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Dopamine Inhibits Mitral/Tufted3Granule Cell Synapses in
the Frog Olfactory Bulb

Ian G. Davison, Jamie D. Boyd, and Kerry R. Delaney
Department of Biological Sciences, Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6

Synaptic interactions between the dendrites of mitral/tufted (MT) and granule cells (GCs) in the olfactory bulb are important for the
determination of spatiotemporal firing patterns of MTs, which form an odor representation passed to higher brain centers. These
synapses are subject to modulation from several sources originating both within and outside the bulb. We show that dopamine, presum-
ably released by TH-positive local interneurons, reduces synaptic transmission from MTs to GCs. MT neurons express D2-like receptors
(D2Rs), and both dopamine and the D2 agonist quinpirole decrease EPSC amplitude at the MT3GC synapse. D2R activation also
increases paired pulse facilitation and decreases the frequency of action potential-independent spontaneous miniature EPSCs in GCs,
consistent with an effect on MT glutamate release downstream from Ca 2� influx. Analysis of spike-evoked Ca 2� transients in MT lateral
dendrites additionally shows that quinpirole reduces Ca 2� influx preferentially at distal locations, possibly by reducing dendritic excit-
ability via increased transient K � channel availability. When the OB is activated physiologically by using odor stimuli, blocking D2Rs
increases the power of GABAA-dependent oscillations in the local field potential. This demonstrates a functional role for the dopaminer-
gic circuit during normal odor-evoked responses and for the modulation of dendritic release and excitability in neuronal circuit function.
Regulation of spike invasion of lateral dendrites by transient K� currents also may provide a mechanism for local outputs of MTs to be
controlled dynamically via other neuromodulators or by postsynaptic potentials.
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Introduction
The olfactory bulb (OB) is responsible for the initial representa-
tion of odor information in the CNS. It receives inputs from
populations of olfactory receptor neurons (ORNs), which are
translated into distributed output patterns encoded in the firing
of mitral/tufted cells (MTs). Although MT sensory inputs ini-
tially are determined by the topography of axonal projections of
different receptor subtypes onto the glomerular layer (Buck,
2000), olfactory processing also relies on local inhibitory circuits.
Mammalian periglomerular neurons, which release GABA and
dopamine, attenuate inputs from ORN terminals (Wachowiak
and Cohen, 1999; Aroniadou-Anderjaska et al., 2000; Palouzier-
Paulignan et al., 2002). GABAA-dependent inhibition from gran-
ule cells (GCs) onto MTs also may play an important role in
determining MT outputs. IPSPs and suppression of spiking are
prominent features of MT responses to electrical and odor stim-
ulation (Nowycky et al., 1981; Hamilton and Kauer, 1989), and
localized GABAA blockade decreases MT tuning specificity
(Yokoi et al., 1995). Lateral inhibition is proposed to enhance

contrast within odor-evoked global activity patterns (Sachse and
Galizia, 2002), and electrophysiology and imaging studies suggest
that activated glomeruli produce an inhibitory surround (Luo
and Katz, 2001; Aungst et al., 2003). Behaviorally, blocking
GABAA-dependent feedback in the honeybee antennal lobe pro-
duces deficits in odor discrimination (Stopfer et al., 1997).
Changes in GC feedback also are linked to plasticity and learning.
Noradrenaline released from locus coeruleus projections de-
creases feedback inhibition onto MTs (Jahr and Nicoll, 1982;
Trombley, 1992; Czesnik et al., 2003), an effect believed to be
important for long-term changes in both the main and accessory
OB (Wilson and Sullivan, 1991; Kaba et al., 1994; Sullivan et al.,
2000; Rumsey et al., 2001).

Determining how GC feedback inhibition affects the flow of
information through the OB is important for understanding ol-
factory processing. An unusual feature of GCs is that they receive
the majority of their synaptic input from dendritic rather than
axonal release sites. Although dendritic glutamate release from
MTs normally is supported by robust action potential invasion of
their lateral dendrites, backpropagation can be modulated or
eliminated by factors such as local inhibition (Lowe, 2002; Xiong
and Chen, 2002). Christie and Westbrook (2003) found that
A-type K� channels attenuate action potential amplitude in MT
lateral dendrites as in other neuronal types (Hoffman et al.,
1997). This may allow spike amplitude to be regulated dynami-
cally by changes in membrane potential (Migliore et al., 1999;
Watanabe et al., 2002) or by neuromodulators (Tsubokawa and
Ross, 1997; Hoffman and Johnston, 1999). Here we find that
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dopamine (DA), presumably released by tyrosine hydroxylase-
positive local interneurons that project within the mitral and
plexiform layers in the frog (Boyd and Delaney, 2002), reduces
GABAA-dependent inhibition in the OB. DA decreases excitation
of GCs via presynaptic effects on MTs, including direct inhibition
of the release apparatus and reduced Ca 2� influx at distal sites on
lateral dendrites that may result from decreased spike backpropa-
gation. Pharmacological manipulation of dopamine D2 receptor
activity also alters odor-evoked population responses, suggesting
that local dopaminergic modulation normally contributes to on-
going odor processing.

Materials and Methods
Animals. Experiments were performed on olfactory bulbs from adult
male Rana pipiens between 2 and 3.5 inches in length, obtained from
Charles D. Sullivan (Nashville, TN). Frogs were maintained in a cooled
environment on a 12 hr light/dark cycle and fed with flies or crickets.
Frogs were kept at room temperature for 1 week before experiments.
Animals were maintained and killed in accordance with standards set by
the Canadian Council on Animal Care and the Simon Fraser University
Animal Care Committee.

Histology and immunohistochemistry. Frogs were anesthetized by im-
mersion in 0.2% MS222 and perfused with saline, followed by 4% para-
formaldehyde in PBS. Brains were immersion-fixed in the same fixative
overnight; then they were embedded in 10% agarose and sectioned hor-
izontally at 100 �m with a vibrating microtome. Sections were incubated
for �48 hr in primary antibody solution containing 100 mM PBS, 1% w/v
Triton X-100, 1% normal goat serum (Vector Laboratories, Burlingame,
CA), and rabbit anti-�-D2 receptor primary antibody (Ab; Chemicon,
Temecula, CA) at dilutions of 1:250, 1:500, or 1:1000 at 4°C. Sections
then were rinsed three times in PBS and incubated for 2 hr in biotinylated
goat anti-rabbit Ab (1:200; room temperature). Slices again were rinsed
three times in PBS, incubated overnight in standard ABC solution (Vec-
tor Laboratories), rinsed three times in TBS, and developed by using a
standard DAB reaction procedure (reaction solution, 17 ml of TBS, 0.91
ml of 1 M imidazole, 5 mg of diaminobenzidine, 0.18 gm of nickel am-
monium sulfate, and 70 �l of 0.1% H2O2) (Tago et al., 1986).

For some slices, a double-labeling procedure was used in which MT
axons were backfilled with biocytin through localized injections to the
lateral olfactory tract. These cells were developed with standard ABC
methods as above, resulting in a brown reaction product. In these exper-
iments, gold-conjugated 2° antibodies (1:200; Jackson ImmunoRe-
search, West Grove, PA) were used in place of a biotinylated label for
separation of the receptor and backlabeling signals. The gold-conjugated
Abs were developed by using a silver intensification procedure (IntenSe
LE; Amersham Biosciences, Piscataway, NJ). Bright-field images of im-
munostained sections were taken on a Nikon Optiphot microscope with
a Nikon Coolpix 995 digital camera or on an Olympus BX40 microscope
with a Roper Scientific, Photometrics CoolSnap digital camera (Tucson,
AZ). To measure optical density, we compared raw images with no sat-
urated pixels with images of a series of neutral density filters of known
transmittance captured with the same camera settings. A custom proce-
dure in IgorPro (WaveMetrics; Lake Oswego, OR) was used to calculate
average optical density in regions of interest drawn around the cell bodies
of every backfilled cell (306 in total) in images collected at 40�
magnification.

Electrophysiological recording. Local field potential and whole-cell
patch recordings were made from a frog OB preparation (Delaney and
Hall, 1996). Frogs were cryoanesthetized to full torpor by slow cooling to
ice-bath temperature and were decapitated. The nose, olfactory epithe-
lium, and OBs were dissected away, attached by the olfactory nerves. The
two OB hemispheres were separated longitudinally with a razor blade,
giving more ready access of patch pipettes to neuronal somata. Tissue was
maintained at 19 –22°C by perfusion with ACSF containing (in mM) 72
NaCl, 2 KCl, 26 NaHCO3, 1.6 NaH2PO4, 1.5 MgSO4, 2 CaCl2, and 10
glucose, continuously bubbled with 95% O2/5% CO2. For experiments
with odor stimulation, the nose was maintained in a separate, dry cham-
ber, isolated from the OB by a layer of petroleum jelly around the olfac-

tory nerves. For other experiments, the olfactory nerves were cut at their
point of entry through the cribriform plate.

Odor-evoked responses were elicited by injection of a small puff of
saturated vapor from one of three different odorants (n-butanol, li-
monene, or methyl salicylate; Sigma, St. Louis, MO) into a steady stream
of filtered, moisturized air directed onto the olfactory epithelium
through the internal nares. Final dilutions at the sensory epithelium were
brief pulses (30 –150 msec) estimated to be 0.5–3% of saturated vapor,
adjusted so that sensory-evoked responses were 25– 40% of maximal size.
Electrical stimulation was accomplished by using a twisted pair of 0.125
�m enamel-coated silver wires placed on the olfactory nerve and lateral
olfactory tract. Local field potentials were recorded by using low-
resistance (2– 4 M�) glass micropipettes containing artificial CSF
(ACSF) solution inserted to a depth of 250 –500 �m into the OB and
bandpass-filtered between 0.3 Hz and 1 kHz. Because the frog OB is not
highly laminated, the local field potential (LFP) is relatively stereotyped
over this depth. Odor-evoked LFP oscillations used to calculate power
spectra additionally were filtered digitally between 1 and 40 Hz. Whole-
cell recordings were made with either an Axopatch 200B (Axon Instru-
ments, Union City, CA) or a PC-505 amplifier (Warner Instruments,
Hamden, CT), using pipettes with resistances of 4 –12 M�. Internal so-
lutions for current clamp contained (in mM) 85 K-gluconate, 4 KCl, 4
NaCl, 5 D-glucose, 5 HEPES, 2 MgCl2, 0.5 glutathione, 1 Na-ATP, 0.3
Na-GTP, and 1 EGTA. Voltage-clamp solutions contained (in mM) 78
CsMeSO4, 2.5 QX-314, 7 TEA, 5 D-glucose, 5 HEPES, 2 MgCl2, 2 Na-ATP, 1
EGTA, 0.5 glutathione, and 0.3 Na-GTP. Most internal solutions contained
0.2% biocytin for cell identification after recording. Voltage-clamp data were
low-pass-filtered at 5 or 2 kHz, and traces were digitized at 10 or 3.3 kHz
on a PC, using pClamp 7.0 (Axon Instruments), or on a Macintosh, using
Superscope II software (GW Instruments, Somerville, MA).

Imaging. For recording dendritic Ca 2� transients, we recorded MT
cells in current-clamp mode, filled with 250 �M fluo-4 included in the
patch pipette. Action potentials were evoked by short current injections
(8 –30 msec, 0.4 –3.0 nA), and transients were measured in lateral den-
drites at different distances from the soma via line scans. Two-photon
scanning was performed by using a modified confocal scan head
equipped with a non-descanned detector (Bio-Rad MRC600, Coherent
Verdi 5W Ar pump laser, and Mira 900 Ti-Sapphire pulsed laser) and a
custom-built system (Coherent Verdi 10 W and Mira 900, IGOR-based
drivers and acquisition, and Cambridge Technologies galvanometers).
Four to eight scans were averaged for each distance and drug treatment
for comparison. Cellular morphology was reconstructed from a z-series
of images obtained after completion of electrophysiological recordings to
determine the distance of the optical recording site from the soma.

To test for D2-mediated effects on olfactory nerve inputs, we labeled
receptor terminals via the olfactory nerve, using suction electrodes filled
with either calcium green-1 dextran (3000 MW) or fluo-4 dextran
(10,000 MW) at 5–10% w/v in a 0.1% Triton X-100 solution in dH2O. Ca2�

transients evoked by nerve stimulation were recorded with a photomulti-
plier tube (PMT; H5873, Hamamatsu, Bridgewater, NJ) attached to a
custom-built wide-field epifluorescence microscope, with the excitation
illumination aperture limited to illuminate �5–20 filled glomeruli.

Results
MT neurons express D2-like receptors
Autoradiography has shown that D2-like receptors (D2Rs) in
frog are localized mainly in the MT layer and, unlike in mammals,
generally are absent from the glomerular layer (Duchamp-Viret
et al., 1997). We found that a polyclonal antibody against D2Rs
labeled many neurons in the frog OB, with staining concentrated
in the MT layer (Fig. 1A, low-power view of a horizontal OB
section). Figure 1B shows a higher-magnification view confirm-
ing that labeled cells possess an MT-like morphology, with ar-
rows indicating cells with clearly stained dendrites as well as so-
mata within the plane of section. None of the stained processes
was seen to possess spines, arguing that D2Rs are not expressed in
the processes of granule cells. To confirm that the labeled neu-
rons were in fact MTs, we made biocytin injections into the lateral
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olfactory tract, resulting in the backfilling of a large number of
these cells. In regions of the bulb in which MT labeling was most
complete, all D2-positive cells were backfilled, confirming that
the cells that express D2 receptors are MTs (Fig. 1C). Only ap-
proximately two-thirds of the backfilled cells were D2-positive,
however, suggesting heterogeneity in D2R expression (Fig. 1D,

arrows and arrowheads indicate D2-positive and D2-negative
cells, respectively). No obvious pattern was apparent with regard
to the location of D2-positive or D2-negative MTs; the two
classes of cells intermingled both tangentially and radially. Al-
though D2-positive and D2-negative cells easily could be distin-
guished visually, densitometric analysis of backfilled MTs in the
double-labeled tissue was used to look for subclasses of MTs with
different levels of D2 staining. A histogram of optical density (Fig.
1E) was well fit by a sum of two Gaussians, consistent with the
presence of only two classes of MTs, D2-negative and D2-
positive. Integration of the area under each of the two Gaussians
contributing to the curve gave a proportion of 1:1.9 D2-negative
to D2-positive MTs, in agreement with the value obtained by
visual inspection.

Dopamine and quinpirole inhibit lateral olfactory
tract-evoked GC field EPSCs
The presence of D2Rs on frog MTs indicates that DA release is
likely to have effects on the membrane properties or synaptic
output of these cells. To explore this possibility, we used stimu-
lation of the lateral olfactory tract (LOT) to activate the MT3GC
synapse monosynaptically, and we used LFPs measured from the
plexiform/GC layers of the OB to monitor GC population activ-
ity. Action potentials in MTs, stimulated antidromically, produce
glutamate release onto GCs and subsequent GABAA feedback
onto MTs (Nowycky et al., 1981). This was reflected in field po-
tential recordings from the OB, which exhibit an initial short-
latency positive phase (P1) corresponding to antidromic spike
generation in MTs (Fig. 2A), blocked by TTX, but not by iono-
tropic glutamate and GABA receptor antagonists. This is fol-
lowed by a negative phase (N1) corresponding to the GC EPSC
(blocked by a combination of DNQX, APV, and 7-Cl-
kynurenate). The third, positive, component (P2) reflects
GABAA feedback onto MTs and is sensitive to bicuculline. Phar-
macological evaluation of the LFP components also was con-
firmed by cell-attached and whole-cell recordings from MTs and
GCs, which showed the correspondence between spikes in each
cell type with the evoked LFP components (data not shown).

Bath application of DA to the OB caused a dose-dependent
reduction in the amplitude of the LOT-evoked GC EPSC, with an
EC50 value of 10 �M (Fig. 2B–E). Results from several prepara-
tions were equivalent whether measurements of EPSC peak am-
plitude or slope were used. Extracellular perfusion with 50 �M

DA resulted in a decrease in the GC (N1) component to 62 �
20% of control ( p � 0.02; n � 5) that was reversible on washout
or with additional application of the D2-like antagonist sulpiride
(10 �M) (Fig. 2E). The D1-like agonist SKF38393 had no effect at
concentrations up to 50 �M (Fig. 2B) ( p � 0.2; n � 6). The
D2-like agonist quinpirole mimicked the effect of DA on the GC
EPSC, with an EC50 value of 0.3 �M (Fig. 2B–D) and at a concen-
tration of 5 �M decreased the GC component to 59 � 8% of
control (Fig. 2E) ( p � 0.001; n � 6), similar to the reduction seen
with DA. This effect again was antagonized by sulpiride. Thus
activation of D2Rs on MTs appears to have a strong effect on the
strength of the MT3GC synapse.

Quinpirole reduces whole-cell EPSCs in GCs
Whole-cell recordings were made from GCs to confirm this idea
and test it in more detail. A combination of electrophysiological
and anatomical criteria was used to distinguish between MT and
GCs in blind recordings (Hall and Delaney, 2002). Initial elec-
trode placement was guided by visualization of the laminar struc-
ture of the OB. Electrical stimulation of the LOT evoked distinct

Figure 1. D2Rs are expressed on frog mitral neurons. A, Low-power view of a horizontal
olfactory bulb section stained with an anti-D2R antibody and visualized with a nickel-enhanced
peroxidase reaction. Labeled cells are visible primarily in the mitral cell layer, the borders of
which are indicated by dashed lines. B, Higher-power view of mitral cell layer showing labeled
cells and processes. Arrows mark cells showing well labeled dendrites in the plane of section. C,
Double-labeling experiment. Backfilling of the lateral olfactory tract with biocytin resulted in
labeling of the majority of MTs, which were visualized with immunoperoxidase, resulting in a
brown reaction product. D2R immunoreactivity was visualized with a gold-conjugated second-
ary antibody and a silver intensification procedure, producing black staining. Although not all
backfilled cells stained for D2R (arrowheads), all D2R-positive cells were backfilled (arrows). The
granule cell layer contains mitral cell dendrites stained by D2R immunostaining and/or backfill-
ing, but no D2R-positive cell bodies. D, High-power view of backfilled mitral cells that are either
D2R-positive (arrow) or D2R-negative (arrowheads). The black silver precipitate of D2R staining
is very dense in the soma of D2R-positive cells, masking the brown immunoperoxidase reaction
product of backfilled biocytin, but is less dense in the dendrites, allowing the brown reaction
product to show and identify these cells as double-labeled. E, Histogram of calibrated optical
density measurements from the somata of backlabeled cells, with two peaks corresponding to
D2R-negative (left) and D2R-positive (right) neurons. Approximately 65% of neurons are D2R-
positive, calculated by integration of the area under Gaussian fits to each distribution (red; blue
line shows the sum of the two fits). A, Anterior; L, lateral; GL, glomerular layer; MCL, mitral cell
layer; GCL, granule cell layer; V, ventricle. Scale bars: A, 100 �m; B, 25 �m; C, 50 �m; D (for D,
E), 10 �m.
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synaptic responses in both cell types. GC EPSCs reversed at �0
mV and were blocked by a combination of 10 �M DNQX and 100
�M APV/10 �M 7-Cl-kynurenate. MTs responded to LOT stim-
ulation with a barrage of inhibitory postsynaptic currents that
were bicuculline-sensitive, reversed at approximately –50 mV
(predicted Cl	 reversal, – 47 mV), and lasted for several hundred
milliseconds. IPSCs sometimes were preceded by short-latency
(�5–10 msec) antidromic spike currents. In current-clamp
mode the GCs responded to prolonged current injection with
accommodating spike trains, with membrane voltage eventually
reaching a stable plateau, whereas MTs fired a continuous train of
action potentials (APs), as previously described (Hall and
Delaney, 2001). Cells were filled frequently with biocytin and
processed for visualization to confirm previous electrophysiolog-
ical identification. In Ca 2� imaging experiments the recordings
were made under visual control, and morphology could be seen
with fluorescence; thus cell type could be confirmed directly.

Voltage-clamp recordings from individual GCs confirmed
that the decrease in GC field EPSC after quinpirole application is
attributable to reduced synaptic excitation. Consistent with LFP
measurements, the application of 5 �M quinpirole caused a sig-

nificant reduction in the amplitude of evoked synaptic currents
in GCs (to 65 � 14% of control; n � 6; p � 0.01), which was
antagonized by 10 �M sulpiride (Fig. 3A). The intracellularly re-
corded GC EPSC, like the field EPSC, was unaffected by the D1
agonist SKF38393 (data not shown).

Changes in paired pulse facilitation suggest that decreased
EPSCs result from changes in MT glutamate release rather than
decreased sensitivity of GCs. LOT shocks delivered at intervals of
125–200 msec, approximating the �8 –12 Hz odor-evoked oscil-
lation frequency in the frog OB, typically produced a slight de-
crease in the size of the second response. As well as reducing the
amplitude of the first response, quinpirole increased the paired
pulse ratio (EPSC2/EPSC1) from 0.79 � 15 to 1.27 � 0.27% ( p �
0.05; n � 5) (Fig. 3B), consistent with decreased initial transmit-
ter release but augmented facilitation in the presence of D2
activation.

The frequency of miniature EPSCs (mEPSCs) recorded from
GCs in the presence of TTX (1 �M) also suggests that D2 activa-
tion results in a reduction of MT glutamate release. GCs, which in
the intact OB receive inputs from a large number of MTs, still
displayed frequent spontaneous excitatory synaptic inputs
(�3–30 Hz) (Fig. 3C) in TTX. Quinpirole (5 �M) consistently
shifted the mEPSC frequency distribution toward longer inter-
event intervals (Fig. 3D) ( p � 0.00005 in 5 of 5 cells; Kolmogor-
ov–Smirnov test). Quinpirole also produced smaller and incon-
sistent effects on the mEPSC size distribution ( p � 0.05 for 4 of 5
cells), suggesting that there also may be some change in postsyn-
aptic sensitivity. However, this effect was much less pronounced
and was not significant when average amplitudes for each cell
were pooled (Fig. 2E) (amplitude 90 � 10% of control; p � 0.05).
Pooled mEPSC frequency, on the other hand, was reduced to
56 � 6% of control (Fig. 2D) ( p � 0.05), consistent with a
primarily presynaptic action of DA on MTs.

Quinpirole reduces feedback IPSCs in MT cells
Because GCs make reciprocal synapses with MTs, any mecha-
nism that reduces synaptic excitation of GCs also will be expected
to reduce the IPSCs that subsequently are produced in MTs. MTs
were depolarized to –10 mV to isolate IPSCs as outward currents,
and LOT stimulation was used to activate circuit-wide feedback
inhibition by generating spikes in a large population of MTs.
IPSCs recorded from voltage-clamped MTs were particularly
long lasting, as has been noted for GABAA-dependent inhibition
in previous studies (Fig. 4A) (Isaacson and Strowbridge, 1998;
Schoppa et al., 1998), and reversed at approximately –50 mV (Fig.
4B). Bicuculline-sensitive feedback/feedforward IPSCs gener-
ated in MTs via LOT stimulation were reduced to 59 � 12% of
control by 5 �M quinpirole, and this reduction was reversed by
sulpiride (Fig. 4C,D) ( p � 0.05; n � 4).

D2 activation reduces action potential propagation in MT
lateral dendrites
Although the reduction in mEPSC frequency in GCs suggests a
direct effect on transmitter release itself, D2 activation also could
affect evoked release in other ways. Transmitter release from MT
lateral dendrites is believed to be attributable to AP propagation
throughout these structures, generating Ca 2� influx via high-
voltage-activated Ca 2� channels (Isaacson and Strowbridge,
1998). Any reduction in either global Ca 2� influx or in the degree
of spike invasion then will cause a decrease in glutamate release
(Lowe, 2002; Xiong and Chen, 2002). To evaluate these possibil-
ities, we recorded spike-dependent Ca 2� transients from lateral
dendrites of MTs, which have been used as a measure of dendritic

Figure 2. Dopamine and the D2 agonist quinpirole decrease GC population EPSCs in OB local
field potentials. A, Pharmacological characterization of the field signal evoked by LOT stimula-
tion (arrow). Feedback inhibition, generating the late positive component (P2), is blocked by
bicuculline (gray). The negative GC EPSC component (N1) is blocked by CNQX, APV, and 7-Cl-
kynurenate, leaving only a TTX-sensitive MT population spike (P1, dotted). B, Both dopamine
and quinpirole produce a dose-dependent reduction in the GC EPSC, whereas the D1 agonist
SKF38393 has no effect (black solid line, control; gray dashed line, increasing agonist concen-
tration). C, Stable reduction in EPSC by dopamine (triangles) and quinpirole (circles) occurs
quickly on agonist wash in and is reversed by the D2 antagonist sulpiride. Na-ascorbate (10 �M),
added to prevent the oxidation of DA, has no effect. D, Concentration dependence of EPSC
reduction; EC50 values are 10 �M for dopamine and 0.3 �M for quinpirole. E, Dopamine (50 �M)
reduces the GC EPSC to 62 � 20% of control ( p � 0.02; n � 5), whereas 5 �M quinpirole
produces a similar decrease to 59 � 8% ( p � 0.001; n � 6) that is reversed by sulpiride.
SKF38393 (50 �M) has no significant effect (93 � 15%; p � 0.2; n � 6). Bars in D and E show
mean � SE; *p � 0.05; **p � 0.005.
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spike invasion both in vitro and in vivo (Spruston et al., 1995;
Svoboda et al., 1997; Xiong and Chen, 2002). Short current pulses
(15– 60 msec, 0.4 –3.0 nA), individually or in trains of three to
four at 10 Hz, were used to drive APs in somatic current-clamp
recordings of individual MTs filled with 200 –300 �M fluo-4. MT
lateral dendrites project extensively, and fluorescence transients
could be recorded at distances �700 �m from the soma with a
two-photon laser microscope in line-scan mode (Fig. 5A). APs
driven by somatic current injection produced fast Ca 2� tran-
sients at all locations in the lateral dendrite, suggesting that spikes

invaded their full extent. Transients had
amplitudes of �60–120% 
F/F and were
sensitive to TTX and Cd2�; their amplitude
was not activity-dependent (third spike in
the train, 102 � 4% of first; p � 0.5; n � 10)
(data not shown). Accurate measurement of

F/F was difficult because of the low resting
fluorescence of the dye, and absolute
changes in fluorescence (
F) were used for
additional quantification.

Some MTs (6 of 13) responded to bath
application of 5 �M quinpirole with a
membrane hyperpolarization of 4 –7 mV,
whereas others were unaffected, consistent
with the presence of a subpopulation of
D2-immunopositive MTs. AP-dependent
Ca 2� transients were unchanged in cells
displaying no shift in membrane potential
(Fig. 5C) (96 � 6%; p � 0.05; n � 9),
whereas transients often were reduced in
cells demonstrating a hyperpolarizing re-
sponse, and this reduction could be re-
versed by depolarizing current (Fig. 5A,C).
The amount of reduction was correlated
with the distance from the soma at which
the measurement was made (Fig. 5C)
(9.7% reduction in amplitude/100 �m
dendrite, slope significantly different from
zero; p � 0.0005), indicating that APs were
less effective in invading distal portions of
the dendrites in the presence of quinpirole.
This effect could be duplicated by hyper-
polarizing the cells artificially with somatic
current injection before spike generation
(Fig. 5B,C) (slope, –12.1%/100 �m den-
drite; p � 0.01). Current injection hyper-
polarized MTs by 20 –30 mV, to compen-
sate for electrotonic decay in extended MT
lateral dendrites and to produce more ro-
bust and quantifiable changes in transient
amplitude, and generated a larger change
in Ca 2� influx than D2R activation. These
observations are consistent with reduced
spike invasion into MT lateral dendrites
produced by D2R activation in a
hyperpolarization-dependent manner.

A-type K � channels are expressed
by MTs
Transient K� channels are known to re-
duce AP backpropagation in the dendrites
of hippocampal pyramidal cells, where
their fast activation kinetics allow them to

counteract depolarization because of voltage-gated Na� and
Ca 2� channels and to dampen AP peaks (Johnston et al., 2000).
Whole-cell voltage-clamp recordings from MTs, with Na� and
Ca 2� currents eliminated by TTX/QX314 and Ca 2�-free solu-
tion, respectively, revealed a fast-inactivating outward current
sensitive to millimolar concentrations of 4-aminopyridine (4-
AP) (Fig. 6A, left). This current activates and inactivates at rela-
tively hyperpolarized potentials (Fig. 6A, center, right panels)
(V1/2 for inactivation, – 60 mV). The steepest portion of its inac-
tivation curve coincides with typical MT resting membrane po-

Figure 3. Whole-cell GC EPSCs also are reduced by D2 receptor activation. A, Quinpirole (5 �M) decreases LOT-evoked EPSCs in
GCs, voltage-clamped at –70 mV, to 65 � 14% of control (n � 6; p � 0.01; solid black line, control; gray dashed line, quinpirole;
gray dotted line, sulpiride). B, Paired pulse facilitation (EPSC2/EPSC1) also is increased from 0.79 � 0.15 to 1.27 � 0.27 ( p �
0.05; n � 5; top, control; middle, quinpirole; bottom, quinpirole plus sulpiride). C, Activity-independent spontaneous mEPSC
frequency is lowered by quinpirole. Left (black), control; middle (gray), quinpirole; right (black), quinpirole plus sulpiride. A
histogram of mEPSC size distribution (gray, control) shows that most events are excitatory, with few inhibitory events remaining
after ionotropic glutamate receptor block (white). Minimum event size was set at 5 pA; bins on the left indicate current noise
distribution after blockade of all synaptic events (inward events only). D, E, Cumulative frequency plots for mEPSC inter-event
interval and amplitude in an individual GC show an effect on frequency ( D), but not on size ( E). Pooled average mEPSC frequency
and amplitude across all cells (bars) show that the primary effect is on frequency (56 � 6% of control; p � 0.05) rather than on
amplitude (90 � 10%; p � 0.05). Bars show mean � SE; *p � 0.05.
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tentials (RMPs), suggesting that changes in polarization around
rest could affect the availability of this current and, consequently,
neuronal excitability. Consistent with this, somatic action poten-
tial waveforms recorded in current-clamp mode are sensitive to
changes in MT membrane potential. Hyperpolarizing steps im-
mediately preceding spike generation resulted in action poten-
tials that were reduced in amplitude and repolarized more rapidly
(Fig. 6B, left) ( p � 0.001; n � 6 for both amplitude and repolar-
ization). Perfusion with 3–5 mM 4-AP increased MT spike height
and width and reduced repolarization slope but did not affect
depolarization (Fig. 6B, center). 4-AP also eliminated the ability
of hyperpolarizing presteps to alter AP shape (Fig. 6B, right;
pooled results are summarized in C). This indicates that fast,
transient K� currents are expressed by these cells and are capable
of influencing their electrophysiological properties.

4-AP prevents hyperpolarization-induced changes in
dendritic Ca 2� transients
If A-type K� currents mediate the reduction in dendritic Ca 2�

transient amplitude, then blockade of these channels should
eliminate the effects produced by hyperpolarization. Extracellu-
lar perfusion with 3–5 mM 4-AP increased the size of Ca 2� tran-
sients at all locations within lateral dendrites (Fig. 7A,B) (201 �
58% of control; p � 0.01; n � 6), an effect that likely is caused by
an increase in action potential width as well as an increase in
effectiveness of invasion. While maintained in standard ACSF,
the hyperpolarization of MTs reduced Ca 2� transient amplitude
to 78 � 10% of control ( p � 0.001; n � 7). After treatment with
4-AP, hyperpolarization no longer produced any change in tran-
sient amplitude (Fig. 7C) (98 � 6% of control; p � 0.3; n � 6).
There was no significant trend in the increase produced by 4-AP
at different dendritic locations, suggesting that under our record-
ing conditions the available IA does not cause significant spike atten-
uation in the lateral dendrites (Fig. 7B) (slope not significantly dif-
ferent from 0; p � 0.05). These observations suggest that 4-AP-

sensitive K� currents are responsible for hyperpolarization-
dependent changes in dendritic Ca2� influx.

Dopamine modulates odor-evoked OB responses
A DA-induced change in odor-evoked OB responses potentially
could reflect a change in ORN input to the OB as well as a change
in the MT3GC reciprocal synapse. In mammalian systems DA
has been shown to reduce synaptic transmission at the
ORN3MT synapse (Hsia et al., 1999). This effect is mediated by
a reduction of Ca 2� influx in ORN terminals, as is another form
of presynaptic inhibition at this synapse that is dependent on
GABAB receptors (Wachowiak and Cohen, 1999). In frog ORN
terminals filled with the fluorescent Ca 2� indicator calcium
green-1 dextran, 5 �M quinpirole produced neither a significant
change in Ca 2� influx resulting from electrical stimulation of the

Figure 4. Quinpirole decreases feedback inhibition in MTs. A, LOT stimulation, activating a
population of MTs and consequently producing network GC feedback, generates inhibitory
synaptic currents measured in a MT neuron held at membrane potentials between – 80 and
�40 mV. B, MT IPSCs (quantified by charge integral) reverse at approximately –50 mV. C,
Quinpirole reduces LOT-evoked IPSCs recorded from a MT neuron (black, control; gray, quinpi-
role). D, Bar graph showing pooled data. Quinpirole decreases integrated IPSC charge in MTs to
59 � 12% of control ( p � 0.05; n � 4). Bars show mean � SE; *p � 0.05.

Figure 5. Changes in MT membrane potential result in reduced dendritic Ca 2� transients. A,
In cases in which quinpirole hyperpolarized MT membrane potential, dendritic Ca 2� transients
were decreased in amplitude (gray dashed line). Top, Reconstruction of neuron and recording
location. Right, Action potentials generated by short current injections. Left, Resulting dendritic
Ca 2� transients (average of 3 or more trials). Injection of depolarizing current, returning the
cell to its original membrane potential, restores the transients (dotted lines, �QUIN, �Vm ). B,
Hyperpolarizing MTs by direct current injection, in control ACSF, also reduces transient ampli-
tude (dashed line). C, The degree of reduction in transient size depends both on hyperpolariza-
tion and on distance or recording location from the soma. In cases in which membrane potential
remained constant, there was no significant decrease in transient amplitude (black filled squares). For
neurons that were hyperpolarized by quinpirole (gray filled squares) or by somatic current injection
(gray open squares), transients farther from the soma were reduced to a greater degree (quin-
pirole: 9.7% reduction in amplitude/100 �m dendrite, slope significantly different from zero,
p � 0.0005; hyperpolarizing current: slope –12.1%/100 �m dendrite, p � 0.01).
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olfactory nerve (
F/F � 12.5 � 2.5 vs 12.3 � 2.5%; p � 0.5; n �
7) nor any change in paired pulse depression of influx (transient
2/transient 1 � 0.56 � 0.16 for both; p � 0.5; n � 6) (Fig. 8A).
This observation, coupled with the lack of clear D2R labeling in
the glomerular layer of the frog (Duchamp-Viret et al., 1997) and
the robust effect of quinpirole on LOT-evoked field potentials
and EPSCs at the same concentration, suggests that the majority
of D2R-mediated effects on odor-evoked responses under these
conditions can be attributed to the MT3GC synapse.

Although dopaminergic cells are present in the OB (Boyd and
Delaney, 2002) and our data indicate that DA can modulate
transmitter release within the bulb, it is not clear what role dopa-
minergic neurons play during an odor response. With the use of
an in vitro preparation with the sensory epithelium maintained
intact (Delaney and Hall, 1996), brief pulses of odorants (40 –300
msec; n-butanol, limonene, or methyl salicylate) applied to the

sensory epithelium produced an evoked
oscillation in the LFP that lasted �2–3 sec
(Fig. 8B). This oscillation was correlated
with periodic spiking in MTs alternating
with synaptic GABAA feedback inhibition
presumed to be received from GCs, be-
cause both GABAergic feedback and LFP
oscillations are eliminated by 10 �M bicu-
culline (Lagier et al., 2004) (data not
shown).

Extracellular perfusion with 5 �M

sulpiride to block D2R activation caused
an increase in the amplitude of the odor-
evoked oscillation, indicating that the en-
dogenous dopaminergic system is acti-
vated within individual odor responses
and influences the functioning of the ol-
factory circuit (Fig. 8B). This was analyzed
further by calculating power spectra for
each odor-evoked epoch of LFP oscilla-
tion. The power of the oscillations was
centered at �6 –9 Hz, and the strength of
the response in each condition (control or
with drug application) was quantified as
the area under the averaged power spec-
trum (average of 3– 6 trials, digitally
bandpass-filtered from 1.5 to 40 Hz; areas
calculated from the 2–20 Hz band contain-
ing �90% of total power). Sulpiride pro-
duced a 229 � 45% increase in average
integrated LFP power ( p � 0.05; n � 6).
Because the LFP is a population average,
this could result from an increase in the
overall extracellular current flow generat-
ing the LFP (i.e., an increase in inhibitory
feedback), an increase in the degree of syn-
chronization of these currents, or both.
This effect was present regardless of
whether higher cortical structures were in-
tact, demonstrating that dopaminergic
modulation results from systems intrinsic
to the bulb.

Additional experiments suggest that
the changes in LFP power produced by
D2R agonists and antagonists result from
altered GABAA feedback. Transient K�

currents act in the OB to reduce activation
of the GC feedback circuit by counteracting fast excitation of GCs
through non-NMDA glutamate receptors (Schoppa and West-
brook, 1999). Perfusion of the OB with 2.5 mM 4-AP, increasing
GC excitation and the degree of GABAergic feedback inhibition,
mimicked the effect of sulpiride and produced an increase of
194 � 25% in the power of the LFP oscillation (Fig. 8B) ( p �
0.05; n � 4). On the other hand, 5 �M quinpirole, activating D2
receptors and decreasing synaptic inputs to GCs, gave a 47 � 1%
decrease in LFP power ( p � 0.0001; n � 5). Again, this was mim-
icked by reducing the amount of feedback inhibition by partially
blocking GABAA receptors with 3 �M bicuculline (73 � 5% de-
crease; p � 0.01; n � 5). Thus changing the levels of D2R activation
and directly altering the level of feedback inhibition produce par-
allel changes in oscillatory odor-evoked LFPs in the OB.

Finally, activation of D2Rs also appears to regulate resting
levels of OB activity. Besides reducing the power of odor-evoked

Figure 6. MTs express A-type K � currents that can modulate action potential waveform. A, Left, Voltage steps to �30 mV
evoke a fast-activating, fast-inactivating outward current that is inactivated by a prestep to 40 mV and that is blocked by 3–5 mM

4-AP (gray). Center, Family of inactivating currents generated by varying prestep potential, generated by digital subtraction of
slow, noninactivating current. Right, Resulting inactivation curve for this current family; 50% inactivation is at – 60.5 mV. Inset,
Fractional current available at membrane potentials close to MT resting Vm. B, Left, Hyperpolarizing presteps produce shorter and
narrower APs recorded at the soma (solid black line, control; gray dashed line, hyperpolarized). Inset shows dV/dt, revealing that
changes are the result of increased repolarization. Center, Blocking fast K � currents with 4-AP increases AP height and width by
decreasing repolarization (inset, dV/dt). Right, After 4-AP application the hyperpolarizing presteps no longer affect AP shape. C,
Summary of AP waveform results. In ACSF the hyperpolarization significantly reduces spike height and increases repolarization
slope (left and right graphs, p �0.001; n �18 for both) but does not affect depolarization slope (middle graph, p �0.2; n �18).
The 3–5 mM 4-AP increases spike height and repolarization at RMP ( p � 0.002 and 0.005, respectively; n � 8) but does not affect
the rate of depolarization ( p � 0.05; n � 6). 4-AP also prevents the hyperpolarization-induced changes in AP height and
repolarization ( p � 0.05 and 0.5, respectively; n � 6). Bars show mean � SE; *p � 0.05.
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oscillations, quinpirole also reduced LFP power under resting,
unstimulated conditions (Fig. 8C) (32 � 3%; p � 0.0001; n � 5).
Notably, blocking D2R activation with sulpiride greatly increased
resting baseline LFP activity (561 � 207% of control power; p �
0.03; n � 6), suggesting that significant amounts of basal DA
release occur on an ongoing basis in the OB, where they reduce
overall neuronal activity.

Discussion
Both experiments (Yokoi et al., 1995; Stopfer et al., 1997; Ma-
cLeod et al., 1998; Nusser et al., 2001; Sachse et al., 2002) and
theory (Bazhenov et al., 2001) highlight the importance of inhib-
itory neuronal networks in olfactory circuit function. GABAergic
inhibition in the vertebrate OB depends mainly on synaptic in-
teractions between the dendrites of MTs and GCs and will be
affected by changes in transmitter release and excitability within
these neural populations. Using a combination of field potential
measurements, whole-cell recording, and Ca 2� imaging, we
demonstrate that activation of D2Rs on MTs in the frog OB re-
duces the strength of the MT3GC synapse and decreases feed-
back and feedforward inhibition received by MTs. Changes in
mEPSC frequency in TTX suggest that this effect is mediated
partly by reduced MT glutamate release independent of spike-
evoked Ca 2� influx. D2R activation also decreases Ca 2� influx in
MT distal lateral dendrites, the site of synapses onto GC spines, an
effect that may result from decreased dendritic excitability pro-
duced by a transient K� current. During odor-evoked responses
the blockade of D2 receptors increases inhibition-dependent
field potential oscillations, suggesting that the dopaminergic sys-
tem regulates the amount of inhibition generated as the OB pro-
cesses physiologically relevant stimuli.

Cellular effects of DA
GABAergic inhibition has been suggested to augment the re-
sponse properties of MTs (Yokoi et al., 1995) such that MT firing

within a strongly activated glomerulus causes widespread GC
activation and generates feedforward inhibition of MTs in more
weakly activated glomeruli. Because MT lateral dendrites project
extensively (Mori et al., 1983), they may be capable of generating
widely distributed inhibition. The dual inhibitory effects on MT
function described here have differing implications for GC net-
work activity. Decreased MT glutamate release downstream of
Ca 2� influx (Fig. 3C) should produce a uniform, global reduc-
tion of GC excitation and resulting inhibition. Decreased distal
Ca 2� influx (Fig. 5C), alternatively, will decrease selectively the
excitation of distant GCs and potentially change the spatial pro-
file of inhibition generated by an active OB region (Xiong and
Chen, 2002).

The relative contributions of these two mechanisms are not
clear in these experiments. Reduced release probability indepen-
dent of Ca 2� influx (Momiyama and Sim, 1996; Wu and Saggau,
1997) potentially could account for the entire decrease in evoked
transmission (41 � 8 and 35 � 14% reduction in population and
whole-cell EPSCs, respectively, vs 44 � 6% reduction in mEPSC
frequency). However, although reduced mEPSC frequency often
correlates directly with a reduction in evoked release (Wu and
Saggau, 1997), this is not always the case. At cerebellar synapses,
although GABAB activation produces a marked Ca 2�-
independent decrease in mEPSC frequency, this accounts for
only 10 –30% of the total reduction of evoked transmission, with
the remainder caused by additional downregulation of Ca 2� in-
flux (Dittman and Regehr, 1996). In the OB the glutamate release
likely is reduced both by Ca 2�-independent mechanisms and by
decreased dendritic spike invasion.

Reduced Ca 2� influx in dendrites
MT lateral dendrites are an important source of excitatory syn-
aptic inputs to GCs, and reduced Ca 2� influx is predicted to
decrease glutamate release from these compartments. Receptor-
mediated presynaptic inhibition often acts via voltage-gated cal-
cium channels (VGCCs) (Wu and Saggau, 1997; Wachowiak and
Cohen, 1999), and the reduction seen here could be explained by
preferential modulation of distal VGCCs. However, D2R activa-
tion reduced Ca 2� transients only in hyperpolarized MTs, and
this decrease was reproduced by hyperpolarizing with current
injection, which is not expected to inhibit VGCCs directly (Fig.
5B,C). Although D2R activation and direct hyperpolarization
could act via different mechanisms, the reduction produced by
D2Rs was reversed by depolarization (Fig. 5A). These data are con-
sistent with indirect effects resulting from D2R-mediated hyperpo-
larization of MTs, perhaps generated by coupling to K� channels
(Lacey et al., 1987; Kim et al., 1995; Kloppenburg et al., 1999).

One way of translating hyperpolarization into decreased Ca 2�

influx is through transient K� currents, which affect dendritic
excitability in several cell types (Hoffman et al., 1997; Christie
and Westbrook, 2003; Goldberg et al., 2003). Although the diffi-
culty in accurately controlling voltage in extended MT dendritic
compartments likely introduces some inaccuracy in our mea-
surements of kinetics and voltage dependence (Spruston et al.,
1993), MTs clearly express a 4-AP-sensitive, fast-activating K�

current with properties consistent with those previously de-
scribed for IA (Huguenard et al., 1991; Hoffman et al., 1997;
Christie and Westbrook, 2003). In MTs the A-current blockade
increases spike-evoked Ca 2� transients preferentially in distal
lateral dendrites, indicating that it can influence dendritic AP
invasion (Christie and Westbrook, 2003). In pyramidal neurons
the dendritic IA produces strongly decremental AP backpropaga-
tion (Hoffman et al., 1997), and depolarizing inputs that inacti-

Figure 7. Block of fast K � currents eliminates changes in dendritic Ca 2� transient caused
by hyperpolarization. A, Top, Control transients (solid black line) are reduced by a negative
prestep (gray dashed line). Bottom, 4-AP increases transient size as compared with control
(solid line vs dotted line) and prevents the ability of presteps to decrease transient amplitude. B,
Increase in dendritic Ca 2� transient amplitude produced by 4-AP, plotted versus dendritic
location; trend is not significant ( p � 0.05). C, In ACSF the presteps reduce transients to 78 �
10% of control ( p � 0.001; n � 6) but have no effect in 4-AP (98 � 6%; p � 0.3; n � 6). Bars
show mean � SE; *p � 0.05.
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vate this current potentiate spike invasion (Migliore et al., 1999;
Watanabe et al., 2002). In MTs, however, spike backpropagation
in lateral dendrites is relatively effective (Lowe, 2002; Xiong and
Chen, 2002; Christie and Westbrook, 2003; Debarbieux et al.,
2003) (but see Margrie et al., 2001). Hyperpolarization then may
reduce dendritic spike invasion via removal of tonic inactivation
of IA, which is affected strongly by voltage charges around MT

resting potential (Fig. 6A). Indeed, block
of IA eliminates the ability of hyperpolar-
ization to reduce dendritic Ca 2� influx
(Fig. 7). Although this was not measured
directly, an additional possibility is that
D2Rs potentially could alter activation or
inactivation properties of this current via
second messenger systems (Hoffman and
Johnston, 1999; Kloppenburg et al., 1999).

A primarily hyperpolarization-depend-
ent modulation of IA fits well with the fact
that synaptic inputs received by MT lateral
dendrites are primarily inhibitory and can
generate large IPSPs (Mori et al., 1981;
Nowycky et al., 1981). Focally evoked
GABAergic inputs strongly affect spikes in
lateral dendrites (Lowe, 2002; Xiong and
Chen, 2002), although this effect could be
attributable to hyperpolarization, shunt-
ing, or both. In CA1 pyramidal cells dis-
tally evoked IPSPs also reduce action po-
tential backpropagation (Tsubokawa and
Ross, 1997). Although inactivation of IA

occurs quickly, which may allow it to be
affected by synaptic events, its availability
also will be altered by slower changes in
membrane potential caused by neuro-
modulators such as seen here.

D2 receptor localization in frog
and mammal
In mammalian systems D2 receptors and
DA-immunoreactive interneurons are lo-
cated primarily in the glomerular layer
(Halasz et al., 1981; Kosaka et al., 1985;
Coronas et al., 1997; Koster et al., 1999)
where they reduce Ca 2� influx and trans-
mitter release at ORN terminals (Hsia et
al., 1999; Wachowiak and Cohen, 1999;
Berkowicz and Trombley, 2000; Ennis et
al., 2001). D2R labeling in the frog occurs
in the MT and plexiform layers, with little
signal in the glomerular layer (Duchamp-
Viret et al., 1997). Consistent with this re-
ceptor localization, dopaminergic inter-
neurons in amphibians, fish, and reptiles
also are located in deeper OB layers
(Halasz et al., 1983; Alonso et al., 1989;
Gonzalez and Smeets, 1991). Although
some dopaminergic neurons in frogs ex-
tend processes into the glomerular layer,
many arborize exclusively in the MT layer
(Boyd and Delaney, 2002) where they
could affect MT and GC dendrites. Con-
sistent with this, we find that, in the frog,
DA reduces transmission at the MT3GC

synapse. DA also modulates glutamate release from MTs onto
interneurons in cultured mammalian OB neurons, although this
was attributed to VGCC downregulation (Davila et al., 2003).

Modulation and odor-evoked responses
Odor-evoked LFP oscillations in the antennal lobe and vertebrate
OB are eliminated by pharmacological block of GABAergic feed-

Figure 8. D2 receptor activation produces inhibition-dependent changes in olfactory bulb population activity. A, Quinpirole
has no effect on either peak or paired pulse reduction in Ca 2� influx into olfactory receptor terminals in the glomerular layer
(
F/F, 12 � 2.5 vs 12.3 � 2.5%; PPD, 0.56 � 0.16; p � 0.4 for both cases; traces are overlaid). B, Odor-evoked, inhibition-
dependent LFP oscillations are increased by block of D2 receptors (left) and decreased by D2R activation (right). Raw traces show
three trials from each condition, with dotted lines showing drug trials. Bottom, Left, Power spectra averaged across all trials (solid
black line, control; gray horizontal lines, drug treatment; gray fill, control). Right, Integrated power from 2 to 20 Hz pooled across
several preparations. Sulpiride increases power 229 � 45% ( p � 0.05; n � 6), an effect that is mimicked by 4-AP (194 � 25%;
p � 0.05; n � 4). Quinpirole decreases power to 47 � 11% ( p � 0.0001; n � 5) as does 1–3 �M bicuculline (73 � 5%; p �
0.01; n � 5). C, Resting activity also is increased by sulpiride (561 � 207% of control; p � 0.03; n � 6) and decreased by
quinpirole (32 � 3% of control; p � 0.0001; n � 5; displayed as in B).
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back, suggesting that they are dependent on inhibition (MacLeod
and Laurent, 1996; Lagier et al., 2004). The strength of the odor-
evoked LFP oscillation reflects of a number of factors, including
spiking of MTs, GABAergic synaptic currents, and population
synchrony resulting from this inhibition. Regardless, oscillation
power in the OB provides a functional measure of inhibition
during odor responses, and pharmacologically altering the
amount of inhibition mimics changes in oscillation power pro-
duced by D2Rs (Fig. 8B). Spontaneous as well as evoked LFP
power is increased by D2R block (Fig. 8C), suggesting that a basal
level of DA release is present in the OB, constitutively reducing
inhibition and directly affecting the net synaptic inputs received
by MTs.

Modulation of inhibition in the OB potentially could alter MT
tuning or intensity response characteristics. Duchamp-Viret et al.
(1997) found that D2R activation reduced resting activity of MT
units, also increased their threshold and latency for odor stimu-
lation, and reduced spiking responses to weak stimuli. One pos-
sible role of the dopaminergic system may be to regulate olfactory
sensitivity by altering MT excitability. Hyperpolarized cells will
require greater sensory input to reach threshold, whereas reduced
inhibition could compensate for reduced excitability, so re-
sponses of less excitable cells are not damped excessively. Several
in vivo and behavioral experiments link DA to olfactory sensitiv-
ity. Naris occlusion decreases OB DA content (Baker et al., 1983;
Brunjes et al., 1985) and increases the responsiveness of MT
units, an effect that is mimicked by D2R block (Wilson and Sul-
livan, 1995). Odor detection also is impaired by systemic activa-
tion of D2Rs (Doty and Risser, 1989). A role in sensitivity is also
consistent with the constitutive level of DA release seen here,
which may set an intermediate level of OB excitability that then
could be increased or decreased, depending on the needs of the
system.
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