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In the mammalian main olfactory bulb (MOB), the release of
glutamate from lateral dendrites of mitral cells onto the dendrites
of granule cells evokes recurrent and lateral inhibition of mitral cell
activity. Whole-cell voltage recordings in the mouse MOB in vivo
and in vitro show that recurrent and lateral inhibition together
control the number, duration, and onset of odor-evoked action
potential (AP) firing in mitral cells. APs in mitral cells propagate into
the lateral dendrites and evoke a transient increase in dendritic
calcium concentration ([Ca21]), which is decremental with distance
from the soma, and increases with AP number. These results
suggest that the extent of AP propagation in lateral dendrites of
mitral cells, along with the concomitant dendritic Ca21 transient,
controls the amplitude of lateral and recurrent inhibition and thus
is a critical determinant of odor-specific AP patterns in the MOB.

In the mammalian olfactory system, olfactory-receptor neuron
(ORN) activity is transformed by the neuronal circuitry of the

main olfactory bulb (MOB) into odor-specific action potential
(AP) patterns. ORNs are broadly tuned and increase their
activity monotonically with increasing odorant concentration (1,
2). In contrast, odor-evoked responses in mitralytufted (MyT)
cells, the principal cells of the MOB, often are more specific and
show both increases and decreases in AP firing rate with
increasing concentrations of odorant (3). This transformation of
the ORN activity into MyT cell activity within the MOB depends
on recurrent and lateral inhibition (4).

ORN axons terminate in the glomeruli of the MOB, where
they provide the only source of extrinsic excitatory input to MyT
cells. APs in MyT cells result in release of glutamate from their
lateral dendrites, evoking g-aminobutyric acid (GABA)-ergic
recurrent and lateral inhibition via dendrodendritic synapses
with granule cells (5–11). Recurrent and lateral inhibition of
MyT cells are thought to be important in odor discrimination
(12) and also in the generation and synchronization of odor-
evoked rhythmic mitral cell activity (13, 14).

The mechanisms by which recurrent inhibitory postsynaptic
potentials (IPSPs) regulate subthreshold and suprathreshold
odor-evoked MyT cell activity have not been examined directly
(4, 12, 15, 16). Although recent in vitro studies have elucidated
the mechanisms underlying transmitter release at dendroden-
dritic synapses, the functional role of dendrodendritic inhibition
in vivo remains unclear (17–20). In particular, the relationship
between the firing rate of a mitral cell and the strength of
recurrent inhibition evoked is not known.

MyT cell lateral dendrites spread across large regions of the
MOB (21), suggesting that granule cell-mediated lateral inhibi-
tion is important also for the patterning of activity across wide
regions of the MOB. Propagation of APs into MyT cell dendrites
is thought to be required for evoking glutamate release (17–20)
onto granule cell dendrites. Thus, the propagation of APs in
mitral cell lateral dendrites could determine the spatial extent of
lateral inhibition evoked by MyT cell firing. In the apical

dendrites of mitral cells, APs back-propagate without decrement
(22, 23). Here we examine AP propagation in lateral dendrites
of mitral cells to determine the conditions under which wide-
spread lateral and recurrent inhibition is activated.

We show that odor-evoked recurrent inhibition causes accom-
modation of AP firing, and odor-evoked lateral inhibition can
prevent AP firing of mitral cells that receive active ORN input.
The in vivo recordings allowed us to determine the amplitude
and activity-dependence of the isolated recurrent IPSP evoked
by a single mitral cell under physiological conditions. Single and
dual whole-cell voltage recordings combined with dendritic
calcium imaging in vitro showed that propagation of APs differs
between the apical and the lateral mitral cell dendrites, and in
lateral dendrites the spatial spread of activation is decremental
and increases with AP activity. The results are consistent with
the view that odor-evoked AP firing causes a rise in dendritic
[Ca21]i thus determining the strength of recurrent and lateral
inhibition.

Materials and Methods
In Vivo and in Vitro Electrophysiology. Horizontal olfactory bulb
slices (300 mm thick) were prepared from anesthetized mice and
rats (Ketamine 0.1%yXylazine 0.1%; P18-P40) and maintained
in Ringer’s solution containing (in mM): NaCl 125, KCl 2.5,
NaHCO3 25, NaH2PO4 1.25, MgCl2 1, glucose 25, and CaCl2 2.
In vivo experiments were carried out on freely breathing mice
(P21-P35) anesthetized with urethane (1.2 gykg, i.p.). Access to
the olfactory bulb was gained via a hole drilled through the
cranium 1 mm anterior to the rhinal fissure and 0.75 mm lateral
to the midline. A custom-built chamber was sealed to the
cranium to enable superperfusion of solutions (37°C). A custom-
built olfactometer (24) was used to present odors to the nares.
After the experiments, the brains were fixed, coronally sectioned
(250–300 mm), and processed (25) to reveal cell morphology
(Fig. 1A). Because of some surface damage from repeated
electrode penetrations, the apical tufts of mitral cells sometimes
were not recovered. All animal care was performed in accor-
dance with the guidelines of the Max Planck Society.

For both in vitro and in vivo recordings, patch pipettes (3–6
MV, 8–15 MV for dendritic recordings) were pulled from
borosilicate glass tubing and filled with solutions containing (in
mM): potassium-gluconate 130, Hepes 10, MgCl2 2, MgATP 2,

Abbreviations: ORN, olfactory-receptor neuron; MOB, main olfactory bulb; AP, action
potential; MyT, mitralytufted; IPSP, inhibitory postsynaptic potential; AA, amyl acetate;
GABA, g-aminobutyric acid.

*To whom reprint requests should be addressed. E-mail: tmargrie@sun0.mpimf-
heidelberg.mpg.de.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.011523098.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.011523098

PNAS u January 2, 2001 u vol. 98 u no. 1 u 319–324

N
EU

RO
BI

O
LO

G
Y

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

S
ep

te
m

be
r 

30
, 2

02
1 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/241250748?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Na2ATP 2, GTP 0.3, NaCl 4, and biocytin 1–4%, at pH 7.3. In
vitro whole-cell recordings were obtained by using standard
techniques (26). All data have been corrected for a 17 mV
junction potential. Because of the small diameter of the lateral
dendrites in mice, dendritic recordings were carried out on mitral
cells in rat olfactory bulb slices. Otherwise, all experiments were
carried out on mice. To obtain whole-cell recordings in vivo, we
used conventional voltage clamp methods (27). Electrodes were
advanced into the brain in 2- to 3-mm steps while repeatedly
applying voltage steps (6–10 mV, 10 ms duration). Positive
pressure (25–50 millibars) was applied to the pipette while it was
being advanced. When electrode resistance increased, the pos-
itive pressure was removed and, with slight negative pressure, a

seal resistance of 1 GV or greater was achieved. The whole-cell
configuration was achieved by applying a slow ramp of negative
pressure. In vivo, mitral cells were identified by their distance
from the surface (180–250 mm), input resistance (,160 MV),
resting membrane potential (251 to 262 mV), and the appear-
ance of a recurrent IPSP following APs. In vivo and in vitro
voltage recordings were amplified with the Axoclamp-2B am-
plifier in bridge mode (Axon Instruments, Foster City, CA),
filtered at 3–10 kHz, and digitized at 5–20 kHz (ITC-16; In-
strutech, Mineola, NY) with custom software running under
IGOR (WaveMetrics, Lake Oswego, OR) or PULSE (HEKA
Electronics, LambrechtyPfalz, Germany). Series resistances
were from 10–70 MV (in vivo), 5–25 MV (in vitro somatic), and
15–50 MV (in vitro dendritic).

Ca21 Fluorescence Imaging. Neurons were filled via the recording
pipette with either 50–200 mM fura-2 or 50–100 mM calcium
orange (Molecular Probes). Fluorescence was imaged with 360
and 320 objectives (Olympus, Hamburg) and a fixed-stage
microscope (Zeiss). A monochromatic light source was used for
fluorescence excitation (TILL Phototonics, Planegg, Germany),
and images [full frames and regions of interest (ROI)] were
acquired by a back-illuminated frame-transfer charge-coupled
device camera (Princeton Instruments, Trenton, NJ). When
imaging fura-2 fluorescence, Ca21 concentrations were calcu-
lated by using the standard ratioing equations (28, 29). Data
acquisition rates ranged from 10 ms per point for ROI to 67 ms
per point for full-frame images. Agents used were 2,3-dihydroxy-
6-nitro-7-sulfamoylbenzo[f]quinoxaline (NBQX), 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), D-2-amino-5-phosphono-
valeric acid (APV), bicuculline, biocytin, n-amyl acetate (AA)
(stock: 50 or 100% diluted in mineral oil; Sigma). All data are
reported as mean 6 SEM.

Results
Odor-Evoked Recurrent Inhibition. Odor-evoked AP firing was
examined by using in vivo whole-cell recordings from mitral cells
(Fig. 1 A). Odor-evoked responses fell into two general catego-
ries (30), with one fraction of cells showing increases in AP rate
(Fig. 1B, cells 1 and 2) and other cells showing inhibition by
hyperpolarization (Fig. 1C, cells 3–5).

The first type of odor-evoked mitral cell response was char-
acterized by stimulus-locked AP rates up to 250 s21 (Fig. 1B, cell
2). Mitral cells firing at high rates at the onset of odor presen-
tation often showed a decrease in AP frequency during the
stimulus and a hyperpolarization following its termination (Fig.
1B, cells 1 and 2, arrows). We hypothesized that both the
decrease in AP rate during stimulus presentation and the
after-stimulus hyperpolarization were caused by odor-evoked
recurrent IPSPs. To test this view more directly, we examined the
pharmacological properties of the odor-evoked IPSP and current
injection-evoked IPSPs (i.e., the isolated recurrent IPSP).

Odor-evoked AP patterns were modulated by bicuculline. Fig.
2Ai shows an odor-evoked response that exhibited a prominent
hyperpolarization ('5 mV) after termination of the odor expo-
sure. Superfusion of bicuculline over the MOB reduced the
odor-evoked hyperpolarization, resulting in APs that outlasted
the odor stimulus (Fig. 2 Ai). Bicuculline also abolished the
increase in interspike-interval (ISI) that was observed during
odor presentation. Under control conditions, the ISI of odor-
evoked responses increased '2-fold (n 5 3) from 77 6 7 ms (first
15 APs after burst) to 128 6 16 ms (last 15 APs; Fig. 2B). In
bicuculline, the ISI was unchanged during the odor response
[49 6 4 ms (first 15 APs after burst) vs. 39 6 5 ms (last 15 APs);
Fig. 2B].

Depolarizing current injection (100- to 150-ms steps) resulted
in trains of APs that were followed by a prolonged hyperpolar-
ization (Fig. 2 Aii) comparable to recurrent IPSPs as described

Fig. 1. Odor-evoked responses in mitral cells. (A) Projection of the recon-
struction of the morphology of a mitral cell recorded in vivo with apical and
lateral dendrites. The outline of a glomerulus is shown schematically. (B)
Examples of odor-evoked excitatory responses. AA but not the carrier stream
(cell 1) evokes APs (up to 250 s21) in mitral cells (APs are clipped). Moderate or
high odor-evoked firing rates result in abrupt decreases in firing rates and
hyperpolarizations (arrows) following termination of the odor presentation.
(C) Examples of odor-evoked hyperpolarizations (arrows). AA under control
conditions caused an initial hyperpolarization, followed by a transient burst of
spikes after termination of the stimulus. Odor presentations are 5 s.
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(10, 11, 17, 18, 31) in vitro (decay time constant: 459 6 87 ms, n 5
13). This hyperpolarization was blocked also by bicuculline
(5.7 6 0.6 mV vs. 2.2 6 0.4 mV control and bicuculline,
respectively; n 5 11, P , 0.001; Fig. 2C), indicating that it
represents the isolated, recurrent IPSP.

Therefore, the recurrent IPSP shapes odor-evoked mitral cell
AP patterns in two ways. First, during prolonged odor presen-
tation, the IPSP reduces the rate of mitral cell firing. Secondly,
after the cessation of a sensory input, the hyperpolarization
caused by the recurrent IPSP rapidly and precisely terminates
mitral cell firing.

Mechanisms of Recurrent Inhibition. The in vivo experiments sug-
gest that the amplitude of the recurrent IPSP depends on the rate
of mitral cell firing. Consistent with this idea, when isolated
recurrent IPSPs were elicited by bursts of APs evoked by somatic
current injection, the amplitude of the IPSP depended on the
number of APs in the burst [23.1 6 0.5 mV (4 AP), 26.4 6 0.5
mV (10 AP), n 5 17; Fig. 3 A and B], suggesting that APs at
higher than 10 APs s21 effectively evoke recurrent IPSPs. A
similar dependence of recurrent-IPSP amplitude on AP number

was observed in vitro [21.4 6 0.4 mV (4 AP), 23.3 6 0.3 mV (10
AP), n 5 30; P , 0.001; Fig. 3B], although the amplitude of the
recurrent IPSP in vitro was reduced. In vivo, bursts of sponta-
neously generated APs, but usually not single APs, also pro-
duced prolonged hyperpolarizations (Fig. 3C). Thus, odor-
evoked, current-evoked, and spontaneous recurrent IPSPs in
vivo increased with AP frequency. The difference in the recur-
rent IPSP amplitude between the in vivo and in vitro preparations
may reflect the elimination of inhibitory synaptic connections
during the slicing procedure or a difference in the ionic con-
centrations in the extracellular milieu and suggest that in vitro
experiments underestimate the contribution of the recurrent
IPSP in vivo.

Because sampling of natural odors occurs over many seconds,
for dendrodendritic inhibition to contribute to odor processing,
it must remain effective during long periods of mitral cell
activity. Therefore, we next evoked mitral cell activity for periods

Fig. 2. Odor-evoked excitatory responses and recurrent inhibition in mitral
cells. (Ai) AA application results in a strong odor-evoked response that is
followed by a hyperpolarization. After superfusion of bicuculline, the re-
sponse to AA is increased, and the hyperpolarization is eliminated. Odor
presentation is 5 s, and the vertical scale bar is 20 mV. (Aii) Three superimposed
traces show the current-evoked recurrent IPSP in the same cell as in Ai under
control conditions and after superfusion with bicuculline. (Scale bar repre-
sents 200 ms and 40 mV.) (B) Interspike interval (ISI) for the odor-evoked
responses shown in A plotted against the AP number. Lines indicate the best
linear fit. (C) (Upper) Bicuculline (100 mM) superfused over the olfactory bulb
(10 min) reduces the amplitude of the AP-evoked hyperpolarization in a mitral
cell in vivo. (Scale bar represents 100 ms and 5 mV.) (Lower) Data from 11 cells
(in vivo) show the reduction of the recurrent IPSP amplitude by bicuculline.

Fig. 3. AP-frequency dependence of recurrent IPSPs in mitral cells in vivo. (A)
Single traces show recurrent IPSPs after APs elicited by 150-ms steps of positive
current injection (120 pA, 150 pA, and 200 pA). (B) The peak amplitude of the
recurrent IPSP increases with the number of APs evoked in vivo and in vitro
(n 5 17 cells in vivo, n 5 30 cells in vitro). (C) AP-associated hyperpolarizations
were observed in mitral cells in vivo after spontaneous bursts of two or more
APs but usually not after a single AP (APs are clipped).
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of 0.1 to 5 s and compared the amplitude of the recurrent IPSP
evoked as a function of stimulus duration. The amplitude of the
recurrent IPSP was unaffected by increasing the duration of the
current step while maintaining a constant AP frequency of '50
Hz (100 ms with 1-, 2-, 4-, and 5-s pulses; F(4,15) 5 0.07, P 5 0.989,
one-way ANOVA; Fig. 4A). This observation indicates that the
recurrent IPSP is not attenuated by long periods of high fre-
quency firing and maintains its effectiveness during long periods
of sensory stimulation (e.g., Fig. 1B, cell 2 and Fig. 2 A).

When the recurrent IPSP was abolished by application of
bicuculline (20–40 mM), we found that current steps (100 ms)
elicited more APs than in control conditions (e.g., a 200-pA step:
2.3 6 0.2 APs in control vs. 8.0 6 1.8 APs in bicuculline; Fig. 4B,
n 5 8 cells). In the presence of bicuculline, current-evoked APs
were followed by a depolarization (2.1 6 0.9 mV amplitude at
peak evoked by 10 AP; n 5 5; Fig. 4C Left) that in some cases
produced AP firing (Fig. 4C Left). This prolonged depolarization
was blocked by glutamate receptor antagonists (APV, 25 mM
and NBQX or CNQX, 10 mM), suggesting that AP-evoked
release of glutamate from a mitral cell evokes a recurrent
excitatory postsynaptic potential (EPSP) mediated by both N-
methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors (32–37; Fig. 4C
Right). By subtracting the averaged response recorded in the
presence of bicuculline from the average control response, we
found that the recurrent EPSP in vitro reduces the bicuculline-
sensitive component by '40% (isolated IPSP 5 25.7 6 1.5 mV,
isolated EPSP 5 2.4 6 0.9 mV, for 7 APs, n 5 4 cells; Fig. 4C
Right). These data show that recurrent inhibition reduces the rate
of mitral cell firing and is masked in part by glutamatergic self
excitation.

Odor Evoked Lateral Inhibition. The second type of response of
mitral cells to odorants (Fig. 1C) was characterized by a hyper-
polarization during the initial 1–2 s of odor presentation (2, 30,
38–39). This hyperpolarization attenuated with time and often
was accompanied by an increase in membrane noise (e.g., Fig.
1C, cells 3–5 and Fig. 5 Top). Cells that exhibited this initial

hyperpolarization during stimulus presentation under control
conditions fired APs in response to the same stimulus after
superfusion of bicuculline over the surface of the MOB (n 5 3;
Fig. 5 Middle). Because the hyperpolarization was not preceded
by AP firing, these data show that GABAA receptor-mediated
lateral inhibition prevents odor-evoked firing in mitral cells.
Moreover, the attenuation of the hyperpolarization during the
odor presentation suggests that the amplitude of lateral inhibi-
tion decreases as a function of stimulus duration. Thus, lateral
inhibition can prevent or delay firing in mitral cells receiving
active ORN input.

Decremental AP Propagation and Ca21 Transients in Lateral Dendrites.
Granule cell-mediated dendrodendritic inhibition underlies re-
current and lateral inhibition between mitral cells and depends
on [Ca21]-dependent glutamate release from mitral cell lateral
dendrites. We measured AP propagation and the AP-evoked
increase of [Ca21] in these dendrites to determine how patterns
comparable to odor-evoked mitral cell activity determine the
propagation of APs in lateral dendrites and the concomitant
transient rise in dendritic [Ca21]. Simultaneous whole-cell volt-
age recordings from mitral cell somata and lateral dendrites
showed that single APs decreased in amplitude by 22% per 100
mm (linear fit to data R2 5 0.52, n 5 13; Fig. 6 A and B) as they
propagated from the soma into lateral dendrites. In contrast,
APs in the apical dendrite did not attenuate with distance
(,0.1% increase per 100 mm, n 5 5; Fig. 6B; refs. 22 and 23).
Because odors can evoke mitral cell firing at rates higher than
250 AP s21, we examined whether propagation in lateral den-
drites depended on repetitive APs (40). When a train of APs was
elicited at the soma, propagation of APs into distal lateral
dendrites increased with AP number. For dendritic recordings
further than 75 mm from the soma, attenuation was reduced from
41% for the first AP to 31% by the eighth AP (n 5 6; Fig. 6 C
and D). This improved propagation was associated with both an
increase in AP amplitude in the dendrite and a decrease in AP
amplitude in the soma. The larger peak depolarization of the
later APs in a train may, therefore, result in more effective
activation of voltage-dependent calcium channels in the lateral
dendrites and thus in increased lateral inhibition.

Because lateral inhibition is driven by Ca21-dependent gluta-
mate release (17, 19) from the lateral dendrites of mitral cells,

Fig. 4. The effect of recurrent IPSPs on mitral cell firing. (A) The amplitude
of the in vitro recurrent IPSP is unaffected by changing the duration of current
step from 200 ms to 1 s. APs are clipped. (B) In vitro, the number of APs elicited
by a 100-ms current step of a given amplitude is shown for control conditions
and in the presence of bicuculline (20–40 mM). (C) (Left) Application of
bicuculline in vitro resulted in prolonged depolarization and AP firing after
termination of current injection. The depolarization was blocked by addition
of APV (25 mM) and NBQX (10 mM). (Right) Average traces show the bicucul-
line-, APV-, and NBQX- (or CNQX-) sensitive components of the response
obtained by digital subtraction (APs are blanked).

Fig. 5. Odor-evoked lateral inhibition in mitral cells. Presentation of AA
under control conditions (Top) caused initial hyperpolarization, followed by a
transient burst of spikes after termination of the stimulus. This hyperpolar-
ization was blocked reversibly by bicuculline (Middle and Bottom). Data are
two traces superimposed to illustrate the reliability of the odor-evoked
responses.
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we measured the spatial profile of Ca21 transients along these
dendrites. Calcium transients observed in response to single
somatically evoked APs decreased with distance by 20% per 100
mm from the soma (linear fit to data, R2 5 0.47, n 5 19; Fig. 7A).
When multiple APs were evoked, the amplitude of calcium
transients increased nonlinearly with AP number. In the distal
lateral dendrites (.250 mm from the soma), calcium transients
following five APs were 7-fold larger than those evoked by a
single AP (1 AP 5 16.0 6 6.8 nM peak D[Ca21] vs. 5 AP 5
115.1 6 40.8 nM peak D[Ca21], n 5 7 cells; Fig. 7A). In some
cells, single APs evoked no measurable calcium transient in
distal regions of the lateral dendrite (.300 mm from the soma),
whereas trains of APs evoked large calcium elevations in these
same regions (Fig. 7 Aii and Biii). Thus, repeated APs act
cooperatively to elevate [Ca21] in distal segments of lateral
dendrites (Fig. 7 A and B). This observation suggests that,
although single APs will fail to evoke glutamate release from the
distal half of a lateral dendrite, repetitive APs will progressively
recruit release from more distal release sites.

Calcium transients in lateral dendrites evoked by multiple APs
increased substantially in the presence of bicuculline (DFyF
evoked by 5 APs at 50 s21 was 22 6 6% in controls vs. 39 6 8%
with bicuculline, n 5 5) in dendritic segments .300 mm from the
soma. Single AP-evoked calcium transients were unaffected by
the addition of bicuculline (DFyF evoked by 1 AP was: 3.2 6

0.4% vs. 3.7 6 0.6%) in these same dendritic segments. These
data suggest that recurrent inhibition regulates the spatial extent
of AP propagation evoked by repeated AP firing in mitral cells.

Discussion
Here we describe two general patterns of odor-evoked AP firing
in mitral cells of the mammalian MOB and detail cellular
mechanisms that may give rise to these two patterns. Strongly
activated mitral cells decrease their firing rates during odor
presentation. In other mitral cells, odor-evoked inhibition delays
or prevents firing, even though these cells receive active olfac-
tory nerve input. Both these effects are mediated by GABAA

receptors.
Recurrent inhibition is the most likely mechanism underlying

the decrease in firing rate during stimulus presentation seen in
strongly activated mitral cells. Although ORNs have been shown
to desensitize in response to odor presentations, in the presence
of bicuculline, mitral cells fire at almost constant rates for the
duration of the stimulus. This response indicates that desensiti-
zation of ORNs is unlikely to contribute to the observed
accommodation of AP firing rates in mitral cells.

Odor-evoked hyperpolarizations of mitral cells are blocked by
bicuculline, indicating that they represent lateral inhibition

Fig. 6. AP propagation in mitral cell lateral dendrites in vitro. (A) Simulta-
neous whole-cell recordings from the soma (black line) and a lateral dendrite
(180 mm from the soma, gray line) of a mitral cell show that APs in the lateral
dendrite are smaller than those recorded in the soma. [Scale bar indicates 25
mV and 20 ms (5 ms for Inset).] (B) The summary graph shows the ratio of the
dendritic-to-somatic AP amplitude for lateral dendrites (E; n 5 12) and apical
dendrites (F; n 5 5), plotted as a function of distance from the soma. Lines
show the best linear fit. (C) Data from a single cell show that the amplitude of
somatic APs attenuates throughout a high-frequency train, whereas the
amplitude of APs recorded in the lateral dendrite (at two locations) increases.
(Scale bar indicates 25 mV and 60 ms.) (Right) The ratio of dendritic to somatic
AP amplitude in lateral dendrites increases with AP number, and this increase
is larger at the distal location. (D) Data from seven cells show the difference
between the propagation ratios for the eighth and the first AP in a train. This
difference increases with the distance from the soma.

Fig. 7. AP-dependent Ca21 transients in mitral cell dendrites recorded in
vitro. (Ai) Fluorescence image of a mitral cell filled with the calcium indicator
Fura-2 (50 mM). (Upper) Ca21 transients evoked by one and five APs (at 50 Hz)
recorded from indicated regions of interest (ROI) show the attenuation of the
Ca21 transient with distance along the lateral dendrite. (Scale bar indicates 20
nM D[Ca21] and 100 ms.) (Aii) Peak D[Ca21] evoked by one and five APs (at 50
Hz) plotted against the distance along the lateral dendrite at which it was
recorded (n 5 19 ROI from 13 cells). Lines indicate the best linear fit to data.
(Bi) Fluorescence image of a mitral cell filled with calcium orange (50 mM).
Lines of interest (LOI1, LOI2, and LOI3) indicate the regions of the dendrite
where fluorescence measurements (in Bii and Biii) were made. (Bii and Biii)
DFyF measured along LOI1, LOI2, and LOI3 plotted against distance from the
soma for the indicated number of APs (0, 1, 4, or 8). Data were collected over
an interval of 67–134 ms after the last AP.
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mediated by activation of granule andyor periglomerular cells (8,
9), rather than an odor-evoked decrease in tonic ORN firing
rates (1, 2) or a GABAB receptor-mediated decrease in gluta-
mate release from ORN terminals (38, 39, 41). The data suggest
that lateral inhibition controls the latency between sensory input
and onset of mitral cell activity.

Both recurrent and lateral inhibition are likely to depend on
depolarization-evoked Ca21 influx into mitral cell lateral den-
drites. Although APs in the apical dendrite of mitral cells
propagate reliably and fully for the length of the dendrite (22,
23), APs in the lateral dendrites do not. This difference in AP
propagation in different dendrites of the same neuron may be
unique to mitral cells and may reflect the distinct and specialized
functions of apical vs. lateral dendrites. The amplitude of [Ca21]
transients in distal lateral dendrites increases steeply with AP
number, suggesting that repetitive mitral cell firing will be much
more effective in causing glutamate release and excitation of
granule cells. Thus, an increase in AP frequency will result in
more widespread release of glutamate from lateral dendrites and
in a larger spatial extent of lateral inhibition across the MOB. We
propose that, at least in part, activity-dependent AP propaga-
tion, along with the resultant [Ca21] increase in mitral cell lateral
dendrites, controls the amount of lateral and recurrent inhibition
received by an individual mitral cell.

Mitral cells receiving relatively strong ORN input fire rela-
tively earlier than those with weaker input. As their AP fre-
quency decreases with time because of recurrent inhibition, the
extent of AP propagation into lateral dendrites is reduced. This
decrease results in a gradual reduction in activation of granule
cells receiving input from distal regions of the lateral dendrites.
The lateral inhibition evoked by these granule cells is then
attenuated, allowing mitral cells to fire during the later phases of
odor stimulation. Therefore, a mitral cell’s recurrent inhibition
shapes not only its own temporal AP pattern but also the
response onset of other mitral cells. This view predicts that, by
means of activity-dependent dendrodendritic inhibition, mitral
cells compete for ‘‘excitation space’’ across the bulb to represent
a spatiotemporal olfactory code (4, 42–45). The structure of this
putative excitation space would be governed largely by the
geometry of the lateral dendrites of mitral cells and the activity-
dependent decremental-AP propagation into these dendrites.
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