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Abstract
Olfactory behavioral studies have shown that when modulated through systemic injections, D1 and
D2 receptors have opposing effects on odor discrimination learning. In the present study, cannulated
male Sprague-Dawley rats were used to investigate how modulation of these two types of
dopaminergic receptors though direct infusion of D1/D2 agonists and antagonists into the olfactory
bulb affect olfactory perception. Dopaminergic modulation was locally altered by manipulations of
D1 (agonist SKF 82958, 14.6mM, 43.8mM, 143.6mM; antagonist SCH-23390, 13.4mM, 40.1mM,
60.1mM) and D2 (agonists quinpirole, 78.2mM, 117.3mM, 156.4mM; antagonist sulpiride, 0.3mM,
0.9mM, 2.9mM) receptors during a simultaneous odor discrimination task. We found that modulation
of D2, but not D1 receptors significantly affected rats’ odor discrimination performance. A significant
positive correlation between blockade of D2 receptors and discrimination performance, as well as a
significant negative correlation between D2 receptor activation and discrimination performance was
observed.
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Introduction
The olfactory bulb is innervated by multiple neuromodulatory fibers, notably cholinergic fibers
from the horizontal limb of the diagonal band of Broca (Le Jeune & Jourdan, 1993; Macrides,
Davis, Youngs, Nadi, & Margolis, 1981; Zaborszky, Carlsen, Brashear, & Heimer, 1986;
Zaborszky, Cullinan, & Braun, 1991), noradrenergic fibers from the locus coeruleus (McLean
& Shipley, 1991; Perez, Hernandez, & Almli, 1987; Shipley, Halloran, & de la Torre, 1985),
and serotonergic fibers from the raphe nucleus (Mamounas, Mullen, O'Hearn, & Molliver,
1991; Moore, Halaris, & Jones, 1978). Receptors for these neuromodulators are found on
specific cell types within the olfactory bulb, and experimental manipulation of these
neuromodulatory inputs to the olfactory bulb has been shown to modulate bulbar processing,
underlying phenomena such as odor discrimination (Linster & Cleland, 2002; Linster, Garcia,
Hasselmo, & Baxter, 2001; Mandairon, Ferretti et al., 2006), olfactory associative learning
(Doucette, Milder, & Restrepo, 2007; Mandairon et al., 2008; McLean & Harley, 2004; Yuan,
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Harley, & McLean, 2003), and olfactory short-term memory (Guerin, Peace, Didier, Linster,
& Cleland, 2008; Ravel, Elaagouby, & Gervais, 1994).

In contrast, whereas dopamine is a bulbar neuromodulator, there are no centrifugal
dopaminergic projections into the olfactory bulb (McLean & Shipley, 1988; Shipley & Ennis,
1996). Dopaminergic interactions with olfactory bulb physiology have been demonstrated in
several studies. Unilateral olfactory deprivation greatly reduces the levels of both dopamine
(Brunjes, Smith-Crafts, & McCarty, 1985) and tyrosine hydroxylase in the rat and mouse
olfactory bulbs (Baker, 1990; Baker, Morel, Stone, & Maruniak, 1993; Brunjes et al., 1985;
Cho, Min, Franzen, & Baker, 1996; Stone, Wessel, Joh, & Baker, 1990), and alters mitral/
tufted cell responsiveness to odors (Guthrie, Pullara, Marshall, & Leon, 1991; Guthrie, Wilson,
& Leon, 1990; West & Doty, 1995).

Behaviorally, dopaminergic modulation appears to play a role in altering odor detection
thresholds as well as odor discrimination and learning capabilities. When administered the
dopamine D2 receptor agonist quinpirole, for example, rat odor detection performance
decreased; this effect was eliminated when pre- or posttreated with the D2 antagonist spiperone,
further illustrating the specificity of the effect (Doty & Risser, 1989). In contrast, the
administration of the D1-selective agonist SKF 38393 enhanced odor detection performance,
whereas the D1 receptor antagonist SCH 23390 eliminated this effect (Doty et al., 1998).
Similarly, activation of D1 receptors or blockade of D2 receptors each have been shown to
improve the ability of adult rats to discriminate structurally and perceptually similar odorant
pairs, whereas D1 blockade or D2 activation impaired odor discrimination (Yue, Cleland,
Pavlis, & Linster, 2004). Modulation of D2 receptor activation specifically has been show to
affect odor discrimination performance in a manner comparable to changes in odor
concentration (Wei, Linster, & Cleland, 2006).

Although these experiments provide abundant evidence of dopaminergic effects on olfactory
processing. Here, we investigate the specific role of bulbar dopaminergic receptors in olfactory
discrimination learning through the use of intracranial cannulations. We find a dose-dependent
modulation of olfactory discrimination capabilities when D2, but not D1, receptors are
modulated via direct administration of specific agonists and antagonists directly into the
olfactory bulb during performance of the behavioral task. In agreement with previous
experiments using global injections, we show that blockade of D2 receptors in the OB via the
specific antagonist sulpiride improves rats’ discrimination performance whereas activation of
bulbar D2 receptors via the specific agonist quinpirole reduces discrimination performance. In
contrast, we do not show an effect of D1 receptor modulation in the OB on discrimination
performance, suggesting that previous results were due to modulation of D1 receptors
elsewhere in the rats’ brain.

Methods
Subjects

Seven male Sprague-Dawley rats (250-300 g; Charles River Laboratories, Wilmington, MA)
were housed individually in standard laboratory cages on a 12 hr light/dark cycle at a constant
temperature. During the testing of spontaneous discriminations (cross-habituation task), rats
were allowed access to food and water ad libitum. During the reinforced olfactory
discrimination task, rats were maintained in a food-deprivation schedule designed to keep them
between 85 and 95% of their body weight over the behavioral testing period. Behavioral
experiments were conducted in the afternoon (1400-1800) towards the end of the light cycle.
All procedures were performed under the auspices of a protocol approved by the Cornell
University Institutional Animal Care and Use Committee.
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Cannulation
Rats were anesthetized with an intramuscular cocktail injection of 80 mg/kg ketamine and 12
mg/kg Xylazine (in a volume of 1 ml/kg) and secured in a stereotaxic instrument (David Kopf
Instruments, Tujunga, CA, USA). Cannulae (22-gauge; Plastics One, Roanoke, VA) were
inserted bilaterally for infusions into both OBs at the following coordinates with respect to
bregma: AP +8.0 mm, ML ±1.5 mm, DV –4.5 mm. The tips of the guide cannulae were
positioned 1 mm dorsal to the target infusion site; consequently, infusion cannulae extended
1 mm from the end of the guide cannulae which were then positioned to be in the middle of
the olfactory bulb (Figure 1A). Five screws were drilled into the skull, and dental cement was
used to secure the guide cannulae and cover the incision area. Dummy infusion cannulae were
then placed into the guide cannulae to prevent blockage or infection. Following surgery, rats
were allowed to recover for 10 days.

Drug administration
Four dopaminergic drugs, at three concentrations each, were used in this study: the D1 receptor
agonist SKF82958 (14.6mM, 43.8mM, 143.6mM), the D1 receptor antagonist SCH2339
(13.4mM, 40.1mM, 60.1mM), the D2 receptor agonist quinpirole (78.2mM, 117.3mM,
156.4mM) and the D2 antagonist sulpiride (0.3mM, 0.9mM, 2.9mM). Drugs, obtained from
Sigma-Aldrich (Natick, MA) were dissolved in 0.9% saline and prepared freshly every day;
saline infusions served as a control. The infusion volume, 6 μl per OB, was determined in a
previous study. Infusion of 6 μl methylene blue into the OB showed that the infusion volume
was enough to cover the whole OB and accessory OB without spill over to neighboring brain
areas (Mandairon, Ferretti et al., 2006; Mandairon et al., 2008; Mandairon, Stack et al.,
2006). For drug administration, two infusion cannulae were fitted into the guide cannulae so
that their tips protruded 1.0 mm beyond the ends of the guide cannulae into the center of each
OB (Figure 1A). Two 10 μl Hamilton syringes containing either drug solutions or vehicle (plain
saline) were attached to the cannulae with a polyethylene tube and driven with paired infusion
pumps (YA-12 Genie pumps, Kent Scientific, Torrington, CT ). Drugs were delivered
bilaterally into awake rats at a rate of 2 μl/min for 3 min (6 μl total volume delivered per side).
The infusion cannulae remained in place for 1 additional min after the infusion ended in order
to minimize backflow. Behavioral testing was initiated 20 min after drug administration was
completed.

Odor sets
Ten pairs of odorants were used for the forced choice discrimination testing, each pair
comprised of chemically and perceptually similar odorants (Cleland et al., 2002; see Table 1
for odors and dilutions). Drugs and odors were counterbalanced and randomized among rats.
Each rat was run at least once under each drug condition and care was taken that a given rat
was not tested on any given odor/drug combination more than once. To control for non-specific
effects of accumulated training, saline control conditions were run at the beginning and at the
end of the experiment; the first set of saline data was included in the analysis. Rats’ ability to
smell the odorants was tested in a separate experiment not involving food reward training using
a subset of the odorants at the same dilutions.

Rats were shaped to perform a digging task used in the forced-choice discrimination test prior
to cannulation as previously described (Cleland, Morse, Yue, & Linster, 2002). Each rat was
tested under each drug condition with a different pair of odorants; consequently. Training took
place in a custom testing chamber (Figure 1B). Rats were trained to discriminate between two
dishes (ceramic pots, 9 cm in diameter, 4.5 cm in height) of bedding (Bed-O-Cobs, The
Andersons, Maumee, OH), each scented with one of odorants A and B in an odor pair. The
dishes were evenly filled with 50 cm3 of bedding, after which 50 μl of diluted odorant was
applied to the top of the bedding in the center of the dish. Another 50 cm3 of bedding was then
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added to bury the odorant within the bedding. Each training session comprised twenty
immediately-consecutive discrimination trials using the same pair of odorants; for a given rat,
one odor was repeatedly rewarded while the other was unrewarded. During each trial, the pot
in which the rat dug first was recorded. Rats were allowed to self-correct after digging in the
unrewarded odor. Trials were terminated after one minute if the rat failed to dig. To control
for the possibility that rats might locate the sugar pellet (TestDiet® Richmond, IN) reward via
its own odor rather than by learning the association with a training odorant, every fifth trial
was performed without any reward present; once the rat registered a preference by digging in
the pot scented with the reward-associated odorant, the reward was dropped onto the scented
bedding to maintain the association of the odorant with the reward.

To test if drug injections interfered with odor detection per se, rats were tested in a habituation/
discrimination paradigm under the highest dosage of each drug. Briefly, rats were habituated
to one the carrier, mineral oil, during four sequential 50 second presentations separated by five
minute intertrial intervals, followed by a single presentation of one of the test odorants (Figure
1C). The magnitude of their novelty response to the test odor was indicative of the rats’ ability
to detect the odorant and discriminate it from the carrier. Mineral oil and test odors were
presented by placing 60 μl of the mixture onto a filter paper disc (Whatman #1) contained
within a weighing dish that was placed on top of the wire cage lid. The amount of time that the
rat spent actively investigating each presented odorant was measured using a stopwatch. Active
investigation was defined as directed sniffing within 1 cm of the odor source.

Data analysis
Data analyses were performed using SPSS statistical software (SPSS, Chicago, IL) with the
number of correct choices made as the dependent variable. Analysis of variance with
experimental group as main effect was performed on the number of correct trials per session.
Rats that dug for fewer than 15 out of 20 trials were eliminated from the analysis; actual
numbers of rats used in each group are indicated in the result figure.

Histological verification
At the end of the experiments, 6 uL of methylene blue was infused bilaterally into the cannulaes
and rats were perfused for subsequent histological verifications of the local infusion sites. Only
rats for which cannulae were placed correctly and methylene blue spread indicated that these
were not blocked were included into subsequent analysis.

Results
Analysis of variance with treatment (drug type and dosage) as main effect and number of correct
choices as dependent variable showed a significant effect of drug treatment (F(12, 85) = 3.314,
p < 0.01) indicating that rats’ performance in the two-choice discrimination task was
significantly affected by the drug treatment. Posthoc analysis using Fisher's LSD test showed
that rats injected with the higher dosage of the D2 agonist quinpirole as well as rats injected
with the medium and high dosages of the D2 antagonist sulpiride performed significantly
different from saline control rats (p < 0.05). Figure 2A shows the average number of correct
choices for each drug group. These results indicate a role for D2, but not D1 receptor activation
in the two-choice discrimination task performed here.

Further analysis on the D2 agonists and antagonists treatments yielded a significant positive
correlation between dosage and the number of correct choices for rats treated with the D2
antagonist sulpiride (Pearson's R = −0.348, p < 0.05, Figure 2Bi) as well as a significant
negative correlation between drug dosage and the number of correct choices for rats treated
with the D2 agonist quinpirole (Pearson's R = 0.369, p < 0.02, Figure 2Bii).
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In summary, rats’ performance on a two choice discrimination task is significantly affected by
modulation of the D2 receptors in the OB in a dose-dependent manner.

To ensure that odor detection per se was not affected by the drug treatments at the odor
concentrations used here, we subsequently tested the rats in an odor detection task under the
influence of the highest drug dosages used in this experiment. ANOVA with drug and trial as
main effects showed a significant effect of drug (F(4, 125) = 20.252; p < 0.001) and trial (F(4,
125) = 30.881; p < 0.001) as well as a significant interaction (F(4, 125) = 2.477; p < 0.001).
All drug groups investigated the odors significantly less than the saline control group (p < 0.005
in all pairwise comparisons). Figure 2C shows that all drug treatment groups habituated to the
mineral oil (as shown by the significant decrease in investigation time during the last compared
to the first habituation trial, p < 0.05 in all cases using Fisher LSD) and detected the novel test
odorants (as shown by the significant increase in investigation time between the last habituation
trial and the test trial, p < 0.05 in all cases using Fisher LSD).

Discussion
The results presented here show that the modulation of olfactory function reported in previous
experiments using global injections of dopaminergic agents can at least partially be ascribed
to modulation of olfactory bulb dopaminergic function. More specifically, local injections of
D2 dopaminergic receptor agonist and antagonists resulted in behavioral performance changes
similar to those obtained in experiments using global injections of these agents (Pavlis, Feretti,
Levy, Gupta, & Linster, 2006; Wei et al., 2006; Yue et al., 2004). However, at the dosages
used here, local manipulations of D1 dopaminergic receptor function in the olfactory bulb did
not result in significant changes in olfactory discrimination performance. This may suggest
that modulation of olfactory discrimination performance observed in previous experiments
using global injections of D1 receptor agents (Wei et al., 2006; Yue et al., 2004) may have
been due to the role of the dopaminergic system in mediating reward-guided behaviors
(Berridge & Robinson, 1998; Dayan & Balleine, 2002; Robbins & Everitt, 1996; Schultz,
2002).

Multiple studies have reported that D2 receptor activation presynaptically inhibits olfactory
nerve terminals (Berkowicz & Trombley, 2000; Davila, Blakemore, & Trombley, 2003; Ennis
et al., 2001; Hsia, Vincent, & Lledo, 1999), thus depressing or even blocking synaptic
transmission between olfactory receptor neurons and their synaptic targets, including mitral
cells and some subclasses of tufted and periglomerular cells (Berkowicz & Trombley, 2000;
Davila et al., 2003; Ennis et al., 2001; Hsia et al., 1999; Sallaz & Jourdan, 1992). This weakened
synaptic transmission, mimicking the response to lower-concentration stimuli, might account
for the reduced olfactory discrimination performance observed upon injection of the D2 agonist
quinpirole. In agreement with this idea, previous experiments have demonstrated that odor
discrimination performance in rats was modulated by activation of D2 receptors in a manner
similar to the modulation obtained by decreasing odor concentration (Wei et al., 2006)
Likewise, enhanced transmission at OSN output synapses via blockade of baseline D2 receptor
activation by spontaneous dopaminergic PG cell activity (Puopolo, Bean, & Raviola, 2005)
may yield synaptic input to mitral cells resembling that generated by higher stimulus
concentrations, which would explain the heightened discrimination capabilities observed in
rats injected with the dopamine D2 receptor antagonist spiperone. Indeed, in vivo
administration of the D2 antagonist spiperone increased the responsiveness of rat olfactory
bulb mitral cells to odors (Wilson & Sullivan, 1995), and modulated odor discrimination
performance in a manner similar to that obtained with higher odor concentrations (Wei et al.,
2006). Improved discrimination performance may be a simple consequence of higher intensity
OSN output to mitral cells, whether resulting from increased odor stimulus concentrations or
from reduced D2 inhibition of this OSN output. Specifically, the direct innervation of

Escanilla et al. Page 5

Behav Neurosci. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dopaminergic PG cells by OSNs and the inhibition of OSN terminals by PG cells form a
negative feedback loop that can normalize the degree of excitation provided to mitral/tufted
cells (Ennis et al., 2001; McGann et al., 2005; Wachowiak & Cohen, 1999). Dopaminergic
inhibition of OSN output within a given glomerulus will depend on the activation level of that
convergent OSN population, such that increased OSN activity presynaptically inhibits its own
output. In the present experiments, this presynaptic inhibition was enhanced with a D2 agonist,
hence reducing the odor intensity perceived by the rats and their discrimination performance.
Blockade of D2 receptors on the other hand would decrease presynaptic inhibition, increasing
the perceived stimulus intensity and accompanying discrimination performance.

In summary, bulbar D2-type dopamine receptors see to be important regulators of olfactory
processing and perception. Modulation of D2 receptor activation can enhance or impair the
discrimination of odors, presumably by altering the perceived intensity of a given odorant
through changes in the effective sensitivity of bulbar neurons to OSN activity. Perceptually,
D2 receptor-mediated changes in gain would be similar to genuine changes in odor
concentration, with corresponding effects on detection thresholds, discrimination performance,
and olfactory associative learning.
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Figure1.
Experimental setup. A. Cannulae placement. Cannulae were aimed at the middle of the
olfactory bulb in such a manner that drug infusions cover a maximal bulbar area. B. Behavioral
setup for discrimination experiments. Rats were trained in a modified rat cage separated into
two chambers by an opaque sliding door. C. Behavioral paradigm for odor detection testing.
Rats were presented with the carrier, mineral oil, during four trials separated by five minute
intertrial intervals, followed by a single presentation of a test odor.
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Figure 2.
Experimental results. A. Average discrimination performance of rats under each drug. The
graph shows the average number of correct choices made during sessions of 20 trials for each
of the treatments. *indicate a significant difference from the saline injected control group (p <
0.05 with Fisher LSD). B. Dose-response curves of discrimination perforance as a function of
drug dosage. The graphs show that average numbers of correct trials for each treatment plotted
as a function of the dosage of the D2 antagonist sulpiride (Bi) and the D2 agonist quinpirole
(Bii). C. Odor detection tests. The graph shows the average investigation times of rats treated
with the highest dosage of each drug during four habituation trials (MO) and one test trial
(Test). * indicate a significant decrease in investigation time between the first and last
presentation of MO (p < 0.05 with Fisher LSD) and $ indicates a significant increase in
investigation time between the last presentation of MO and the test odor presentation (p < 0.05
using Fisher LSD).
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Table 1

Odorsets and dilutions to achieve an approximate partial vapor pressure of 10 Pa.

Odor Set
Odorant (% vol/vol dilution)

Odor A Odor B

1 butyl butyrate (0.039) methyl butyrate (0.002)

2 methyl valerate (0.006) ethyl valerate (0.015)

3 octanone (0.043) heptanone (0.016)

4 butyl acetate (0.006) propyl acetate (0.002)

5 amylamine (0.002) benzylamine (0.105)

6 heptanol (0.230) hexanol (0.079)

7 heptanal (0.019) hexanal (0.007)

8 butanoic acid (0.055) pentanoic acid (0.165)

9 octanol (0.658) nonanol (1.851)

10 hexanoic acid (0.473) heptanoic acid (1.298)

Behav Neurosci. Author manuscript; available in PMC 2010 August 1.


