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DOR RESPONSE PROPERTIES OF NEIGHBORING MITRAL/TUFTED

ELLS IN THE RAT OLFACTORY BULB
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bstract—Olfactory perception initiates in the nasal epithe-
ium wherefrom olfactory receptor neurons—expressing the
ame receptor protein—project and converge in two different
lomeruli within each olfactory bulb. Recent evidence sug-
ests that glomeruli are isolated functional units, arranged in
chemotopic manner in the olfactory bulb. Exposure to odor-
nts leads to the activation of specific populations of glomer-
li. In rodents, about 25–50 mitral/tufted cells project their
rimary dendrites to a single glomerulus receiving similar
ensory input. Yet, little is known about the properties of
eighboring mitral/tufted cells connected to one or a few
eighboring glomeruli. We used tetrodes to simultaneously
ecord multiple single-unit activity in the mitral cell layer of
nesthetized, freely breathing rats while exposed to mixtures
f chemically related compounds. First, we characterized the
dorant-induced modifications in firing rate of neighboring
itral/tufted cells and found that they do not share odorant

esponse profiles. Individual units showed a long silent
11.01 ms) period with no oscillatory activity. Cross-correla-
ion analysis between neighboring mitral/tufted cells re-
ealed negligible synchronous activity among them. Finally,
e show that respiratory-related temporal patterns are dis-
imilar among neighboring mitral/tufted cells and also that
dorant stimulation results in an individual modification that

s not necessarily shared by neighboring mitral/tufted cells.
hese results show that neighboring mitral/tufted cells fre-
uently exhibit dissimilar response properties, which are not
onsistent with a precise chemotopic map at the mitral/tufted
ell layer in the olfactory bulb. 

ey words: olfactory bulb, mitral/tufted cells, tetrodes, syn-
hrony, olfactory coding, respiratory modulation.

he mammalian olfactory system can discriminate among
housands of different chemical stimuli. This sensory ability
s used to direct a broad range of behaviors that include the
earch for food, prey–predator recognition, path tracking
nd mating. In mammals, odorant molecules activate dif-
erent sets of G-protein-coupled odorant receptors in the
lfactory epithelium (Firestein, 2001). Each olfactory re-
eptor neuron (ORN) expresses only one of the approxi-
ately 1000 members of the gene family of receptors

Buck and Axel, 1991). Axons of ORNs that express the

Corresponding author. Tel: �56-2-678-6035; fax: �56-2-777-6916.
-mail address: pedro@neuro.med.uchile.cl (P. E. Maldonado).
bbreviations: MT, mitral/tufted; OB, olfactory bulb; ORN, olfactory
(
eceptor neuron; POST, after-stimulus air exposure; PRE, pre-stimu-
us air exposure; STIM, stimulus delivery.

1069
ame receptor converge in two glomeruli within the main
lfactory bulb (OB) (Vassar et al., 1994; Mombaerts et al.,
996). A single odorant can activate several glomeruli
Rubin and Katz, 1999; Belluscio and Katz, 2001) and
dorants with similar chemical structures activate glomer-
li within certain regions of the OB, consistent with a
hemotopic map at the glomerular layer of the OB (Uchida
t al., 2000; Meister and Bonhoeffer, 2001; Inaki et al.,
002). Thus, odorants are represented in the OB as the
ifferential activation of particular combinations of glomer-
li (Rubin and Katz, 2001).

In mammals, the main output of the OB are the mitral/
ufted (MT) cells whose primary dendrites project to a
ingle glomerulus located externally to the soma (Macrides
nd Schneider, 1982; Mori et al., 1983). Histological stud-

es have demonstrated that most of the mitral cells that
nnervate the same glomerulus are separated by less than
20 �m (Buonviso et al., 1991), indicating that MT cells

hat connect to a single glomeruli and receive similar sen-
ory input are most likely neighbors within the mitral cell

ayer (Buck and Axel, 1991; Buonviso et al., 1991; Zou et
l., 2001). Thus, MT cells connected to a single glomerulus
ay receive similar sensory input and thus share similar

eceptive field properties. However, MT cells receive ad-
itional inputs from other glomeruli through their secondary
endrites that travel as long as 1 mm within the OB (Mori
t al., 1983; Orona et al., 1983). Furthermore, recurrent
nd lateral inhibition due to the mitral-granule-mitral loop
ould also modulate the odorant preference of MT cells
Jahr and Nicoll, 1980; Margrie et al., 2001; Xiong and
hen, 2002).

However, little is known about the functional organiza-
ion of the MT cell layer. The assumption that neighboring
T cells exhibit similar receptive field properties has not
een thoroughly tested. It can be argued that the receptive
eld properties of neighboring cells are determined by
any different inputs that could influence or modify the
irect sensory input to the glomerulus from the ORNs. Yet,
here is limited evidence to support either view. In one
tudy, Buonviso and Chaput, (1990) demonstrated that
5% of cells pairs recorded independently with two mi-
ropipettes separated by less than 40 �m, respond in a
imilar pattern when stimulated by an odorant. They also
howed that neighboring cells exhibit similar respiratory

nduced firing patterns (Buonviso et al., 1992). More recent
tudies compared OB neurons located in the same cluster
Inaki et al., 2002) and have found that mitral and tufted
ells exhibit differences in their responses to odorants

Nagayama et al., 2004). In summary, the question of the
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unctional organization of the MT cells has not been eluci-
ated.

In order to assess receptive field and temporal firing
roperties of neighboring MT cells, we employed the te-

rode technique to precisely discriminate the activity of
eighboring neurons (Gray et al., 1995; Buzsaki, 2004).
e recorded single unit activity and respiratory cycle in

reely breathing anesthetized rats during the stimulation
ith sets of chemically related mixtures of odorants. We
ompared the response profiles and temporal properties of
imultaneously recorded neurons and we found that nearly
ll neighboring cell pairs differed significantly in their re-
ponses to odorants demonstrating a significant heteroge-
eity of neighboring MT cells.

EXPERIMENTAL PROCEDURES

nimals and surgical procedures

urgical and experimental techniques were performed in accor-
ance with institutional and the National Institutes of Health Guide
or the Care and Use of Laboratory Animals (NIH Publications No.
0–23) revised 1996. All efforts were made to minimize the num-
er of animals used and their suffering. Anesthesia was induced in
dult male and female Sprague–Dawley rats (250–420 g) with a
ingle i.p. injection of ketamine (70 mg/kg) and long lasting anes-
hesia was obtained using urethane (1–1.2 g/kg, i.p.). The leg
ithdrawal reflex in response to a moderately intense toe pinch
as used to constantly monitoring the depth of anesthesia. Atro-
ine (0.05 mg/kg, i.m.) was used to prevent an excess of respi-
atory secretions. Electrocardiogram and body temperature were
onitored throughout the experiment, the latter was kept between
6 and 37 °C with a heating pad. To expose OBs, animals were
ositioned in a stereotaxic apparatus and a craniotomy was per-
ormed over the dorsal surface of these structures. Once the dura
as removed with a small incision, electrodes were positioned
ver the OB and agar was applied to prevent dehydration and
lectrode bending. After the experiment animals were killed with
n i.p. overdose of thiopental.

lectrophysiology

ingle-unit activity was obtained using custom-made nichrome
etrodes (12 �m wire) 1–3 M� impedance at 1 kHz, see Gray et
l. (1995) for details. Briefly, four plastic-coated wires were wound
ogether and welded with a heat gun. The tetrode was cut and the
ip rounded with a grinding wheel. The four ends of the wires were
old-soldered with conductive paint to a four-pin connector. Sig-
als were amplified (10,000 times), bandpass filtered (300–
000 Hz) and digitized (27 kHz/channel) using PC custom de-
igned software. Breathing was monitored using a thermocouple
laced in front of the animal’s nostrils and its signal was acquired
t 100 Hz.

dorant stimuli and delivery

ithin the OB, glomeruli are organized in a chemotopic way;
ccordingly certain regions respond to specific molecular features

ike principal group and carbon chain length (Uchida et al., 2000;
eister and Bonhoeffer, 2001; Inaki et al., 2002). Consequently,
e optimized the probability of response by using five different
timuli consisting in mixtures of chemically related compounds.
our of the mixtures consisted of chemically related compounds:
lcohols (1-propanol, 1-butanol, 1-pentanol, 1-hexanol, 1-hepta-
ol), carboxylic acids (propionic acid, butyric acid, pentanoic acid,
exanoic acid, heptanoic acid), aldehydes (propionaldehyde, bu-

yraldeyhe, pentanal, hexanal, hepatanal) and ketones (2-hex- g
none, 3-hexanone). The fifth stimulus was a mixture of three
nrelated compounds (R-(�)-carvone, R-(�)-carvone, isoamyl
cetate). All chemicals of the mixtures (Sigma-Aldrich, St. Louis,
O, USA) were placed in their liquid form (highest purity available
r diluted in mineral oil 1/100) in the same proportion. Stimuli were
elivered by a computer-controlled custom-made olfactometer
hat allows a three l/min purified and humidified airflow to switch
etween an empty and stimulus filled plastic tubes. Airflow system
nded in an inverted funnel in front of the animal’s nose. Each trial
onsisted of 2 s of pre-stimulus air exposure (PRE), 4 s of stimulus
elivery (STIM), and 4 s of after-stimulus air exposure (POST).
etween trials, pure air was flowed through the olfactometer for at

east 5 s. Typically, all five stimuli and pure air were presented
etween 10 and 25 times at each recording site.

pike sorting

he tetrode allows the detection of action potentials from four
ifferent recording wires (Fig. 1A). The resulting signals were
rocessed with an off-line sorting program to reconstruct the spike
rains. For each of the different data sets, spike separation was
chieved by an interactive custom computer program (Maldonado
nd Gray, 1996). In this program, selected spike parameters for
ny two of the four recording channels of the tetrode are displayed

n two dimensional scatter plots, revealing a clustering of values.
nce a unique cluster is defined as a single cell, the spike train of
ach cell is computed by recovering the time stamp of each data
oint in the cluster. The extracted spike train for each cell was
tored with a 0.1 ms resolution.

ata analysis

or each epoch (PRE, STIM and POST) raster plots, instanta-
eous firing rates, autocorrelograms, crosscorrelograms and peri-
timulus time histograms (PSTH) were computed using MATLAB
MathWorks, Natick, MA, USA) and LabWindows CVI (National
nstruments, Austin, TX, USA) software. We considered an exci-
atory or inhibitory response in the STIM or POST epochs when
he average value of the firing rate exceeded or fell below the
ignificance levels computed for the PRE epoch. This significance
evel was determined by the mean plus (or minus) two times the
tandard deviation of the firing rate at the PRE epoch. In order to
ompare the similarity of responses of neighboring MT cells, we
omputed the response ratios between the mean firing rates
uring each epoch using the following equation:

XS

XA
�1� if

XS

XA
�1 or � �1

XS ⁄ XA
��1 if

XS

XA
�1 (1)

here XS is the STIM or POST mean firing rate and XA the PRE
ean firing rate. For example, if a cell significantly duplicates its

ring rate, the corresponding response ratio will be 1, and if
ignificantly decrease it rate by half the ratio will be �1. We then
uilt 2D scatter plots in which each point represents the response
atios of a pair of neighboring neurons (X and Y) in which at least
ne of them showed a significant response during STIM or POST.
his way we can directly compare the response ratio for a large
opulation of cells by comparing the distributions of points to a

inear diagonal expected if both cells of each pair exhibit similar
esponse properties.

Because temporal properties of the olfactory neurons are
hought to be instrumental in olfactory coding (Laurent, 1999), we
xamined the neuronal rhythmicity of neighboring MT cells by
alculating the power spectrum of each autocorrelogram (�128
s time lag) and extracted the frequency and amplitude of the
eak value in the frequency range of 20–80 Hz (Gray and Viana,
997). The statistical significance of the spectral peaks was esti-
ated using a Monte Carlo simulation. For this procedure, we

enerated an equivalent pseudo-random spike train for each win-
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ow of data collected on each trial using a random sample from a
niform distribution and a silent period identical to the data. The
utocorrelogram and corresponding power spectrum were com-
uted for each simulated data set and the peak value in the
pectrum between 20 and 80 Hz was extracted. The simulation
as repeated 500 times and any experimental value was consid-
red significant if it was greater than the largest simulated value
“cutoff”). The ratio of the experimental peak to the simulated
utoff served as a measure of oscillation strength or amplitude
Friedman-Hill et al., 2000). Similarly, synchronous activity among
eighboring MT cells was assessed comparing each central area
f the crosscorrelogram to an equivalent pseudo-random cross-
orrelogram obtained from simulated spike trains with identical
pike counts, mean firing rate and duration to the experimental
ata. For both calculations the simulation was repeated 500 times
nd any experimental value was considered significant if it was
reater than the 99% of simulated value or cutoff value (Maldo-
ado et al., 2000).

Since the MT cells firing rate exhibits a modulation by the
espiratory cycle (Chaput, 1986; Buonviso et al., 1992, 2003) we
omputed PSTHs using the central time of the inhaling phase of
he respiratory cycle as reference. We considered the average

ig. 1. Example of a tetrode recording in the MCL. (A) Traces showing
f neurons located nearby the tip of the electrode display different amp
f A. The arrows show two different neurons with unique representatio
hat can be followed through the parameter space to be uniquely
ombinations. (D) The upper plot shows 1 s of local field potential sign
ith a temperature probe adjoining the nostril.
espiratory signal as a single sine wave, where 90° correspond to s
he end of exhalation and 270° to the end of inhalation. These
ycle-based PSTHs (20 ms bin) were constructed for each cell
nd significant peaks and/or troughs (mean�2 S.D. from base-

ine) were assigned to one of the four divisions of the cycle (90,
80, 270 or 360°) according to their location in the respiratory
ycle.

RESULTS

e recorded 261 units from 103 sites in 25 animals. Pen-
trations were done all over the dorsal surface of both OBs
nd recordings were obtained from both dorsal and ventral
itral cells layers. Between one and six (mean�2.5) cells
ere acquired at each site. The aim of this study was to
haracterize response properties of neighboring MT cells,
hus multi-unit recordings, or recordings containing a sin-
le cell or a cell with very low spike count (�0.5 Hz) were
ot included in this analysis.

We analyzed 70 single units in 29 sites of 11 rats, with
mean of 2.4 cells per site. In previous studies using the

recorded with the four wires of a tetrode. Extracellular action potentials
pending on their spatial distribution. (B) Magnification of shaded zone
the four channels. (C) Each neuron’s spike forms clusters in 2D plots

. Here, four peak-to-peak spike amplitude plots from different wire
ed from channel 1. Lower plot shows 10-s respiration signal recorded
raw data
litudes de
ns across
identified
ame recording technique we demonstrated that only MT
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J. I. Egaña et al. 
ells are large enough to be recorded with this electrode. In
ddition, histological procedures showed that electrolytic

esions were found only in the mitral cell layer (Aylwin et
l., in press). In addition, the depth of recordings and the
B electrophysiological characteristics made the mitral
ell layer relatively easy to distinguish, as demonstrated by
ay and Laurent (1999) using a similar technique. Fig. 1A
hows an example of MT cells activity as recorded by the
our channels of the tetrode. Each cell shows a unique
rofile of spike amplitudes corresponding to each of the
our wires. An expansion of the shaded segment in 1A (Fig.
B) shows that there are clear differences in spike ampli-
ude on neighboring channels and the ratios of these dif-
erences vary from cell to cell. The spike amplitude along
ith waveform profiles and principal component analysis
as used to build 2D-scatter plots and sort single unit
ctivity (Fig. 1C). Local field potentials and respiration
ignals were also recorded during each stimulus presen-
ation. Fig. 1D shows the respiratory signal associated to
he epoch shown in 1A.

/T cells responses to odorant mixtures

e found that MT cells show a broad range of spontane-
us activity ranging from 5.5–191.7 Hz (60�41 Hz,
ean�S.D.). To compare the response profile of neigh-
oring cells pairs, we selected those recordings in which at

east one of the cells from the cell pair responded (whether
xcitatory or inhibitory) to one or more olfactory stimulus.

ig. 2. Summary and examples of neighboring MT cells responses. (
oth STIM and POST. Some cells exhibits opposite behaviors for diffe
T neurons. Rasters for 15 odor presentations are shown in the upper
0 ms). The line above the rasters represents stimulation protocol. C
ldehydes and ketones. Cell 2, in turn, is only excited by alcohols and
ells could show the same behavior to some odorants (both are excit
clear post-stimulus increase in firing rate after ketones exposure.
hese consisted in two to five odorants with the same main d
hemical group but with different carbon chain length (see
xperimental Procedures). We found that in addition to
hanges in firing rate during the exposure to the odorant
timulus (STIM), many cells also exhibited rate modula-
ions during stimulus offset (POST). In summary, 47 of 70
ells (67.1%) showed significant changes (increase or de-
rease) in their average firing rate during (STIM) or imme-
iately after (POST) odorant presentation with at least one
f the five-odorant mixtures. Although a few MT cells show
omplex response profiles, the majority of cells recorded
xhibited sustained responses during the STIM and POST
pochs, despite respiratory modulation.

When we examined the MT cells firing rate responses
o the different odorant mixtures, we found that from a
opulation of 70 cells, 22 (31%) responded to one odorant
ixture, 11 (16%) responded to two of the mixtures and 14

20%) to three or more of the mixtures. A summary of the
esponses from all cells to each odorant mixture is shown
n Fig. 2A.

timuli evoked different responses among
eighboring M/T cells

rom the 70 single units recorded, we obtained 58 pairs of
imultaneously recorded neighboring MT cells. From
hese, only eight pairs showed no modification in firing rate
or any of the stimulus in the set. The remaining 50-cell
airs exhibited a dissimilar response (increase, decrease
r no change) to at least one of the stimuli. Most of the

imensional matrix that shows the activity of the 70 recorded cells for
ants. (B) Example of responses to different stimuli by two neighboring
ile instantaneous firing rates (IFR) are shown in lower panel (bin size
hibited by alcohols, carboxylic acids and the mixture and excited by
ith no other response found for the other stimuli. (C) Neighboring MT
ehydes) and opposite for others (ketones). Note that cell two exhibit
A) Two-d
rent odor
panel wh

ell 1 is in
ketones w
ifferences observed in the responses of the cells these



p
m
W
p
c
m
s
fi
b
a
w
c
w
o
w
p
S
o
s
p
b
c
s
s
i
e
t
a
c
c
p
f

g
i
t
i
s
a
e
s
s
p
l
S
r
r
d
t
d
b

S

I
u
w
i
m
w
d
n
s
w

F
r
r
t
s
o ring rate
( eir firing r

J. I. Egaña et al.
airs relate to their odorant preference rather than on the
agnitude of the excitatory and/or inhibitory responses.
hen we examined the response patterns of different cells

airs across all five stimuli we found that the majority of the
ell pairs showed similar preferences to at least two of the
ixtures, but they differed in their responses to at least one

timulus of the set. In Fig. 2B, rasters and instantaneous
ring rates show the odor preference profile for two neigh-
oring cells. Cell 1 responded with a strong inhibition to
lcohols, carboxylic acids and the dissimilar compounds
hile it was strongly excited by aldehydes and lightly ex-
ited by ketones. Alcohols and ketones, in turn, only
eakly excited cell 2, with no other response found for the
ther stimuli. An example of two cells of a pair responding
ith an increase in firing rate to aldehydes while the op-
osite behavior was found for ketones is shown in Fig. 2C.
urprisingly, we did not find cell pairs that exhibited similar
nset and offset stimulus responses to the complete set of
timuli. In Fig. 3A we show a summary graph for all cell
airs, where a color code indicates the type of response of
oth cells of the each pair to the entire stimulus set. Be-
ause of the large set of parameters on which the re-
ponses could be compared, we devised a simple mea-
ure to quantify the similarity of the response of neighbor-
ng cells by comparing the relative changes in firing rate for
ach cell of a neuronal pair (Fig. 3B). Each axis represents
he magnitude of the firing rate modification (positive if it is
n increase, negative for decrease) for each of the two
ells (see Experimental Procedures). If the firing rate
hanges for a given stimulus is similar for both cells of a
air, that point should fall close to a diagonal line going

ig. 3. Neighboring MT cells typically exhibit different odorant preferen
ecorded for both STIM and POST. Most pairs of cells exhibit individ
esponse (black). Most cell pair differs in their response to at least on
he firing rate ratio between stimulus and air for each neighboring ce
ignificantly its firing rate. If both cells of each pair exhibit similar respon
f points reveals a near flat slope (r�0.06). (C) A similar analysis for fi
r�0.12) indicating that neighboring cells frequently do not co-vary th
rom the lower left to the upper right quadrants of the t
raph. On the other hand, if cell pairs exhibit completely
ndependent responses, the points will be randomly dis-
ributed in all quadrants. Thus, a large degree of similarity
n the responses of neighboring neurons would result in a
ignificant linear correlation with a slope of 1.0. In this
nalysis, we included each cell pair for all five stimuli, but
xcluded those points where both cells did not exhibit a
ignificant response to that particular stimulus. Fig. 3B
hows the computation of response rations of 94 cells
airs between odorant stimulation (STIM) and air (PRE). A

inear regression of this data yields a coefficient of 0.06.
imilarly, in Fig. 3C, we included 86 pairs comparing the

atio of responses between POST and PRE, which show a
egression coefficient of 0.12. This result indicates that
uring stimulus response as well as after stimulus offset,
he response of neighboring MT cells differs significantly,
emonstrating a large degree of heterogeneity of neigh-
oring cells in the OB.

ilent period changes during odorant stimulation

n a previous study we found that MT cells exhibit an
ncharacteristically long silent period between spikes that
e referred to as silent or “refractory” period (Aylwin et al.,

n press). These silent periods ranged between 5 and 29
s and were evident in the autocorrelogram histograms as
ell as in inter-stimulus time histograms. Indeed in our
ata we found that single unit spike trains with a small or
o silent period were uncommon. Here we examined if this
ilent period changed during the odorant stimulation and
hether neighboring cells show similar modifications of

Two-dimensional matrix that shows the activity of 58 pairs of MT cells
onses to odorants (see code below) while the other cell showed no
s condition. (B) Two-dimensional plots in which each axis represents
ch point represents cell pair in which at least one of them changes
rants, the points should lie close to a diagonal line. A linear regression
ratio between POST and AIR also shows a deviation from a diagonal
ate during odorant stimulation.
ces. (A)
ual resp

e stimulu
ll pair. Ea
se to odo
his silent period in the presence of odorants. We found
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hat of 70 cells exposed to four or five stimuli, the re-
ponses showed a significant decrement on the silent
eriod from an average of 11.0�7.3 ms to 9.9�6.7 ms
P�0.01, paired t-test). We also found a significantly
horter silent period of 10.0�6.3 ms during the POST
timulus stage. Fig. 4B shows an example of a cell with a
4 ms silent period during PRE. In the STIM epoch this
eriod was reduced to 10 ms and then partially recovered
fter the stimulus (POST). For all pairs where both cells
esponded to a given stimulus we examined if one, both or
one of the cells changed its silent period. We examined
3 cell pairs in which the two neurons exhibited the same
ype of response (excitatory or inhibitory) to the same
dorant. In 13 pairs (56.5%) both cells decrease or in-
rease their silent period, while in five pairs (21.7%) only
ne of them changed it, and in the remaining five pairs, we
bserved an increase in the silent period of one cell of the
air and a decrease in the other.

scillatory and synchronous activity among
eighboring MT cells

remarkable feature of the neuronal activity in the OB is
he robust oscillatory activity seen in the local field potential
n the presence of odorants (Laurent, 1996; Buonviso et
l., 2003; Ravel et al., 2003). We recorded the local field
otential and found extensive field oscillations in the beta
nd gamma bands (Fig. 1). To determine whether MT
ingle units within the OB exhibited oscillatory activity in
he gamma frequency range (30–100 Hz) and whether this
ehavior was similar in neighboring cells, we computed the
utocorrelogram for each cell. We found that none of the
ells exhibited autocorrelograms with a significant oscilla-

ig. 4. MT Cells have a long silent period and low oscillation levels.
ldehydes mixture. Note the clear excitatory response during stimulus
nd POST. Note the long silent period during PRE (14 ms) that is sho
pectrums reveal no significant frequency.
ory activity during PRE, while only 0.7% of the cells c
howed oscillatory activity during STIM and 1.7% during
OST. In summary, we found a very low occurrence of
ignificant sustained oscillatory activity at the single unit.

Even if MT cells do not show oscillatory activity, nearby
eurons could exhibit coherent (synchronous) activity due
o the common sensory input received through the glomer-
lus (Schoppa and Westbrook, 2002). To test this hypoth-
sis, we examined the incidence of correlated firing among
eighboring MT cells recorded with the same electrode.
e computed the crosscorrelograms for 58 cell pairs for all

timuli and found very low incidence (0.31%) of synchro-
ous firing among neighboring cells during PRE. During
TIM we found a small increase in the incidence of syn-
hronous discharge (2.80%) and a slight increased during
OST (3.78%). A typical example is shown in Fig. 5. A cell
air that responded to odorant stimulation shows no evi-
ence of oscillatory or correlated activity.

espiratory patterning in MT cells

T cell firing is non-stationary both in the absence or
resence of odorants. Many cells appear to be modulated
y respiration, known as respiratory patterning (Chalan-
onnet and Chaput, 1998; Buonviso et al., 2003). MT cells
ould fire at different phases of the respiratory cycle and
hus we aimed to determine whether neighboring cells
hare this property. We computed peristimulus time histo-
rams using the center point of the inhaling phase as time
eference and determined phase preferences in firing for
0 cells (see Experimental Procedures). We divided the
espiratory cycle on four 90° epochs and found that during
xposure to clean air, 41.4% (29/70) of the cells showed
ignificant firing differences during one part of the cell

r and instantaneous firing rates for a mitral cell while exposed to an
tion. (B) Autocorrelogram and its power spectrums during PRE, STIM
ring STIM (10 ms) and partially recover during POST (12 ms). Power
(A) Raste
presenta
ycle. We also found that 37.1% (26/70) of cells exhibit a
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hase shift or show bimodal distribution of their spike rate,
hen exposed to odorant stimuli. Fig. 6 shows an example
f three simultaneously recorded cells whose activity,
hen exposed to air, is concentrated during different
hases of the respiratory cycle. Cell M2 responds prefer-
ntially during the initial part of the inhaling phase, while
ell M3 exhibits opposite behavior. Cell M1 shows little
odulation with respiration, although some suppression
ccurs for aldehydes, ketones and the mixture during the
nd of exhalation. We observed that odorant stimulation
odulates phase preferences. Cell M2 shifts cycle prefer-
nce, from end of inhalation to end of exhalation, when
xposed to aldehydes, ketones and the mixture. Cell M3
hows no modulation to any of these odorants.

When we compared the phase preference of neighbor-
ng MT cells during PRE, we found that 10.3% (6/58) of cell
airs show respiratory cycle phase preferences in both
ells, 32.7% (19/58) show preference in one cell of the
air, and the reminder 56.9% (33/58) show no preferences

n either cell. Of the six cell pairs where both neurons
xhibited modulation, only two (33.3%) show modulation in

he same phase of the cycle. These results show that
eighboring cells may exhibit a heterogeneous response
atterning during the respiratory cycle.

DISCUSSION

he aim of this study was to characterize the response
roperties of populations of neighboring MT cells in the
B. We used the tetrode’s ability to record simultaneously
any neighboring neurons. Several criteria were used to
escribe single cell profiles and cell pairs’ behavior to
ifferent sets of chemically related (same principal group)
ompounds in anesthetized freely breathing rats. Here we
how that neighboring MT cells do not necessarily have
imilar receptive properties to the molecular determinants
f odorants or its main functional group. Little oscillatory

ig. 5. Neighboring MT cells show low incidence of synchronous ac
ldehydes. (B) Autocorrelograms and power spectrum for both cells
ignificant peaks. At 0 time lag, there is absence of counts because t
orrelogram (below) shows that this correlogram lack oscillatory activ
ctivity was found among MT cells and synchronous firing o
ccurred very rarely among neighboring output neurons.
inally we show that each cell has a particular firing pattern

ocked to the respiration cycle and this is individually mod-
fied by odorant stimulation. These findings suggests that
he chemotopical organization found at the glomerular
evel of the OB (Uchida et al., 2000; Inaki et al., 2002;
chida and Mainen, 2003) is not automatically extended at

he MT cell layer, indicating that the OB is not a simple
elay for the olfactory sensory input. The fact that odorant
references along with precise firing and respiratory pat-
erns behave independently for neighboring neurons indi-
ates that olfactory processing within the OB is far more
omplex than previously thought and that ORN inputs to
T cells are substantially modified by other components of

he OB circuitry.

eighboring MT cells connections and odor
references

n mammals, MT cells have a single primary dendrite that
eceives sensory inputs from only one glomerulus (Kishi et
l., 1984). In turn, each of the glomeruli represent the
ctivation of a single odorant receptor type (Ressler et al.,
994; Mombaerts et al., 1996; Buck, 2000). Histological
tudies using horseradish peroxidase labeling have dem-
nstrated that 96% of the mitral cells innervating the same
lomerulus are separated by less than 120 �m, this num-
er decreased to 72% for cells connected to adjacent
lomeruli. Furthermore, only 29% of the cells separated by
20 �M were connected to distant glomeruli (Buck and
xel, 1991; Buonviso et al., 1991). More recent studies
sing genetic approaches have confirmed that MT cells,
hat send their primary dendrite to a single glomerulus, are
ocated within 120–160 �m (Zou et al., 2001). Since te-
rodes have an estimated 65 �m detection radius (Gray et
l., 1995), we postulate that neighboring MT cells, like the

Raster and PSTSH of both cells, showing increased activity to the
g no oscillatory activity. (C) Crosscorrelogram showing absence of
s were extracted from the same tetrode. The power spectrum of this
that cell one lacks silent period.
tivity. (A)
showin
nes recorded in these experiments, have a high proba-
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ility of being connected to the same glomerulus or at least
o be connected to adjacent glomeruli.

On the other hand, several groups have shown that
lomeruli responsive to certain chemicals groups are clus-

ered together covering broad areas of the OB surface
Johnson et al., 1998, 2002; Uchida et al., 2000; Johnson
nd Leon, 2000). Therefore, the OB areas responding to
olecular determinants of odorants are located in clusters
nd thus will be activated with different strengths by chem-

cally related odorants. Considering the anatomical con-
ectivity of MT cells and the distribution of glomeruli re-
ponses, neighboring MT cells are very likely receiving the
ame or similar sensory input from adjacent glomeruli.
herefore, the fact that in most recordings we found MT
ells responding to odorants that belong to well-separated
lomeruli clusters (see cells in Fig. 2B, 2C), strongly sug-
ests that MT cells are not a simple relay to the sensory
ignals from the ORN. Although there is evidence obtained
rom OB slices where only 27% of cells recorded are
onnected to the same glomerulus, with an additional 31%
f cells connected to adjacent glomeruli (Schoppa and
estbrook, 2001), the great extent of the glomeruli clus-

ig. 6. Neighboring MT cells show different respiratory patterning. Res
resentation. The solid line represent the mean respiratory cycle wh
hases, respectively. In this example, the activity of cells M2 and M3
etones and mixture (STIM) induce a phase-shift in firing of M2 whil
timulus.
ers responding to the same chemical group makes im- w
robable the recording of MT cells connected to glomeruli
hat belong to clusters with preferences to different chem-
cal group.

A stimulation with a single chemical compound, will
ctivate a particular combination of glomeruli that will in
urn, define specific interactions through the periglomerular
ells. Since periglomerular cells mediate interactions be-
ween adjacent and neighboring glomeruli, it could be ar-
ued that the use of odorant mixtures can modify glomeruli
eceptive properties. When a mixture of chemicals is used,
qualitatively similar but more complex set of periglomeru-

ar interactions given by the activation of additional glomer-
lus from the cluster will very likely induce reciprocal inhi-
itions between activated glomeruli compared with a single
dorant stimulus situation. Although, we cannot rule out
he possibility that glomerulus–glomerulus interactions
odify the receptive properties at the glomerular layer,

hese interactions are mainly inhibitory (Aungst et al.,
003) and thus, could account for the large inhibitory re-
ponse found (see Fig. 3A) but not for the fact that most of
T cells pairs exhibited responses to odorants that are

upposedly encoded by distant glomeruli to the ones to

ycle-based PSTH were built for each for an average of 15–25 stimulus
pward and downward strokes denote the exhalation and inhalation
ntrated during opposite phases of the respiratory cycle. Aldehydes,

an end-of-inspiration inhibition in M1. Cell M3 is not affected by any
piratory c
ere the u
is conce
hich they connect. In most cases, a glomeruli cluster
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esponding to a particular chemical determinant common
n each mixture, is clearly separated and does not overlap
ith the cluster corresponding to another chemical deter-
inant (Uchida et al., 2000; Nagayama et al., 2004). In the

ame line of thought, the extension of these clusters
akes very unlikely that different response profiles from
eighboring MT cells in our data were due to the localiza-
ion of the recordings in the boundary between clusters.

Our data suggest that the spatial pattern of odorant
voked activity in the sensory layer (ORN) is substantially

ransformed within the OB and that MT cells responses to
RN inputs are strongly modulated by other components.

t has been previously shown that mechanisms such as
ecurrent and lateral inhibition can modify nearby neuronal
ring (Schoppa et al., 1998). It is known, for example, that
ction potentials travel long distances (larger than clusters)
ithin secondary dendrites (Christie and Westbrook, 2003)
nd that MT cells make numerous reciprocal synapses
ith granular cells in these dendrites (Shipley and Ennis,
996). In vertebrates exposures to binary mixtures of odor-
nts have revealed that the glomerular representation is
ar more predictable than the MT cells’ response to the
ame stimulus(Tabor et al., 2004). This not so linear re-
ponse of MT cells probably arises from interactions such
s lateral inhibition. This mechanism acts distantly and
ould, for example, increase gain of weaker stimuli result-
ng in a broader spectrum of MT cells such as the ones
bserved in our data.

Previous studies in mammalian and non-mammalian
odels revealed that MT cells within certain areas share
dorant preferences. Most of these studies were per-

ormed using single-cell recording so neither temporal (si-
ultaneous recording) nor spatial (proximity of the cells)

ariables could be used to compare neighboring cell re-
ponses. The ability of tetrodes to simultaneously record
everal neurons that are close to the electrode’s tip en-
bles us to unambiguously assess the temporal properties
f the responses of neighboring cells. In addition, artificial
reathing was used in several cases, a procedure that may
ave altered MT cells’ spontaneous activity. For instance,
asal neuronal activity in artificial breathing experiments is
lmost nonexistent (see Mori et al., 1992, Fig. 1) while in
ur data, all MT cells revealed some degree of spontane-
us activity. Experiments in behaving rats shows that cer-
ain level of activity is a strong feature in non-stimulated
T cells (Kay and Laurent, 1999). However, a single study

eported that pairs of closely located cells (�40 �m) dis-
layed similar response profiles to several odorants (Buon-
iso and Chaput, 1990). While Buonviso and Chaput (1990
sed single odorants our stimulation protocol used mix-
ures of chemically related compounds at higher concen-
rations. It may have also contributed the recruitment that
ccurs when more than one odorant is present, and espe-
ially when high concentrations are applied (Johnson and
eon, 2000; Fried et al., 2002). In this case, the activity
ithin the OB could lead to increasing differential activity in

he MT cells. This expands the coding space features
nabling to increase differences among very similar com-

ounds (Friedrich and Laurent, 2001; Laurent, 2002). Al- fi
hough research is needed in order to clarify the relative
ontribution of the different inputs to a MT cell, our data

ndicates that ORN inputs are strongly modulated by the
etwork in which each neuron is immersed.

eighboring MT cells response profiles

o our knowledge, besides the Buonviso and Chaput
1990) report, this is the only study investigating the re-
ponse properties of neighboring MT cells. In summary,
e found that the majority of cell pairs exhibit differences in

he odorant preference and type of response (excitation/
nhibition). It can be argued that these differences reflect
he two distinct classes of output neurons in the OB. Re-
ent evidence indicates that mitral and tufted cells sepa-
ated by more than 120 �m have different decoding at-
ributes (Nagayama et al., 2004) revealed by the differ-
nces in the firing patterns (excitation/inhibition) more than
heir selectivity to the chemical nature of the stimulus,
uggesting that our results could be explained by the in-
bility to distinguish mitral from tufted cells. Our recording
echnique does not allow us to distinguish between the
itral and tufted cells, however, the number of mitral cells

s higher than the tufted cells indicating that our results are
ot consistent with this ratio. This contrasts with our data
here neighboring cells differ mostly in that feature. This is
onsistent with the hypothesis that sensory inputs to MT
ells are transformed within the OB (Schoppa and Urban,
003), giving place to a representation where MT cells are

ndividual functional units with its own pattern of responses
nd molecular receptive range. One consequence this
ypothesis is that the OB function is highly distributed, with
hat ability to perform odorant discriminations even with
arge lesions (Fecteau and Milgram, 2001). Recent studies
onsistent with this view, were done in transgenic zebra
sh (Yaksi et al., 2004) and Drosophila antennal lobe
Wilson et al., 2004). They revealed that the selectivity of
dorant preference given by the activated glomeruli input

s substantially lost at the second order neuronal level, in
ddition to a coarser activation of these neurons. These
ndings are consistent with the idea that spatial organiza-
ion observed at the glomeruli level, is at least, partially
isrupted during olfactory coding at the MT cell level. One
irect consequence of this transformation is the higher
omplexity of the response profiles of neighboring MT
ells.

T cells’ oscillatory activity

scillations in the gamma-band are a robust event in LFP
ignals of the OB, and numerous studies have corrobo-
ated the its role in olfactory coding in vertebrates and
nvertebrates (Adrian, 1950; Gray and Skinner, 1988; Lam
t al., 2000; Nusser et al., 2001; Perez-Orive et al., 2002;
avel et al., 2003). To establish potential relationships
etween this rhythmic activity and MT cells firing proper-
ies, we assessed oscillatory properties of individual MT
ells. Our results show that MT cells have no significant
pontaneous oscillatory activity in the absence of odor-
nts. The fact that single neurons showed no oscillatory

ring patterns, while multi-unit recordings and local field
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otentials do (Nusser et al., 2001; Ravel et al., 2003)
ndicates that LFP oscillations may arise from the sum of
oordinated discharges of a given population. In other
ords, each MT cell contributes to the oscillatory cycles by
ring in some of the cycles with precise timing within each
f the cycles in which it fires (Laurent, 2002). This is
oherent with the possibility of each MT cell having its own
esponse properties, is able to participate in different en-
embles not solely specified by their ORN inputs (Wilson et
l., 2004).

Here we have shown that most of the MT cells exhib-
ted a long silent period (�11 ms). Interestingly, this prop-
rty remains during odorant presentation, suggesting that
ven under strong stimulation each MT cell may be ex-
osed to inhibitory inputs that modulate its response to
dorants. This particular feature is not always present in
ther sensory neurons (Friedman-Hill et al., 2000). Al-

hough further studies are needed to determine the origin
f this long silent period, it likely arises from the reciprocal
onnectivity between MT cells and granular cells (Isaacson
nd Strowbridge, 1998). The reported gamma band of LFP
scillatory activity between 40 and 150 Hz (Buonviso et al.,
003; Ravel et al., 2003) is consistent with the 10�5 ms
ilent periods observed in our single unit data and is con-
ruent with the possibility of collective phase coherence as
mechanism that participates in olfactory coding at the

utput neurons in the OB.

ynchrony among neighboring MT cells

euronal synchrony in a millisecond time scale has been
roposed as an integrative mechanism in which popula-
ions of encoding elements are formed (Singer and Gray,
995). In our work, we analyzed synchronous activity
mong populations of neighboring MT cells. From the 58
ell pairs registered, only 2.8% of them showed synchro-
ous activity during odorant stimulation. This result con-
rasts with that of Kashiwadani et al. (1999), where they
eported that 27% of cell pairs examined in the dorsome-
ial region showed synchronous discharges. This study
easured synchrony among MT cells that responded in a

imilar way to an odorant therefore their population of cells
as selected. They also recorded from cells separated
ore than 300 �m and thus unlikely to be connected to the

ame glomerulus. Furthermore, differences in synchro-
ous rates may be at least in part, due to the different
riteria used to define synchronized activity. We employed
Monte-Carlo simulation with 99% cutoff value consistent
ith a stricter criterion than the one used by Kashiwadani
t al. (1999). Finally, the use of artificial breathing may
ave affected the natural firing properties of the OB artifi-
ially yielding more synchrony. Our data demonstrate that
lthough synchrony can be established among closely

ocated pairs of neurons in the OB, this happens with a
ery low incidence. This is surprising considering that
earby neurons are likely to share ORN inputs. Indeed,
ecordings in OB slices showed that MT cells that synapse
o the same glomerulus, show significantly more synchro-
ous firing than those who synapse different glomeruli

Schoppa and Westbrook, 2002). Although our technique
oes not allow us to establish the synaptic organization of
he MT cells recorded, the level of synchrony in neighbor-
ng cells that are presumably connected to the same glo-

erulus or at least to neighboring glomeruli suggests that
ther driving forces could influence the temporal behavior
f MT cells. Furthermore, considering the low incidence of
scillatory behavior at the single from the underlying local
hythm, then the likelihood of joint firing between neighbor-
ng cells becomes significantly reduced.

espiratory patterns among neighboring MT cells

espiratory modulation of MT cells firing is a well-docu-
ented observation (Macrides and Chorover, 1972; Cha-
ut et al., 1992). We found that these respiratory patterns
re variable among neighboring MT cells. It is reasonable
o think that firing patterns could be used as an encoding
ool in the OB (Buonviso et al., 2003) and the observation
hat they appear to be individually modulated for each MT
ell suggests than not only the odorant preferences are
ifferent from those giving by the ORN inputs, but the
iming in which a cell fires is also modulated by the network
ithin the OB. It is plausible to hypothesize that respiratory
atterning contributes to odorant coding by endowing MT
ells with a particular modulation during the respiratory
ycle.

onclusions

n this study we described the properties of populations of
eighboring MT cells in anesthetized, freely breathing rats,
hile exposed to sets of chemically related compounds.
he heterogeneity of temporal response properties and the
olecular receptive range of neighboring MT cells presum-
bly connected to the same or neighboring glomeruli indi-
ate that the activity from ORNs is strongly modulated by

nteractions with other network elements within the OB. If
e assume that MT cells connected to the same glomer-
lus form a functional module at the glomeruli level, our
esults suggest that the output of MT cells within this
odule is not necessarily identical. An advantage to this
B transformation of the ORN inputs is that heteroge-
eous groups of equally connected MT cells could work as
ecorrelators of odorant features to increase representa-
ion space (Laurent, 2002).
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