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The D2 Antagonist Spiperone Mimics the Effects of Olfactory
Deprivation on Mitral/Tufted Cell Odor Response Patterns
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Wistar rats had a single nare occluded
on postnatal day 30,
depriving
the ipsilateral
olfactory bulb of odor stimulation.
The deprivation
lasted for either l-2 months (short-term)
or 12 months (long-term).
As previously
reported,
deprivation greatly reduced tyrosine
hydroxylase
immunoreactivity (the rate limiting enzyme for dopamine
synthesis)
in

the glomerular layer of the ipsilateral olfactory bulb. The
nare was then reopened
and odor response
patterns of mitral/tufted
cells were examined.
The proportion
of mitral/
tufted cell single-units
responding
to a single odor was enhanced by deprivation.
Furthermore,
the proportion
of mi-

tral/tufted cells responding to more than one odor was increased

by deprivation,

suggesting

a decrease

in discrim-

ination. Finally, in undeprived bulbs, the dopamine D, receptor
antagonist
spiperone
mimicked
the effects
of
deprivation
on mitral/tufted
cell odor response
patterns.

The results are interpreted as an activity-dependent dopamine

modulation

of lateral

and feedback

inhibition

in the

olfactory bulb, and are compared with similar events in the
dark-adapted retina.
[Key words: olfaction,
olfactory
privation,
dopamine,
mitral/tufted
tive field]
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Sensory system function is modulated by the environment in
which that system operates.This plasticity can be expressedin
both developing and mature organisms.One form of sensory
experiencethat hasbeen examinedin a number of sensorymodalities is deprivation. The specific consequences
of sensorydeprivation are dependenton the sensory systemand speciesinvolved, the age at onsetand duration of the deprivation, and the
region within the sensorypathway examined.
The visual systemis an excellent example, where the primary
visual pathway, retina-thalamus-visual cortex, shows differential responsesto deprivation. That is, while early deprivation
producesmarkedchangesin visual cortical responsepatterns to
stimuli presentedto the deprived eye, responsepatterns in the
thalamus are only minimally changed (Movshon and Kiorpes,
1990). On the other hand, while there are no long term anatomical or physiological effects of deprivation on the retina, it is
temporarily modified by deprivation, even in mature animals.
Depriving a retina of light for minutesto hours (dark adaptation)
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enhancesretina1ganglioncell responsiveness
to subsequent
light
stimulation (Barlow et al., 1957; Mange1 and Dowling, 1985).
In mammals,this enhancementis produced by a dark-induced
reduction in lateral inhibition (Daw et al., 1989), that is associated with (Luvone et al., 1978), and can be mimicked by (Thier
and Alder, 1984; Jensenand Daw, 1986), a decreasein dopamine activity.
The primary olfactory systemof the rat, olfactory epitheliumolfactory bulb-olfactory cortex, is similarly differentially affected by deprivation during early development, Olfactory deprivation is produced by nasal occlusion that reducesairflow
over the ipsilateral olfactory epithelium. In the olfactory epithelium of the rat, early deprivation lasting 24 weeksproducesa
slight reduction in receptor cell number and cell proliferation
(Farbmanet al., 1988; Cummingsand Brunjes, 1994).In the rat
olfactory bulb, however, similar deprivation producesdramatic
reductions in bulb volume and cell number (Meisami, 1976;
Meisami and Safari, 1981;Frazier and Brunjes, 1988).The most
severely affected neuronsare the late developing inhibitory interneurons-granulecells and juxtaglomerular cells. Late-onset
deprivation has little effect on olfactory bulb anatomy in the rat
(Brunjes and Borror, 1983), although there are speciesdifferences (e.g., Maruniak et al., 1989). Very little is known about
deprivation effects on the olfactory cortex and other higher olfactory centers(Brunjes, 1994).
As in the retina, olfactory bulb dopamineis regulatedby sensory input. Olfactory receptor axonsenter the olfactory bulb and
arborize within sphericalregions of neuropil called glomeruli.
Within glomeruli, receptor axons synapseonto the dendritesof
mitral and tufted cells which are the primary output neuronsof
the bulb, and juxtaglomerular interneurons.Glomeruli operate
as functional units (Benson et al., 1985), and are believed to
respondto a limited selection of odors (Jourdan et al., 1980).
Juxtaglomerular cells are hypothesized to mediate lateral inhibition between glomeruli (Mori, 1987). A subsetof the juxtaglomerular neuronsexpressboth dopamineand GABA neurotransmitters (Gall et al., 1987). Olfactory deprivation reduces
olfactory bulb dopaminecontent by as much as 75% (Brunjes
et al., 1985; Wilson and Wood, 1992) and reducestyrosine hydroxylase expressionin juxtaglomerular neurons(Baker, 1990;
Wilson and Wood, 1992) without modifying GABA expression
(Baker, 1990). In contrast to the anatomicaleffects of olfactory
deprivation described above, deprivation effects on dopamine
synthesisin the rat are not age dependent(Baker, 1990; Wilson
and Wood, 1992).
Thus, as in the mammalianretina, dopaminemay modulate
bulb responsesto changesin sensoryinput. It hasrecently been
demonstratedthat dopamineinhibits olfactory nerve input, prob-
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ably via presynaptic D, receptors (Nickel1 et al., 1990; Berkowicz et al., 1994). Therefore, removal of dopamine (as in deprivation) should enhance the effectiveness of olfactory nerve excitation of bulb neurons. In fact, we have previously demonstrated that early onset deprivation,
which reduces dopamine and
modifies olfactory bulb anatomy, enhances bulb mitral/tufted
cell responses to both odors (Guthrie et al., 1990) and electrical
stimulation of the olfactory nerve (Wilson and Wood, 1992).
The present report explores the effects of late-onset olfactory
deprivation on olfactory bulb mitral/tufted cell response patterns
to odors, and examines the ability of the dopamine D, receptor
antagonist spiperone to mimic those responses. The results suggest that both deprivation and spiperone enhance mitral/tufted
cell responsiveness and decrease odor discrimination.

Materials

and Methods

Subjects. Male Wistar rats (Hilltop Lab Animals, Scottdale, PA, and
Charles River Labs, Wilmington, MA) were used as subjects (n = 19).
Animals used in the deprivation experiments were born in our colony
and weaned at postnatal (PN) day 23-25. Animals were housed in polypropylene cages lined with wood chips. All animals were supplied ad
lib food and water and maintained on a 12:12 light cycle, with lights
on at 0700.
Deprivation.

On PN30,

rats were anesthetized

with

pentobarbital

(50

mg/kg) and had a single nare cauterized (Meisami, 1976). The cautery
resulted in a scab and subsequent scarring that completely occluded the
nare. Control rats were cauterized on the top of the snout. Following
recovery from the anesthesia, animals were returned to their home cage
for 2 months (short-term; n = 7) or for 12-14 months (long-term; n =
6). In some deprived animals, recordings were made from both deprived
and undeprived bulbs rather than just from a single bulb. The additional
testing from these animals did not appear to influence results obtained
(e.g., percent of cells responding to odors) when compared to animals
where only one bulb was tested.
Electrophysiological
recordings. Animals were anesthetized with
urethane (1.5 gm/kg) and the sealed nare was surgically reopened.
PE160 (1.14 mm i.d.) tubing was inserted into the reopened nare to
maintain patency. The previously opened nare was sealed with low
melting point paraffin. In control animals, one nare was sealed with
paraffin and the other had PE160 tubing inserted to allow comparable
airflow between groups. The olfactory bulb was surgically exposed and
covered in warmed mineral oil. A bipolar, stainless steel stimulating
electrode was implanted in the lateral olfactory tract (LOT). Mitral/
tufted cell single-unit activity was recorded with glass micropipettes
filled with 2 M NaCl. Single-unit recordings were verified with interval
histograms showing a refractory period following single spikes. Mitral/
tufted cells were identified by the ability to antidromically activate them
with stimulation of the LOT. Single-unit activity was amplified, bandpass filtered and passed through a window amplitude discriminator that
sent trigger pulses to a CED 1401plus interface for spike train analysis
with SPIKE 2 software for the Macintosh (Cambridge Electronic Design).
In addition, in the long-term deprivation animals, evoked field potentials to paired-pulse LOT stimulation were examined (1000 PA, lo-80
msec inter-pulse intervals). Responses to the LOT stimuli were recorded
in the granule cell layer and peak to peak amplitudes of the large positive wave were measured (see Fig. 2). Suppression of response amplitude to the second pulse is due to granule cell mediated inhibition of
mitral/tufted cells (Mori, 1987), which has been shown to be sensitive
to early onset deprivation (Wilson et al., 1990; Wilson and Wood, 1992).
Odor stimulation. A continuous stream of humidified air (500 ml/
min) was presented 1 cm from the nares of the freely breathing animal.
Saturated odor vapor was added to the air stream with a computer controlled syringe pump that forced air through filter paper soaked with
either citral (Sigma) or peppermint extract (McCormick). Syringe pump
speed was varied to deliver different final concentrations of citral (lo-‘,
lo-?, and 10m3dilution of saturated vapor). Peppermint was tested at a
single concentration (10-l). Odor stimulus duration was 4 set, and firing
rate during the stimulus was compared to firing rate during the 4 set
preceding odor onset with an ANOVA. The cell was considered to have
responded to the odor if there was a statistically significant change in
firing rate during the odor stimulus. Single-unit odor discrimination was
defined here as a cell that responded to one odor but not the other.
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(However, it should be noted that no matter how similar a neuron’s
respouses to two different odors may appear, it is still possible that
undetected differences may exist allowing for odor discrimination by
that cell; such as difference in response latency, intensity, or some as
yet undescribed critical parameter.)
Only one stimulus intensity (10-l) was used for both odors in the
long-term deprivation study.
Pharmacology. Five undeprived animals (275-480 gm) were used to
examine the effects of the D, antagonist spiperone on mitral/tufted cell
responses to odors. Recordings were made as described above. After
response patterns were characterized for 5-10 cells, the animal was
injected with spiperone hydrochloride (0.2 mg/kg, S.C. injection; obtained from R.B.I.). Response patterns of additional cells were then
determined, 30-90 min after the injection. Throughout the recording
session, respiration was monitored with a piezoelectric device that recorded movements of the chest wall. This device allowed accurate measurement of respiration rate without interfering with airflow near the
nares or respiratory tract.
In addition to monitoring respiration rate, the respiratory movements
were used for analysis of single-unit activity phase relationships to the
respiratory cycle. A phase histogram (6” bin width) was acquired
throughout the entire sampling period, triggered by the onset of the
respiratory wave (see Fig. 6). Data from individual phase histograms
were then divided into six neriods (o-60”. 60-120”. 120-180”. etc.).
Significant single-unit ac&ity-respiration’
cycle phase relat&sh&
were determined by analyzing spikes counts across periods with an
ANOVA for each cell.
Zmmunohistochemistry. To demonstrate that the well documented
(Baker, 1990; Wilson and Wood, 1992) deprivation-induced decrease in
tyrosine hydroxylase immunoreactivity in the olfactory bulb also occurred with the age at onset and duration of deprivation used here, a
single animal was deprived at PN30 as described above. On PN60, the
animal was overdosed with pentobarbital and perfused transcardially
with 4% paraformaldehyde in 0.1 M phosphate buffer. The olfactory
bulbs were sectioned horizontally (40 km) and processed for tyrosine
hydroxylase immunoreactivity (tyrosine hydroxylase primary antibody
from Eugene Tech) using standard avidin-biotin-peroxidase
(Vector
Labs) immunohistochemical procedures (Wilson and Wood, 1992).

Results
Late-onset olfactory deprivation produced a marked decrease in
tyrosine hydroxylase immunoreactivity
in the glomerular layer
of the olfactory bulb compared to the contralateral, undeprived
bulb (Fig. l), as previously reported (Baker, 1990; Wilson and
Wood, 1992).
Late onset, long-term

deprivation

Granule cell mediated inhibition
of mitral/tufted
cells, as measured with paired-pulse
LOT stimulation, was not significantly
influenced by late onsit deprivation lasting 12 or more months
(ANOVA,
main effect of condition and condition X inter-pulse
interval interaction, F values < 1, NS). As shown in Figure 2,
short inter-pulse intervals produced inhibition
of the test response amplitude (i.e., second response was smaller than first).
This effect was indistinguishable
between groups.
Mitral/tufted
cell single-unit responses to odors were modified
by long-term deprivation (Fig. 3). A total of 35 cells were recorded in three control bulbs, and 34 cells recorded in four deprived bulbs. All stimuli were at 10-l dilution of saturated vapor.
Mean response rates (percent of cells responding)
were calculated for each bulb and averaged within groups. The percentage
of cells responding to at least one odor was increased in deprived
bulbs compared to control bulbs, although not quite reaching
statistical significance [t(5) = 2.30, p = 0.071. Furthermore, the
percentage of cells responding to both citral and peppermint increased more than threefold in the deprived bulbs [percentage
of cells responding to both odors, control = 7.7 2 4%, deprived
26.5 -t 5%; t(5) = 2.77, p < 0.05).
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Figure 2. LOT paired-pulse inhibition in control and late-onset, longterm deprived olfactory bulbs. Inset shows representative evoked potentials at 10 msec inter-pulse interval. Late onset deprivation did not
affect paired-pulse inhibition. Calibration markers are 10 msec and 2
mV.

10.82,p < 0.011.While almostno cells in either group responded to citral at the lowest intensity tested (10m3),significantly
more cells in the deprived bulbs respondedat higher intensities
[ANOVA main effect of group, F(1,16) = 6.36, p < 0.051.Post
hoc Fisher testsrevealed a significant difference betweengroups
in responserates to the 10-l intensity 0, < 0.05), with the 10m2
intensity not quite reaching significance.
Spiperone

Figure I. Representative photomicrograph of tyrosine hydroxylase
immunostaining in the glomerular layer from a deprived olfactory bulb
(left) the contralateral, undeprived olfactory bulb (right).
The top section was counterstained with cresyl violet to show cell layers. Olfactory
deprivation markedly reduces TH-immunoreactivity of juxtaglomerular
neurons. Arrows point to the glomerular layer. The two sections are
from the same animal though not directly neighboring each other.

Late onset, short-term

As a first stepin exploring the relationshipbetweendeprivationinduced loss of glomerular layer dopamine and the observed
changesin mitral/tufted cell responsepatterns to odors, the ef-

Late-onset,
long-term
deprivation

-01

deprivation

A total of 51 cells were recorded in five control bulbs and 51
cells recorded in five bulbs deprived for 60 d. There was no
significant difference in spontaneousactivity ratesbetweencells
recorded in control and deprived bulbs [control, mean = 12.4
? 1.3 Hz; deprived, mean = 10.6 -C 1.2 Hz; t(lO1) = 1.06,
NS]. Figure 4 showsexamplesof responsesto odorsat different
intensitiesand reproducibility of those responsesfrom a representative cell in a deprived animal. As with long-term deprivation, short-term deprivation produced a marked decreasein the
ability of mitral/tufted cells to discriminate between the odors
tested. Of cells tested with both odors in the control bulbs, 1.6
? 1.6% respondedto both odors while 25.6 t 7% of cells in
deprived bulbs respondedto both odors [t(8) = 3.48, p < 0.011.
In responseto citral, cells in deprived bulbs showeda large
increasein responsiveness
at individual intensities(Fig. 5). The
percentage of mitral/tufted cells in both control and deprived
bulb respondingto citral increasedwith increasingodor intensity
[group X intensity ANOVA, main effect of intensity, F(2,16) =

ved

At least

one

Response

Both

pattern

Figure 3. Effects of late-onset, long-term deprivation on mitral/tufted
cell single-unit responses to odors. Long-term deprivation increased
odor responsiveness and significantly reduced odor discrimination as
shown by the increase in the proportion of individual cells responding
to both test odors. Asterisk represents significant difference from control, p < 0.05.
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30-90 min post spiperoneinjection comparedto cells recorded
preinjection [paired t(4) = 3.48, p < 0.051. Figure 7 compares
the effects of spiperonein undeprived bulbs with the effects of
deprivation on two-odor discrimination. Both olfactory deprivation and spiperoneproduced similar decreasesin discrimination.
Furthermore, spiperoneincreasedresponsiveness
to the higher
concentrationsof citral, as was shown with deprivation (Fig. 8).
A repeatedmeasuresANOVA (pre/post-drug X citral intensity)
revealed a significant effect of intensity [F(2,12) = 19.53,p <
0.011 and a significant effect of drug state [F(1,12) = 5.33, p
< 0.051. Post hoc Fisher tests revealed a significant difference
between groups in responserates to the 10-r intensity (p <
0.05).
Finally, an analysisof the relationshipbetweenfiring rate and
respiration phaserevealed that spiperonehad no obvious effect
on this aspectof mitral/tufted cell activity. Activity in control
cells often displayed a strong phaserelationshipwith the respiration cycle (Fig. 9). As reported elsewhere(Macrides and Chorover, 1972), in somecells, activity peaked near the onset of
inhalation and in othersactivity peakedduring exhalation. A few
cells showedno significant phaserelationship with respiration.
The probability of a significant single-unit activity-respiration
cycle phase relationship was not affected by spiperone(cells
showing significant phase relationship: prespiperone, 3 l/34
cells; post-spiperone,33/35 cells).
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Figure 4. Representative examples of single-unit responses to odors
at different concentrations in a late-onset, short-term deprived animal.
Each peristimulus time histogram is a cumulative response to three stimuli. Order of graphs from top to bottom is the order of stimulus presentation. Odor presented at time 0 for 4 set as marked by horizontal
bar.

fects of spiperone hydrochloride (0.2 mg/kg, s.c.) on odor responsepatternswere examinedin five animals.Mitral/tufted cell
responsesto odors were examined both before (n = 34 cells)
and after (n = 35 cells) spiperoneinjection and respiration rate
was monitored throughout the recording session(Fig. 6). Spiperone had no significant effect on respirationrate [paired t(4)
= 2.09, NS].
Systemic spiperonemimicked the effects of olfactory deprivation on mitral/tufted cell responsesto odors. As with deprivation, the proportion of cells respondingto at least one odor
was enhancedby spiperone,though not significantly [preinjection, mean = 36.2% 2 4.0; 30-90 min postinjection, mean =
50.4% ? 5.8; paired t test, t(4) = 1.63,p = 0.171.The proportion of cells respondingto both odors wassignificantly increased

Discussion
The presentresults demonstratethat late-onsetolfactory deprivation, which hasminimal neuroanatomicalconsequences
in the
rat (Brunjes and Borror, 1983), modifies mitral/tufted cell responsepatterns to odors. Furthermore, the effects of olfactory
deprivation on mitral/tufted cell responsescan be mimicked by
the D, antagonist spiperone.While the present study utilized
systemic injections of spiperone,given the striking similarity
betweenthe deprivation-induced,localized glomerular layer reduction in dopamineand the effects of systemicspiperone,it is
assumedthat the majority of spiperone’seffects on mitral/tufted
cell responsepatternsis due to action within the olfactory bulb.
We interpret theseresultsas suggestingthat one way in which
olfactory stimulation modulates olfactory system function is
through controlling dopaminergicinhibition. A decreasein olfactory stimulation reducesdopaminelevels and releasesafferent input from both feedback and lateral inhibition. Although
there is a deprivation associatedupregulationof D, receptorsin
the bulb (Guthrie et al., 1991), this upregulation is apparently
insufficient to completely compensatefor the lossof dopamine.
The result is an increasein the number of cells respondingto
odors at a given intensity and a decreasein odor discrimination
(i.e., singlecells respondto more odors). In turn, we suspectthe
converse to be also true; that is, increasesin odor stimulation
may enhancedopaminelevels (Coopersmithet al., 1991), thus
decreasingthe numberof cells respondingto that odor (habituation?) and increasingodor discrimination.In fact, the dopamine
agonistapomorphinereducesor eliminatesfocal glomerularlayer 2-deoxyglucoseuptake to odor stimulation (Sallaz and Jourdan, 1992). We are currently examining whether the effects of
late-onsetdeprivation on mitral/tufted cell responsepatternscan
be reducedor eliminated by dopamineagonists.
Dopaminedoesnot appearto be significantly involved in entraining or shapingmitral/tufted cell activity to the respiratory
cycle. The patterning of mitral/tufted cell firing is frequently
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synchronized with respiration (Macrides and Chorover, 1972;
Chaput et al., 1992). While centrifugal fibers modulate this phase
relationship (Potter and Chorover, 1976; Ravel et al., 1987), olfactory nerve input and intrinsic olfactory bulb circuitry (feedback inhibition) appear to be the major influencing factors (Sobe1 and Tank, 1993). Juxtaglomerular interneurons, in particular,
have been suggested to be important in this patterning (Sobel
and Tank, 1993). However, the present results suggest that juxtaglomerular dopamine is probably not critically involved, at
least at the level of analysis used here.
The underlying mechanism of dopamine modulation of mitral/
tufted cell response patterns to odors is not clear from the present study, although two (non-mutually exclusive) possibilities
are presented in Figure 10. Mitral/tufted cells have been shown
to respond to multiple odors, with a small subset of stimuli producing maximal responses (e.g., Imamura et al., 1992; Katoh et
al., 1993). That group of stimuli to which the cell is responsive
has been termed the molecular receptive range of the cell (Imamura et al., 1992). The molecular receptive range (or receptive
field) is diagrammatically shown in Figure 10 as that range of
odors along a hypothetical continuum of’odor quality that can

0.100

odor concentration

activate a given mitral/tufted cell with reasonably low thresholds.
One possible mechanism through which dopamine could influence mitral/tufted cell response patterns to produce the results
obtained here is by decreasing response thresholds to all odors
(or increasing response gain to all odors; Fig. 1OA). Dopamine
regulates the strength of primary olfactory nerve input into single glomeruli, apparently through a presynaptic inhibition of olfactory nerve glutamate release (Nickel et al., 1990; Berkowitz
et al., 1994). Reductions in dopamine should, therefore, enhance
the strength of presynaptic nerve input, thus making odors previously ineffective at activating a particular cell, now effective
(e.g., odor “P” in Fig. lo), and allowing more cells to respond
to a given odor. Evidence supporting this suggestion includes
(1) early onset deprivation, which reduces glomerular layer dopamine, enhances maximal field potential amplitude evoked by
olfactory nerve stimulation (Wilson and Wood, 1992); (2) early
onset deprivation enhances both the intensity and lateral extent
of glomerular layer 2-deoxyglucose uptake foci to odors (Guthrie et al., 1990); (3) both early (Guthrie et al., 1990) and late
onset (present report) deprivation reduce dopamine and enhance
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7. Effects of deprivation and spiperone on odor discrimination
bv, mitral/tufted cell single units. The orobabilitv of a single mitral/
tufted cell responding to both test odors was sig&icantly eihanced in
all three conditions (Experimental) compared to controls (asterisks represent p < 0.05).
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Phase
mitral/tufted
cell responses to single odors; (4) spiperone enhances mitral/tufted cell responses to odors (present report); and
(5) in contrast to the physiological
effects found here with a
dopamine antagonist, the dopamine agonist quinpirole increases
behavioral odor detection thresholds (Doty and Risser, 1989).
A second possible mechanism through which dopamine could
modulate mitral/tufted cell response patterns is through changes
in lateral inhibition and a direct increase in the size of an individual cell’s receptive field (Fig. 10B). In the rat, mitral/tufted
cells extend their apical dendrite into a single glomerulus. The
current view of the glomerulus is as a functional unit (Shepherd,
1972), responding to a small group of odors en mass (Benson
et al., 1985; Buonviso and Chaput, 1990). Thus, the deprivation/
spiperone induced decrease in odor discrimination
could result

180

240

(degrees>

Figure
9. Representative example of single-unit activity-respiration
phase relationship data. The averaged respiration waveform (A) and the
phase histogram (B) are aligned to show the temporal relationship.

either from an unmasking of normally ineffective/subthreshold
olfactory nerve inputs to that glomerulus
(intra-glomerular
inhibition), or from an increase in the effectiveness of inputs to
the mitral/tufted
cell’s lateral dendrites through a decrease in
inter-glomerular
inhibition.
Lateral connections, in the absence
of activation of a mitral/tufted
cell’s apical dendrite, may be
sufficient to drive responses by that cell to odors. Either of these
scenarios could result from a decrease in glomerular
layer inhibition, although the change in lateral, inter-glomerular
inhibi-
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Figure
8. Effects of spiperone (0.2
mg/kg) on mitral/tufted cell responses
to citral at different intensities. As with
deprivation, spiperone had no effect on
responses to the lowest intensity but
significantly enhanced the probability
of response to the higher intensities.
Asterisk
represents significant difference from control, p < 0.05.
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Figure 10. Graphs of hypothetical
mitral/tufted cell molecular receptive
fields in normal and olfactory deprived
or spiperone treated animals. A, A decrease in threshold to all odors (or increase in gain) could increase the receptive range of single cells, producing
the observed decrease in odor discrimination between citral (C) and peppermint (P), and also produce the observed increase in number of cells responding to single odors. Thus, in the
example shown here, initially, the cell
only responds to peppermint at intensities > 10-l. After deprivation or spiperone, the cell will respond to lower
intensities of peppermint. B, A decrease in lateral inhibition and/or increase in receptive field size, in the absence of any change in threshold, could
also produce a decrease in odor discrimination and increase in number of
cells responding to single odors.
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tion seemsmore plausible. The result would, again, be single

cells respondingto more odors, and more cells respondingto
individual odors. Interestingly, early onset deprivation hasbeen
shown to increasethe size (lateral extent) of focal glomerular
layer 2-DG uptake to odors(Guthrie et al., 1990).Further testing
with a larger set of odors shouldhelp clarify theseissues.
It should be noted that it is not clear from these results if
dopamineis always directly inhibitory (Berkowitz et al., 1994)
or if dopaminealso servesa modulatory role in inhibition, by
influencing GABAergic interneurons in the bulb. As stated
above, there are both dopaminergicand GABAergic neuronsin
the glomerularlayer, as well as the more numerousGABAergic
granulecells in the granulecell layer. Dopaminecould be influencing bulb function by modulating theseor other neurons.For
example, in the frog, glomerular layer GABAergic neuronsappear to modulate mitral/tufted cell responsethreshold to odors
(Duchamp-Viret et al., 1993), while granule cell layer GABAergic neuronsappearto modulate mitral/tufted cell response
duration and/or responseintensity to odors (Duchamp-Viret and
Duchamp, 1993).
Finally, the similarity of the effects of deprivation on bulb
function to the effects reported for dark-adaptationon the mammalian retina are striking, and leadsto speculationsabout other
similarities.For example, the strengthof inhibitory surroundsof
retinal ganglion cell center-surroundreceptive fields is reduced
by dark adaptation(Barlow et al., 1957), through a dark-induced
decreasein dopamine(Luvone et al., 1978), that reduceslateral
inhibition (Jensenand Daw, 1986; Thier and Alder, 1984). Our
results suggestthat in the olfactory bulb, mitral/tufted cell receptive fields are similarly modified by odor deprivation,
through a decreasein dopaminemodulatedlateral/feedbackinhibition. In the retina, dark-adaptationeffects are evident within
minutes(Daw et al., 1989). We predict that, similarly, odor deprivation may modify mitral/tufted cell responsepatternsmuch
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more rapidly than has been tested thus far (>20 d). In fact,
protein synthesisis reduced in the olfactory bulb within hours
after early deprivation onset(Korol and Brunjes, 1990).
In fish and turtle retina, one way that dopamineexerts control
over lateral inhibition is through modulation of gap junctions
between inhibitory interneurons (Daw et al., 1989; DeVries,
Baylor, 1993). This effect occurs at a distancefrom the dopamine releasesite (Daw et al., 1989). In the olfactory bulb, the
major class of inhibitory interneuron, granule cells, are also
linked through gapjunctions (Reyher et al., 1991).Thus, granule
cell gap junctions may also be modulatedby dopaminerelease
in the glomerular or external plexiform layer. Decreasinggap
junctions and electrotonic coupling could further reduce lateral
inhibition. However, granulecell mediatedinhibition evoked by
LOT stimulation is not affected by the dopaminedepletion associated with late onset deprivation (Fig. 2 and Wilson and
Wood, 1992).
In summary,during periodsof limited sensoryinput, olfactory
bulb performanceis modified to facilitate responseto a stimulus.
This facilitation comes at the expense of a decreasein odor
discrimination.Theseevents mimic thosethat occur in the retina
during dark adaptationand may be due to comparablemechanisms.Experiments are currently underway to explore the behavioral consequencesof thesedeprivation-induced changesin
olfactory systemphysiology.
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