

[10] Ciliax BJ, Heilman C, Demchyshyn LL, Pristupa ZB, Ince E, Hersch
SM, et al. The dopamine transporter: immunochemical characterization
and localization in brain. J Neurosci 1995;15:1714-23.

[11] Doty RL, Bromley SM, Stern MB. Olfactory testing as an aid in the
diagnosis of Parkinson’s disease: development of optimal discrimination
criteria. Neurodegeneration 1995;4:93-7.

[12] Doty RL, Risser JM. Influence of the D-2 dopamine receptor agonist
quinpirole on the odor detection performance of rats before and after
spiperone administration. Psychopharmacology (Berl) 1989;98:310-5.

[13] Duchamp-Viret P, Chaput MA, Duchamp A. Odor response properties
of rat olfactory receptor neurons. Science 1999;284:2171-4.

[14] Enwere E, Shingo T, Gregg C, Fujikawa H, Ohta S, Weiss S. Aging
results in reduced epidermal growth factor receptor signaling, diminished
olfactory neurogenesis, and deficits in fine olfactory discrimination. J
Neurosci 2004;24:8354-65.

[15] Firestein S, Picco C, Menini A. The relation between stimulus and
response in olfactory receptor cells of the tiger salamander. J Physiol
1993;468:1-10.

[16] Gainetdinov RR, Jones SR, Caron MG. Functional hyperdopaminergia in
dopamine transporter knock-out mice. Biol Psychiatry 1999;46:303-11.

[17] Gainetdinov RR, Wetsel WC, Jones SR, Levin ED, Jaber M, Caron MG.
Role of serotonin in the paradoxical calming effect of psychostimulants
on hyperactivity. Science 1999;283:397-401.

[18] Gheusi G, Cremer H, McLean H, Chazal G, Vincent JD, Lledo PM.
Importance of newly generated neurons in the adult olfactory bulb for
odor discrimination. Proc Natl Acad Sci USA 2000;97:1823-8.

[19] Giros B, Jaber M, Jones SR, Wightman RM, Caron MG. Hyperlocomo-
tion and indifference to cocaine and amphetamine in mice lacking the
dopamine transporter. Nature 1996;379:606—12.

[20] Gleeson JG, Lin PT, Flanagan LA, Walsh CA. Doublecortin is a
microtubule-associated protein and is expressed widely by migrating
neurons. Neuron 1999;23:257-71.

[21] Grill HJ, Norgren R. The taste reactivity test. I. Mimetic responses to
gustatory stimuli in neurologically normal rats. Brain Res 1978;143:
263-79.

[22] Halasz N, Ljungdahl A, Hokfelt T. Transmitter histochemistry of the
rat olfactory bulb. II. Fluorescence histochemical, autoradiographic
and electron microscopic localization of monoamines. Brain Res
1978;154:253-71.

[23] Halasz N, Ljungdahl A, Hokfelt T, Johansson O, Goldstein M, Park D, et
al. Transmitter histochemistry of the rat olfactory bulb. I. Immunohisto-
chemical localization of monoamine synthesizing enzymes. Support
for intrabulbar, periglomerular dopamine neurons. Brain Res 1977;126:
455-74.

[24] Hilakivi LA, Ota M, Lister RG. Effects of isolation on brain monoamines
and the behavior of mice in tests of exploration, locomotion, anxiety and
behavioral ‘despair’. Pharmacol Biochem Behav 1989;33:371-4.

[25] Hsia AY, Vincent JD, Lledo PM. Dopamine depresses synaptic inputs
into the olfactory bulb. J Neurophysiol 1999;82:1082-5.

[26] Huisman E, Uylings HBM, Hoogland PV. A 100% increase of dopamin-
ergic cells in the olfactory bulb may explain hyposmia in Parkinson’s
disease. Mov Disord 2004;29:687-92.

[27] Jin BK, Franzen L, Baker H. Regulation of c-Fos mRNA and fos protein
expression in olfactory bulbs from unilaterally odor-deprived adult mice.
Int J Dev Neurosci 1996;14:971-82.

[28] Johnson BA, Woo CC, Ninomiya-Tsuboi K, Leon M. Synaptophysin-like
immunoreactivity in the rat olfactory bulb during postnatal development
and after restricted early olfactory experience. Brain Res Dev Brain Res
1996;92:24-30.

[29] Jones SR, Gainetdinov RR, Hu XT, Cooper DC, Wightman RM, White
FJ, et al. Loss of autoreceptor functions in mice lacking the dopamine
transporter. Nat Neurosci 1999;2:649-55.

[30] Jones SR, Gainetdinov RR, Jaber M, Giros B, Wightman RM, Caron
MG. Profound neuronal plasticity in response to inactivation of the
dopamine transporter. Proc Natl Acad Sci USA 1998;95:4029-34.

[31] Kelly MA, Rubinstein M, Asa SL, Zhang G, Saez C, Bunzow JR, et
al. Pituitary lactotroph hyperplasia and chronic hyperprolactinemia in
dopamine D2 receptor-deficient mice. Neuron 1997;19:103-13.

[32] Koster NL, Norman AB, Richtand NM, Nickell WT, Puche AC, Pixley
SK, et al. Olfactory receptor neurons express D2 dopamine receptors. J
Comp Neurol 1999;411:666-73.

[33] Leonard BE, Tuite M. Anatomical, physiological, and behavioral aspects
of olfactory bulbectomy in the rat. Int Rev Neurobiol 1981;22:251-86.

[34] Miller GW, Staley JK, Heilman CJ, Perez JT, Mash DC, Rye DB, et al.
Immunochemical analysis of dopamine transporter protein in Parkinson’s
disease. Ann Neurol 1997;41:530-9.

[35] Misslin R, Ropartz P, Jung L. Impairment of responses to novelty by
apomorphine and its antagonism by neuroleptics in mice. Psychophar-
macology (Berl) 1984;82:113-7.

[36] Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter RS, Lowen-
stein DH. Dentate granule cell neurogenesis is increased by seizures
and contributes to aberrant network reorganization in the adult rat hip-
pocampus. J Neurosci 1997;17:3727-38.



J.L. Tillerson et al. / Behavioural Brain Research 172 (2006) 97-105 105

[37] Philpot BD, Lim JH, Halpain S, Brunjes PC. Experience-dependent mod-
ifications in MAP2 phosphorylation in rat olfactory bulb. J Neurosci
1997;17:9596-604.

[38] Royet JP, Jourdan F, Ploye H, Souchier C. Morphometric modifications
associated with early sensory experience in the rat olfactory bulb: II.
Stereological study of the population of olfactory glomeruli. J Comp
Neurol 1989;289:594-6009.

[39] Sandyk R. Treatment with AC pulsed electromagnetic fields improves
olfactory function in Parkinson’s disease. Int J Neurosci 1999;97:225-33.

[40] Schallert T, Fleming SM, Leasure JL, Tillerson JL, Bland ST. CNS
plasticity and assessment of forelimb sensorimotor outcome in unilateral
rat models of stroke, cortical ablation, parkinsonism and spinal cord
injury. Neuropharmacology 2000;39:777-87.

[41] Schallert T, Hall S. ‘Disengage’ sensorimotor deficit following appar-
ent recovery from unilateral dopamine depletion. Behav Brain Res
1988;30:15-24.

[42] Schallert T, Petrie BF, Whishaw IQ. Neonatal dopamine depletion:
Spared and unspared sensorimotor and attentional disorders and effects
of further depletion in adulthood. Psychobiology 1989;17:386-96.

[43] Schallert T, Whishaw 1Q. Two types of aphagia and two types of sen-
sorimotor impairment after lateral hypothalamic lesions: observations

in normal weight, dieted, and fattened rats. ] Comp Physiol Psychol
1978;92:720-41.

[44] Spielewoy C, Roubert C, Hamon M, Nosten-Bertrand M, Betancur C,
Giros B. Behavioural disturbances associated with hyperdopaminergia in
dopamine-transporter knockout mice. Behav Pharmacol 2000;11:279-90.

[45] Vargas G, Lucero MT. Dopamine modulates inwardly rectifying
hyperpolarization-activated current (Ih) in cultured rat olfactory receptor
neurons. J Neurophysiol 1999;81:149-58.

[46] Viggiano D, Ruocco LA, Sadile AG. Dopamine phenotype and behaviour
in animal models: in relation to attention deficit hyperactivity disorder.
Neurosci Biobehav Rev 2003;27:623-37.

[47] Vion-Dury J, Cupo A, Jarry J, Gobaille S, Mandel P. A new immuniza-
tion procedure for obtention of anti-leucine-enkephalin antibodies. Part
II. Effects of olfactory bulb removal on pro-enkephalin related peptides
in rat brain. Neuropeptides 1986;8:213-9.

[48] Rodriguiz RM, Chu R, Caron MG, Wetsel WC. Aberrent responses in
social interaction of dopamine transporter knockout mice. Behav Brain
Res 2004;148(1-2):185-98.

[49] Wilson DA, Sullivan RM. The D2 antagonist spiperone mimics the
effects of olfactory deprivation on mitral/tufted cell odor response pat-
terns. J Neurosci 1995;15:5574-81.



	Olfactory discrimination deficits in mice lacking the dopamine transporter or the D2 dopamine receptor
	Introduction
	Methods
	Animals
	Behavioral tests
	Olfactory discrimination
	Experiment 1
	Experiment 2

	Sensitivity
	Long-term habituation or memory for a single odor
	Non-olfactory sensory tests

	BrdU labeling, tissue processing and histochemistry
	Data analysis

	Results
	Behavioral manifestations of olfactory discrimination deficit in DAT and D2-/- mice
	Discrimination experiment 1
	Discrimination experiment 2
	Sensitivity
	Long-term habituation or memory for a single odor
	Non-olfactory sensory performance

	DAT -/- mice do not display altered olfactory bulb architecture, nor neurogenesis
	DAT -/- mice display increased TH concentrations and a down-regulation of D2 receptors in the olfactory bulb

	Discussion
	Acknowledgements
	References


