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Odors evoke �-� frequency field potential oscillations in the olfactory systems of awake and anesthetized vertebrates. In the rat olfactory
bulb, these oscillations reflect the synchronous discharges of mitral cells that result from both their intrinsic membrane properties and
their dendrodendritic interactions with local inhibitory interneurons. Activation of dendrodendritic synapses is purportedly involved in
odor memory and odor contrast enhancement. Here we investigate in vivo to what extent action potentials propagate to remote dendro-
dendritic sites in the entire dendritic tree and if this propagation is changed during discharges at 40 Hz. By combining intracellular
recording and two-photon microscopy imaging of intracellular calcium ([Ca 2�]i ), we show that in remote branches of the apical tuft and
basal dendrites, transient Ca 2� changes are triggered by single sodium action potentials. Neither the amplitude of these Ca 2� transients
nor that of action potentials obtained from intradendritic recordings showed a significant attenuation as a function of the distance from
the soma. Calcium channel density seemed homogeneous; however, propagating action potentials occasionally failed to trigger a Ca 2�

transient at a site closer to the soma whereas it did farther. This suggests that measurements of calcium transients underestimate the
occurrence of sodium action potentials. During 40 Hz bursts of action potentials, [Ca 2�]i increases with the number of action potentials
in all dendritic compartments. These results suggest that the presence of release sites in dendrites is accompanied by an “axonal-like
behavior” of the entire dendritic tree of mitral cells, including their most distal dendritic branches.
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Introduction
Neuronal dendrites do more than passively integrate and convey
synaptic currents to a spike-initiating zone near the soma (for
review, see Shepherd, 1999; Hausser et al., 2000). In many neu-
rons, voltage-dependent regenerative Na� and Ca 2� currents
participate in transferring excitatory synaptic inputs from distal
dendrites to the soma and axon hillock or into other dendritic
branches. Furthermore, Na�-dependent action potentials initi-
ated near the soma backpropagate to varying extents into den-
drites, depending on the neuronal type, the previous history
of activation of the neuron, or the neuromodulatory inputs
(Colbert et al., 1997; Hoffman et al., 1997; Stuart et al., 1997;
Tsubokawa and Ross, 1997). These backpropagating spikes have
been proposed to implement numerous processes, including co-
incidence detection for synaptic plasticity (Markram et al., 1997),
amplification of synaptic currents (Larkum et al., 1999), poten-
tiation of Ca 2� influx through NMDA receptors (Schiller et al.,
1998), metabotropic glutamate receptor-mediated Ca 2� release

from internal stores (Nakamura et al., 1999), and evoking release
(Zilberter et al., 1999; Zilberter, 2000).

In the olfactory bulb, mitral cell dendrites establish reciprocal
dendrodendritic synapses with periglomerular and granular in-
hibitory cells (Rall et al., 1966). Activation of these dendritic syn-
apses mediates both recurrent inhibition and lateral inhibition
(Mori and Takagi, 1978; Jahr and Nicoll, 1980), two synaptic
processes thought to be involved in odor memory (Kaba et al.,
1994) and odor contrast enhancement (Yokoi et al., 1995),
respectively. Moreover, glutamate release at these sites also pro-
motes self-excitation (Aroniadou-Anderjaska et al., 2000; Fried-
man and Strowbridge, 2000; Salin et al., 2001). Thus, character-
ization of action potential propagation to dendrodendritic sites
and modulation of the propagation by local synaptic interactions
is important to determine the role of mitral cells in the control of
bulbar network activity. In vitro, dual electrophysiological re-
cording and imaging experiments have provided clear evidence
for dendritic Na�-dependent action potentials, locally generated
or backpropagating in apical dendrites of mitral cells (Bischof-
berger and Jonas, 1997; Chen et al., 1997, 2002; Isaacson and
Strowbridge, 1998), and have also demonstrated the basic phys-
iology of the mitral to granule cell reciprocal synapse (Isaacson
and Strowbridge, 1998; Kirillova and Lin, 1998; Schoppa et al.,
1998; Chen et al., 2000; Isaacson, 2001) and of mitral cell self-
excitation (Aroniadou-Anderjaska et al., 2000; Friedman and
Strowbridge, 2000; Salin et al., 2001). These initial studies, how-
ever, did not investigate the mechanisms that could regulate the
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extent of dendritic propagation in the apical tuft or in basal den-
drites. Combining patch recording and imaging in basal den-
drites in vitro, Margrie et al. (2001) showed that propagation of
single spikes is decremental with distance and that trains of action
potentials are required to reach the remote part of the dendrites.
It implied that basal dendrites consist of several compartments
that would be differentially involved with activity. These results,
however, were later questioned in in vitro studies which showed
that propagation of action potentials can occur distally in basal
dendrites and is modulated by inhibition (Lowe, 2002; Xiong and
Chen, 2002).

In vivo, the “neuron environment” is different from that in an in
vitro slice, e.g., spontaneous and miniature excitatory and inhibitory
synaptic potentials will influence membrane input resistance,
voltage-gated channel activation rates, and thus dendritic action po-
tential initiation and backpropagation (Pare et al., 1998; Svoboda et
al., 1999). In vivo measurements of dendritic function in the intact
brain are thus needed to complement the detailed in vitro studies.
Combining intracellular recordings with two-photon laser scanning
microscopy (TPLSM) (Denk et al., 1990) imaging of intracellular
calcium [Ca2�]i in vivo, we have demonstrated previously that single
sodium-dependent action potentials propagate in the proximal
parts of apical and basal dendrites of mitral cells (Charpak et al.,
2001). In the present study, we analyze in vivo how single action
potentials and 40 Hz bursts of action potentials propagate in the
entire dendritic tree of rat mitral cells. We find that each action
potential can participate in remote intraglomerular and lateral den-
dritic synaptic interactions.

Some of these data have been presented previously in prelim-
inary form (Debarbieux et al., 2001).

Materials and Methods
In vivo electrophysiology and odor stimulations. Wistar rats, postnatal day
30 – 45, were anesthetized with urethane (1.5 gm/kg, i.p.) and held in a
standard stereotaxic apparatus with ear bars. Atropine (0.5 mg/kg, i.p.)
was injected at the onset of anesthesia and supplemented at approxi-
mately hourly intervals at 0.1 mg/kg to reduce bronchial secretion. In
control experiments performed without atropine injection, we did not
observe any change in the probability of calcium transient detection
during backpropagation of single action potentials (all data were
pooled). In each experiment, the posterior cisterna was drained. A cra-
niotomy was performed above one bulb hemisphere and the dura was
removed. A recording micropipette was then positioned at the surface of
the bulb, a glass coverslip was placed on a metal frame attached to the
skull, and the space below the glass was filled with a 3.5% Agar solution.
The temperature of the animal was maintained at 36 –37°C. Borosilicate
glass micropipettes were filled with a solution of 3 mM Oregon Green-1-
BAPTA in 2 M K-acetate, pH 7.2. The dye was injected with a continuous
hyperpolarizing current of �0.5 nA for 10 –30 min. Electrophysiological
signals recorded with a Neurodata amplifier (Cygnus Technology) were
digitized and stored on a PC (Digidata 1200A, Clampex 8; Axon Instru-
ments). In addition, electrophysiological data were simultaneously ac-
quired and synchronized to the images with custom LabView-based soft-
ware at sampling rate of 5–10 kHz with 12 bit resolution. Odors (Isoamyl
acetate or propionic acid) were applied for a duration of 2 sec with a
custom-built olfactometer. Teflon tubing was used from the odor reser-
voir to the nose.

In vivo two-photon imaging. Oregon Green-1 fluorescence was excited
and imaged using a custom-built two-photon laser scanning microscope.
An 830 nm excitation beam from a femtosecond pulsed laser (Coherent;
5 W pump) was focused onto filled neurons using a 63� Leica water
immersion objective. Galvanometric scanning (Cambridge Technology,
Cambridge, MA) controlled by home-built electronics and software
(LabView) were used to obtain repetitive single line scans at rates be-
tween 300 and 3000 lines per second or images from subregions of the
field of view at rates up to 20 per second. A background fluorescence

value was obtained by averaging pixels from an unstained region of the
tissue. Rectangular zones of interest in the image containing dye-filled
structures were chosen for analysis. Normalized fluorescence changes
were calculated as �F/F � (F � F0)/(F0), where F is the background
corrected average fluorescence signal within the measurement box and
F0 is the background corrected intensity averaged over five frames at the
start of a sequence. Values of �F/F are given as mean � SEM.

To compare the failure rate of the Ca 2� transients of two adjacent sites
recorded simultaneously with a single line scan on the same dendritic
branch (see Fig. 3), traces of �F/F were first zeroed relative to the 50 msec

Figure 1. Single action potentials backpropagate reliably in remote branches of the apical
dendrite. A, Top, morphology of a mitral cell tuft. The recording electrode was placed in the
soma. The detection probabilities of fast Ca 2� transients evoked by single action potentials are
indicated at the levels where the line scan recordings were done. Bottom, Averages (n � 30) of
fast Ca 2� transients (top traces) triggered by single action potentials (bottom traces) in
branches of successive order represented by different colors. Inset, Mean of three cells. B, Ca 2�

transients can occur independently in two branches (second order) originating from the same
branch and recorded simultaneously. B1, Single action potentials evoke transient changes in
fluorescence (F, x� time, y�distance scanned) seen as color changes in the two branches (top
panel) or as changes in �F/F (bottom two traces). B2, Traces on the left show an example of a
Ca 2� failure occurring in branch 1 and not in branch 2. Traces on the right show single Ca 2�

transients recorded simultaneously in branches 1 and 2.
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preceding each evoked action potential (baseline), and the integral of
�F/F was calculated over 50 msec after the peak of the action potential.
These values were used to construct histograms that were compared with
histograms of the noise obtained by measuring the integral of �F/F over
the 50 msec preceding the baseline region. We considered as failures all
the values of �F/F that were less than or equal to twice the SD of the noise
distribution.

Results
Single sodium action potentials backpropagate to remote sites
of the apical tuft
Intracellular recordings (n � 83) with stable membrane poten-
tials of �55 mV or greater were obtained from mitral and tufted
cells. The location of the recording pipette was obtained by
TPLSM imaging of the micropipette tip. Approximately 70%
(n � 61) of the cells were impaled in a dendrite rather than in the
soma. Because we were aiming at secondary dendrites, only one-
third of these dendritic recordings were from apical dendrites.

The primary dendrite of mitral cells ex-
tends over 200 – 400 �m in the direction of
the glomerulus where it ends in a tuft of
branches. Measurements of calcium dy-
namics with TPLSM in vivo have demon-
strated that dendritic Ca 2� transients can
be used as markers of sodium action po-
tentials (Svoboda et al., 1997, 1999; Helm-
chen et al., 1999). Using this approach, we
analyzed the propagation of sodium
spikes along the apical trunk and the tuft
branches (n � 7 cells; three to six sites per
cell). Action potentials were evoked with
brief depolarizing current pulses (4 – 8
msec), and coincident Ca 2� transients
were detected with a very high probability
( p ranged from 0.6 to 1; mean � SEM �
0.91 � 0.03; n � 15–30 action potentials at
each recording site), even in the most dis-
tal part of the dendritic tuft. The high
probability was maintained indepen-
dently of the number of branching points
(Fig. 1A). In three cells in which Ca 2� re-
sponses were analyzed in five successive
sites (from the apical trunk to branches of
the fourth order), the average amplitude
of Ca 2� transients, including detection
failures, ranged from 31 to 47% �F/F (Fig.
1A, inset). The differences in the mean
amplitudes that included failures could
reflect the differences in the probability of
failures, in the amplitude of individual
Ca 2� transients, in the diameter of den-
dritic processes (a “surface/volume” ef-
fect), and in variations in the ability of ac-
tion potentials to trigger Ca 2� transients
(see below). Figure 1B shows a case in
which the slight difference in the mean
values of Ca 2� transients observed in two
daughter branches issued from the same
branch (56 and 69% �F/F for branches 1
and 2, respectively) (Fig. 1B1) resulted
from differences in both the probability of
failure ( p1 � 0, p2 � 0.2) and the average
value of individual Ca 2� transients (56
and 88% �F/F for branches 1 and 2, re-

spectively) measured in the absence of failure. Taken together,
these results suggest that action potentials propagate with a very
high reliability throughout the entire tuft of mitral cells, indepen-
dently of the distance from the soma or the number of branching
points.

Single sodium action potentials backpropagate to remote sites
of basal dendrites
Basal dendrites extend over �1 mm laterally in the olfactory
bulb. Whether single action potentials actively propagate to the
most distal portions of the basal dendrites in vivo is unknown. We
found that single action potentials evoked with brief depolarizing
current pulses (4 – 8 msec) induced coincident Ca 2� transients in
basal dendrites with a very high probability (Fig. 2A), even at
distances of 950 �m. No difference in average value of the Ca 2�

transients was observed when Ca 2� signals were recorded prox-
imally (�300 �m) or distally (	375 �m, up to 950 �m; n � 7

Figure 2. Single action potentials backpropagate in remote sites of the basal dendrites. A1, Ca 2� transients were detected in
two basal branches (top) in response to single action potentials. The probability of detection at the most distal sites is indicated at
the levels where the line scans were done (450 and 500 �m from the soma). Note that the average Ca 2� transients (n � 30)
recorded proximally (250 �m) and distally (�500 �m) in the two basal branches were very similar. A2 illustrates a case in which
a failure occurred only in the right proximal branch. B, Mean values of the Ca 2� transients observed proximally and distally. In one
case, the signal was measured at 950 �m from the soma. C, The amplitude of sodium action potentials did not significantly
decrease with the distance from the soma at which the recording electrode was placed in the basal dendrite.
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cells) (Fig. 2A1,B). The probability of Ca 2� transient detection
was high ( p ranged from 0.6 to 1; mean � SEM � 0.87 � 0.04).
In support of the data obtained with two-photon imaging, intra-
cellular recordings in the lateral dendrites revealed that the action
potential size did not decrease significantly over a distance of 400
�m from the soma (Fig. 2C). The average size of action poten-
tials, however, was small (46 � 2 mV; n � 23), a value that we
attribute to the difficulty of recording thin dendrites in vivo. Our
results therefore suggest that action potentials propagate with a
very high reliability all along the basal dendrites of mitral cells,
independently of the distance from the soma.

In basal dendrites as in tufts (Fig. 1B), however, failures of
Ca 2� transients could occasionally occur in one dendritic branch
and not in another issued from the same branch (Fig. 2A2). This
suggests that the action potential either did not propagate or did
not trigger any Ca 2� signal locally. We therefore investigated
whether Ca 2� transients were reliable detectors of sodium action
potentials. Figure 3 shows the results of experiments during
which two points of the same branch were recorded simulta-
neously using a line scan either in a tuft (Fig. 3A) or in a basal
dendrite (Fig. 3B). As described above, the probability to detect
dendritic Ca 2� transients during an evoked action potential was
high at all recording sites. We occasionally could detect, however,
a Ca 2� transient at one site while an apparent failure occurred at
the other site (Fig. 3A,B1, bottom traces). This was not caused by
the presence of Ca 2� channel hot spots because the mean values
of Ca 2� transients recorded proximally were similar to those
recorded distally (Fig. 3A,B1, top traces). Failures were not cor-
related with the occurrence of IPSPs detected at the electrophys-
iological recording site (data not shown). Figure 3B2 shows the
distributions of the Ca 2� transient integrals (see Materials and
Methods) obtained from the two simultaneously recorded sites
from the basal dendrite of Figure 3B1. In this example, an equiv-
alent number of apparent failures was detected at both recording
sites. There was no correspondence, however, between the fail-
ures observed proximally and distally. Green boxes in the histo-
grams of Figure 3B2 identify two trials during which failures of
�F/F occurred at the site closer to the soma, whereas large Ca 2�

transients were detected at the more distal recording site. This im-
plies that action potentials reaching the farther site did not system-
atically trigger Ca2� transients at the closer site. Similar results were
obtained in the basal dendrites of three other cells. Therefore, Ca2�

transients are not perfect indicators of action potentials in vivo, and
despite their high values, the probabilities of action potential prop-
agation in the dendrites of mitral cells based on measurements of
Ca2� transients are thus underestimations.

In vivo, mitral cells fire preferentially at frequencies in the
�-� range
The efficient backpropagation of single action potentials in the den-
drites of mitral cells in vivo does not ensure that every action poten-
tial of a burst will backpropagate (Spruston et al., 1995; Tsubokawa
and Ross, 1996, 1997). We thus aimed at determining the preferred
frequency at which mitral cells fire during a natural sensory stimu-
lation during urethane anesthesia and then tested the efficiency of
action potential backpropagation at this frequency.

Odor stimulation evoked various types of excitatory, mixed
excitatory/inhibitory, or inhibitory responses. Figure 4A illus-
trates a case in which three cells were sequentially impaled, from
right to left, in an apical dendrite (near the soma), in a soma, and
finally in a basal dendrite. In the left cell, odor application evoked
an excitatory response that was characterized by synaptic depo-
larizations locked to the respiratory cycle and on which were

superimposed bursts of action potentials (Fig. 4B, left bottom
trace); note that during odor stimulation, action potentials back-
propagated in the secondary dendrite (left top trace). Such burst-
ing behavior was also observed during the off response that fol-
lowed odor-evoked inhibition in other cells. The initial
hyperpolarization attributable to lateral inhibition was followed
by 20 – 60 Hz bursts of action potentials (Fig. 4B, right trace). The
intraburst frequency was usually in the �-� range: of 23 silent
cells, the interspike interval distribution during odor stimula-
tions could be fitted with two Gaussian curves in 15 cells, one
centered on respiration rate and a second centered on 34 � 3.5
Hz (mean � SEM). In the remaining eight cells, the interspike
distributions required one or two additional Gaussian curves
[centered respectively on 18 � 4 (n � 8) and 95 � 18 Hz (n � 3)].
These observations confirmed that in vivo, during odor stimula-
tion, mitral cells fire bursts of action potentials in the �-� range
(Mair, 1982; Hamilton and Kauer, 1985; Meredith, 1986; Wellis
et al., 1989). Several parameters contribute to this bursting be-
havior. When we manipulated the membrane potential with de-
polarizing DC-current injections, we observed subthreshold
membrane potential oscillations (Fig. 4C, white arrow) that in-
duced bursts of action potentials with an interspike interval cen-
tered at 25 msec (Fig. 4C). Thus, as shown in vitro (Chen and
Shepherd, 1997; Desmaisons et al., 1999), the association of in-
trinsic membrane properties with recurrent inhibition stabilizes
mitral cell discharge at a preferred frequency of “40 Hz.” In vivo,
however, olfactory inputs were able to re-entrain the generation
of these bursts during a period of firing accommodation caused
by a sustained depolarization (Fig. 4D). Several mechanisms thus
participate to the generation of 40 Hz bursts during odor stimu-
lation. We therefore tested how action potentials emitted at this
frequency backpropagate in the apical tuft and basal dendrite of
mitral cells.

Figure 3. Measurements of fast Ca 2� transients underestimate action potential backpropa-
gation. A, Ca 2� signals were recorded simultaneously at two points from the same first-order
branch of a tuft. Average Ca 2� transients (including failures) were similar at both locations (top
traces). In some cases, however, an action potential did not trigger any Ca 2� signal at the site
close to the soma whereas it did farther (bottom traces). B1, Ca 2� signals were recorded
simultaneously at two close points from the same branch of a basal dendrite. Average Ca 2�

transients (including failures) were similar at both locations (top traces). Occasionally, an action
potential did not trigger any Ca 2� signal at the site closer to the soma whereas it did farther
(bottom traces, inset). B2, Integral histograms of �F/F measured over 50 msec after the action
potential peak at the recording sites closer to (Close) and farther from (Far) the soma on the
basal dendrite shown in B1. The green symbols (and the above stars) identify two cases of
apparent failures at the proximal site and the corresponding calcium transients at the distal site.
The superimposed curves correspond to the Gaussian fits of the noise integral distributions.
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�-� bursts of action potentials backpropagate to remote sites
of the apical tuft
Five brief current pulses were used to evoke bursts of action po-
tentials in the �-� range (Fig. 5A). The bursts evoked Ca 2� in-
creases that had amplitudes correlated to the number of action
potentials. Figure 5A illustrates the case of a fourth-order branch
in which each Ca 2� transient coincident with one of the five
spikes was almost similar and summation of fluorescence ap-
peared linear. We then systematically compared the summation
of fluorescence in the apical trunk and in one of its third- or
fourth-order branches (n � 12 cells; 34 dendrites; interspike in-

terval � 25 msec). To compare the Ca 2�

increases, Ca 2� signals were superposed
and normalized to the value of the Ca 2�

increase induced by the first action poten-
tial. In the cell illustrated in Figure 5B, flu-
orescence summation was sublinear in
both the apical trunk and the third-order
branch. To quantify the sublinearity, we
measured either �Fn/�F1 (Fig. 5C2) or
�Fmax/�F1, �Fmax corresponding to
the total fluorescence change observed
with five action potentials. Note that
�Fmax/�F1 underestimated Ca 2� in-
fluxes because Ca 2� transients decayed
between each spike. On average, summa-
tion sublinearity was observed at all sites
(�Fmax/�F1 � 3 � 0.2, n � 8; 3.1 � 0.2,
n � 7; 3.3 � 0.2, n � 7 in the apical trunk,
the third-order, and the fourth-order
branches, respectively). Measurements of
�Fn/�F1 (Fig. 5C2) similarly showed a
decrease of the �F5/�F1 and �F4/�F1.
Because we used a high-affinity Ca 2� in-
dicator (Kd �200 nM), dye saturation
could account for part of the sublinearity
that was observed (Cox et al., 2000; Maravall
et al., 2000). In the example of Figure 5C,
however, the fluorescence could still double
in the apical trunk under stronger stimula-
tion, as well as in the third-order branch
(data not shown). Furthermore, because
summation was also larger distally than
proximally, an observation that suggests
that action potentials did propagate farther
from the soma, the summation sublinearity
probably reflected a decrease in Ca2� in-
flux/action potential during the burst.

�-� bursts of action potentials
backpropagate to remote sites of the
basal dendrites
It has been suggested that high-frequency
discharges would facilitate the propaga-
tion of action potentials in the basal den-
drite. In our hands, 40 Hz bursts of action
potentials evoked Ca 2� increases with an
amplitude that was indeed correlated to
the number of action potentials (n � 13
cells, 24 dendrites) (Fig. 6). However, we
did not observe any facilitation during the
burst when we determined the fluores-
cence ratio �Fmax/�F1 proximally or dis-

tally. In fact, in four cells (named paired cells) in which the mea-
surements were performed successively at two sites (proximal
and distal) from the same dendrite, the fluorescence ratio
�Fmax/�F1 showed similar sublinearity proximally and distally
(3.2 � 0.4 and 3 � 0.4) (Fig. 6C). Dye saturation could not
explain the sublinearity because the fluorescence could still sig-
nificantly increase on higher firing discharge (Fig. 6A). In these
thin processes recorded in depth, individual traces were too noisy
to allow the determination of the probability of Ca 2� transients
for each action potential within a burst. However, considering
the fact that single action potentials did not systematically trigger

Figure 4. Mitral cells fire at �-� frequencies. A, Three mitral cells were successively impaled in vivo, labeled with Oregon
Green-1, and imaged with two-photon microscopy. B, The left cell was impaled in a basal dendrite and fired small high-frequency
bursts of action potentials (left panel, bottom trace) during odor stimulation. Simultaneous recording of the Ca 2� signal (left
panel, top trace, movie recording) from the basal dendrite site indicated by an arrow reveals that action potentials backpropagate
during odor stimulation. The trace on the right shows the recording from another cell that exhibited bursts of action potentials after
an initial odor-evoked inhibition. The distribution of the interspike intervals corresponded to firing frequencies in the �-� range.
C, Intrinsic membrane properties favor cell firing at 40 Hz. Intracellular depolarizing DC current injections induced bursts of action
potentials triggered by subthreshold membrane potential oscillations (white arrow) with an interspike interval centered on 25
msec. Right, Distribution of the interspike intervals measured over the parts of the trace indicated by the white rectangles. Inset,
Enlargement of these two parts of the above trace indicated with white rectangles. D, Spontaneous synaptic inputs entrain burst
discharges. Two depolarizing current pulses were applied to induce spike accommodation. Additional bursts of action potentials
(�50 Hz) were triggered by the synaptic inputs locked to air inhalations (arrows).

Debarbieux et al. • Dendritic Propagation In Vivo J. Neurosci., July 2, 2003 • 23(13):5553–5560 • 5557



Ca 2� transients (Fig. 3), we hypothesize that during the burst a
decrease in the number of calcium channels activated per action
potential, rather than failures of propagation, accounts for the
sublinearity. In any case, 40 Hz discharges did not determine the
distance at which active propagation occurs along the distal den-
drite in vivo.

Discussion
In the present study, we show that in the anesthetized rat, den-
dritic propagation of sodium-dependent action potentials ap-
pears to be the default condition for the entire mitral cell den-
dritic tree. In all dendritic processes, the probability to detect a
Ca 2� transient coincident with single action potential propaga-
tion was so high that one may consider, at first, that Ca 2� tran-

sients are reliable indicators of sodium-dependent action poten-
tials. However, when we imaged simultaneously two dendritic
sites located near each other, we observed cases in which action
potentials reaching both sites triggered Ca 2� transients at a single
site only. The behavior did not reflect the presence of a Ca 2�

channel hot spot in one of the sites because the mean values were
similar at both sites. We favor the hypothesis that at a given
moment, one site was inhibited by local interneurons, periglo-
merular cells in the tuft and granule cells in the basal dendrite.
This local synaptic inhibition would be moderate compared with
the one evoked by electrical stimulation of a granule cell assemble
that was reported to block completely action potential propaga-
tion (Xiong and Chen, 2002). The moderate spontaneous synap-
tic inhibition would attenuate sodium spikes and block high-
threshold calcium channels activation, whereas full sodium
spikes would be regenerated further. Such a hypothesis is in
agreement with the recent results of Lowe (2002) demonstrating
in vitro that uncaging GABA locally onto mitral cell basal den-
drites can reduce the size of backpropagating action potentials
without blocking their farther propagation. Therefore, our
method to determine the probability of action potential propa-
gation underestimated the reality, and it is thus conceivable that
under urethane anesthesia each evoked action potential system-
atically reaches all mitral cell dendrodendritic sites. This reliabil-
ity is in marked contrast with the absence of propagation in the
apical dendrite of the frog, a difference that could result from
differences in temperature, in anesthesia, or in the density of
sodium channels (Delaney et al., 2001).

Considering the case of basal dendrites, our results differ from
those of the in vitro study by Margrie et al. (2001) in which action
potential size decreased with distance and failed to trigger Ca 2�

transients distally. Our results are rather in line with the work of
Xiong and Chen (2002) as well as with preliminary data obtained
with voltage-dependant sensitive dyes (Djurisic et al., 2001)
showing in vitro active propagation of single action potentials at
remote locations of mitral cell basal dendrites. Thus, indepen-
dently of state and tissue differences, single action potentials
propagate similarly in basal dendrites both in vitro and in vivo.
We propose that for single spikes, the presence of release sites
imposes an axonal behavior on all mitral cell dendritic processes.

During 40 Hz evoked bursts, the fluorescence ratio �Fmax/
�F1, observed in both apical tuft branchlets and basal dendrites,
exhibited a summation sublinearity. The sublinearity could re-
flect the implication of several mechanisms such as (1) dye satu-
ration, (2) failure of action potentials to trigger Ca 2� channels
attributable to the inactivation of voltage-dependent Ca 2� chan-
nels or a local recurrent inhibition, and (3) complete failure of
action potential propagation attributable to the inactivation of
voltage-dependent Na� channels or a local recurrent inhibition.
Because we observed cases in which single action potentials did
not induce local Ca 2� influx, we hypothesize that measuring
Ca 2� transients in our experimental conditions, i.e., during
evoked bursts in urethane anesthetized animals, underestimates
propagation. The corollary is that either voltage-dependent Ca 2�

channels could not follow high-frequency firing or recurrent in-
hibition modulated local Ca 2� influx but was too weak to block
propagation. Activation of excitatory synapses from mitral to
periglomerular/granular cells, during an evoked burst, was not
efficient enough to trigger all inhibitory synapses from periglo-
merular/granular cells to mitral cells and block propagation. In
vitro, electrical stimulation of granule cells blocks action potential
propagation in basal dendrites (Xiong and Chen, 2002). In vivo,
however, full recurrent inhibition would require coincident burst

Figure 5. Bursts of action potentials backpropagate in the entire apical tuft. A, Left, Illustra-
tion of the protocol type used to mimic bursts of action potentials in the �-� range, which
induces a summation of Ca 2� transients (average of 18 bursts). Right, Schematic representa-
tion of the recorded mitral cell with the location of the recording pipette in the proximal part of
the apical trunk and the line scan in a fourth-order branch. B, Another mitral cell recorded with
an intracellular pipette placed in the soma. Left, Superpositions of Ca 2� signals evoked by one
and five action potentials (interspike interval�25 msec) in the apical trunk and in a third-order
branch. Right, Superposition of the traces obtained with five action potentials at both locations
and normalized to the first Ca 2� transients. Note that summation of fluorescence was sublinear
in the apical trunk and in the third-order branch. C1, The sublinearity was not caused by satu-
ration of the dye because the Ca 2� signal could still increase during higher firing frequency. C2,
Histograms of �Fn/�F1 (inset) in the apical trunk and branches of the third (bottom histo-
grams) and fourth (top histograms) order. In the two series, measurements were performed at
two different sites of the same cell (apical trunk vs third-order branch, n � 3, or apical trunk vs
fourth-order branch, n � 3).
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firing of both excitatory and inhibitory cells, an activity that oc-
curs during odor-evoked excitation and that releases Mg 2� block
of NMDA receptors from interneurons. Quantitative analysis of
Ca 2� increases resulting from odor-evoked bursts would be haz-
ardous, however, in regard to the presence of subthreshold syn-
aptic Ca 2� increases associated with firing (Charpak et al., 2001).
Finally, the determination of the weight of recurrent inhibition
on dendritic propagation during urethane anesthesia will require
the local application of GABAA receptor antagonists, a “tour de
force” when combined with intracellular recordings and TPLSM
imaging of Ca 2�, and a result that will have to be revisited in
nonanesthetized animals (Mair, 1982).
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