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underlies distinct afferent-evoked activity of olfactory
bulb mitral and tufted cells
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Key points

� The two classes of principal neurons in the mammalian main olfactory bulb, mitral and tufted
cells, respond with different firing latencies and rates to afferent-evoked input; how these
differences in activity arise is incompletely understood.

� Tufted cells receive stronger afferent-evoked excitation than mitral cells, but this difference
alone is insufficient to account for the greater afferent-evoked firing in tufted versus mitral
cells.

� Mitral and tufted cells exhibit significant intrinsic functional differences; compared to mitral
cells, tufted cells fire action potentials with shorter durations and faster afterhyperpolarizations
and exhibit twofold greater firing rate–current curve gains and peak rates.

� Tufted cells exhibit diverse firing modes, including tonic firing and irregular stuttering, and on
average fire more irregularly than mitral cells.

� Collectively, stronger afferent excitation, greater intrinsic excitability and more irregular firing
in tufted cells combine to drive distinct responses of mitral and tufted cells to sensory input.

Abstract Mitral and tufted cells, the two classes of principal neurons in the mammalian main
olfactory bulb, exhibit morphological differences but remain widely viewed as functionally
equivalent. Results from several recent studies, however, suggest that these two cell classes may
encode complementary olfactory information in their distinct patterns of afferent-evoked activity.
To understand how these differences in activity arise, we have performed the first systematic
comparison of synaptic and intrinsic properties between mitral and tufted cells. Consistent
with previous studies, we found that tufted cells fire with higher probability and rates and
shorter latencies than mitral cells in response to physiological afferent stimulation. This stronger
response of tufted cells could be partially attributed to synaptic differences, as tufted cells received
stronger afferent-evoked excitation than mitral cells. However, differences in intrinsic excitability
also contributed to the differences between mitral and tufted cell activity. Compared to mitral
cells, tufted cells exhibited twofold greater excitability and peak instantaneous firing rates. These
differences in excitability probably arise from differential expression of voltage-gated potassium
currents, as tufted cells exhibited faster action potential repolarization and afterhyperpolarizations
than mitral cells. Surprisingly, mitral and tufted cells also showed firing mode differences. While
both cell classes exhibited regular firing and irregular stuttering of action potential clusters,
tufted cells demonstrated a greater propensity to stutter than mitral cells. Collectively, stronger
afferent-evoked excitation, greater intrinsic excitability and more irregular firing in tufted cells
can combine to drive distinct responses of mitral and tufted cells to afferent-evoked input.
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Abbreviations AHP, afterhyperpolarization; ANOVA, analysis of variance; Cm, membrane capacitance; CVISI,
coefficient of variation of interspike intervals; EPL, external plexiform layer; ETC, external tufted cell; FI, firing
rate-current; FWHM, full action potential width at half-maximal amplitude; GC, granule cell; GL, glomerular layer; ISI,
interspike interval; LLD, long-lasting depolarization; MC, mitral cell; MCL, mitral cell layer; MOB, main olfactory bulb;
MRR, molecular receptive range; ONL, olfactory nerve layer; OSN, olfactory sensory neuron; PGC, periglomerular cell;
Rinput, input resistance; Rs, series resistance; SEM, standard error of the mean; τm, membrane time constant; TAHP 50%,
afterhyperpolarization duration; TC, tufted cell; Vm, membrane potential; Vrest, resting membrane potential; Vthreshold,
action potential threshold.

Introduction

Mitral cells (MCs) and tufted cells (TCs), the two
classes of principal neurons in the mammalian main
olfactory bulb (MOB), are distinguished by their distinct
morphology and axonal projections, but whether they
are also functionally different remains controversial (for
review, see Macrides et al. 1985; Mori & Sakano, 2011).
Results from several recent studies, however, suggest
that these two cell classes may encode complementary
olfactory information in distinct patterns of odour-evoked
activity. Compared to MCs, TCs respond to lower odour
concentrations (Igarashi et al. 2012; Kikuta et al. 2013),
exhibit greater odour concentration invariance in their
activity (Fukunaga et al. 2012; Igarashi et al. 2012), fire
earlier in the sniff cycle (Fukunaga et al. 2012; Igarashi
et al. 2012) and exhibit higher odour-evoked firing rates
(Nagayama et al. 2004; Griff et al. 2008). Differentiating
what olfactory information is encoded by MCs vs. TCs
will first require understanding the origin of their distinct
odour-evoked activity.

The differences in odour-evoked activity between
MCs and TCs may result from differences in synaptic
properties, intrinsic biophysical properties or both.
Synaptic differences are likely to be a critical factor, as TCs
receive more effective monosynaptic input from olfactory
sensory neurons (OSNs) (Gire et al. 2012) and weaker
lateral inhibition (Ezeh et al. 1993; Christie et al. 2001;
Phillips et al. 2012) than MCs. Whether these synaptic
differences are sufficient to explain the differences in
odour-evoked activity between MCs and TCs has not been
examined, however. Furthermore, no study to date has
investigated whether the two classes of MOB principal
neurons differ in their intrinsic biophysical properties.
Indeed, most studies of ‘tufted cell’ physiology have
focused exclusively on external tufted cells (ETCs), a
distinct population of rhythmically bursting glutamatergic
interneurons (e.g. see: Hayar et al. 2004; Liu & Shipley,
2008; De Saint Jan et al. 2009) responsible for driving the
indirect, long-lasting depolarization (LLD) of MCs and
TCs following direct OSN input (De Saint Jan et al. 2009;
Gire & Schoppa, 2009; Najac et al. 2011; Gire et al. 2012).

Equally important to the strength and timing of
odour-evoked activity is the temporal pattern of action
potentials evoked by sensory input (Schaefer & Margrie,

2007). Multicellular in vivo recordings have established
that olfactory experience evokes precise, odour-specific
spatiotemporal patterns of firing in principal neurons
across the MOB (for review, see Friedrich, 2006; Bathellier
et al. 2010). Diversity in principal neuron firing modes
is a critical factor contributing to the encoding of
stimulus-specific information (Padmanabhan & Urban,
2010; Angelo & Margrie, 2011; Tripathy et al. 2013) and
regulation of neuronal synchrony (Burton et al. 2012)
in these population activity patterns. In vivo recordings
have shown that a subset of MOB principal neurons
exhibit regular, tonic firing characterized by low inter-
spike interval (ISI) coefficients of variation (CVISI),
while other principal neurons exhibit irregular firing
of action potential clusters (i.e. ‘stuttering’) with high
CVISI (Buonviso et al. 2003; Margrie & Schaefer, 2003;
Schaefer et al. 2006; Bathellier et al. 2008; Cury & Uchida,
2010; Carey & Wachowiak, 2011; Shusterman et al. 2011).
Systematic investigation in vitro has confirmed that MC
populations exhibit both tonic and stuttering firing modes
and has provided some detail about the mechanisms by
which these firing modes are generated (Chen & Shepherd,
1997; Desmaisons et al. 1999; Friedman & Strowbridge,
2000; Balu et al. 2004; Schaefer et al. 2006; Padmanabhan
& Urban 2010; Angelo & Margrie, 2011; Fadool et al. 2011;
Tucker et al. 2013). Equivalent investigation of TC firing
modes is currently lacking and will be critical in under-
standing how TC activity contributes to MOB population
activity patterns.

Here, we describe mechanisms by which MCs and
TCs may encode distinct olfactory information. We first
demonstrate that the differential firing responses of MCs
and TCs to afferent-evoked input observed in vivo are
maintained in vitro, facilitating more detailed exploration
of their origin. Voltage-clamp recordings confirm that
TCs receive stronger afferent-evoked excitation than MCs.
Surprisingly, however, this synaptic difference is poorly
correlated with the differences between MC and TC
afferent-evoked firing rates. To identify other factors
contributing to the different afferent-evoked firing rates
of MCs and TCs, we thus perform the first systematic
comparison of MC and TC biophysical properties.
Critically, TCs are intrinsically twice as excitable as MCs,
and this difference in excitability provides a better pre-
diction of the distinct afferent-evoked firing rates of
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MCs and TCs than the strength of their afferent-evoked
excitation. Our results thus suggest that both synaptic
and, in particular, intrinsic cellular properties underlie the
greater odour-evoked TC firing rates observed in vivo. We
additionally find that TCs exhibit both tonic and stuttering
firing modes, but fire significantly more irregularly
than MCs, emphasizing the important contribution of
high-frequency action potential clusters to TC coding.
The amplitude of membrane potential sag mediated by
hyperpolarization-activated currents directly correlates
with firing regularity in TCs, similar to MCs (Angelo &
Margrie, 2011), but does not directly predict the greater
firing irregularity of TCs vs. MCs. Collectively, our results
thus identify several key functional differences through
which the two classes of MOB principal neurons may
transform convergent sensory input into complementary
olfactory information.

Methods

Ethical approval

All experiments were completed in compliance with the
guidelines established by the Institutional Animal Care
and Use Committee of Carnegie Mellon University.

Animals

Multiple strains of mice with the C57BL/6 background
were used in this study with no difference in results
between strains (data not shown). Strains included wild
type C57BL/6 (n = 8), Thy1-YFP-G (n = 14) (Feng et al.
2000), V2R-GFP (n = 1) (Del Punta et al. 2002) and
M72-GFP (n = 15) (Potter et al. 2001).

Slice preparation

Postnatal day 13–20 mice of both sexes were anaesthetized
with isoflurane and decapitated into ice-cold oxygenated
dissection solution containing (in mM): 125 NaCl, 25
glucose, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4, 3 MgCl2 and
1 CaCl2. Brains were rapidly isolated and acute horizontal,
sagittal and oblique slices (310′′ μm thick) of the
MOB were prepared using a vibratome (VT1200S; Leica,
Nussloch, Germany, or 5000 mz-2; Campden, Lafayette,
IN, USA). Slices recovered for 15–30 min in �37°C
oxygenated Ringer solution that was identical to the
dissection solution except for lower Mg2+ concentrations
(1 mM MgCl2) and higher Ca2+ concentrations (2 mM

CaCl2). Slices were then stored in room temperature
oxygenated Ringer solution until recording.

Cell classification

MOB principal neurons were identified by: (1) large cell
body size, (2) cell body position within the MC layer
(MCL) or external plexiform layer (EPL), (3) the presence

of an apical dendrite projecting toward the glomerular
layer (GL) and (4) the presence of at least one lateral
dendrite, consistent with classical classification schema
(e.g. see: Macrides & Schneider, 1982; Mori et al. 1983;
Kishi et al. 1984). Principal neurons were classified as
MCs if >50% of their cell body resided within the
MCL. Principal neurons with cell bodies located only
partially within the MCL (i.e. <50% of the cell body)
represent ‘displaced MCs’ (Mori et al. 1983; Kishi et al.
1984) and ‘internal TCs’ (Ghosh et al. 2011; Igarashi
et al. 2012), and were not targeted for recording due
to their ambiguous identity as MCs or TCs without full
axonal tracing. Principal neurons with cell bodies residing
completely within the EPL (i.e. 0% within the MCL) were
classified as TCs. Under this classification scheme, our
MC dataset included clear examples of both type I (e.g.
see: supplementary Fig. S1, mitral cells 02, 04, 06, 07, 18)
and type II (e.g. see: Fig. S1, mitral cells 01, 11, 13, 32, 35)
MCs that extend their lateral dendrites into the deep and
superficial EPL, respectively (Orona et al. 1984), as well
MCs with more ambiguous lateral dendrite depths (e.g.
see: Fig. S1, mitral cells 08, 19, 20, 21, 31). Furthermore,
our resulting TC dataset included cells ranging from deep
(e.g. see: Fig. S2, tufted cells 06, 07, 09) to superficial
(e.g. see: Fig. S2, tufted cells 12, 26, 27) TCs. Importantly,
none of the cells included in the TC dataset exhibited the
rhythmic bursting characteristic of ETCs (e.g. see: Hayar
et al. 2004; Liu & Shipley, 2008; De Saint Jan et al. 2009).

Electrophysiology

Slices were continuously superfused with 37°C oxygenated
Ringer solution. Cells were visualized using infrared
differential interference contrast video microscopy.
Whole-cell recordings were made from individual cells
using electrodes filled with (in mM) 120 potassium
gluconate, 2 KCl, 10 Hepes, 10 sodium phosphocreatine,
4 Mg-ATP, 0.3 Na3GTP, 0–0.2 EGTA, 0–0.25 Alexa Fluor
594 (Life Technologies, Carlsbad, CA, USA) and 0.2%
Neurobiotin (Vector Labs, Burlingame, CA, USA). The
liquid junction potential was 12–14 mV and was not
corrected for. Cell morphology was reconstructed under a
100× oil-immersion objective and analysed with Neuro-
lucida (MicroBrightField, Inc., Williston, VT, USA). In all
reconstructed cells shown, the MCL is bracketed by light
grey contours and the division between the GL and EPL
is shown by a dark grey contour. All cells included in this
dataset exhibited spontaneous LLDs (Carlson et al. 2000)
and/or intact apical tufts upon reconstruction. A minority
of MCs sent a second, thin dendrite to co-terminate
with their main apical dendritic tuft in the glomerular
layer. These secondary glomerular projections were not
included in our quantification of cell morphologies. Data
were low-pass filtered at 4 kHz and digitized at 10 kHz
using a MultiClamp 700A amplifier (Molecular Devices,
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Sunnyvale, CA, USA) and an ITC-18 acquisition board
(Instrutech, Mineola, NY, USA) controlled by custom
software written in Igor Pro (WaveMetrics, Lake Oswego,
OR, USA).

For extracellular stimulation, a monopolar glass
electrode was filled with Ringer solution and connected
to a stimulus isolation unit (World Precision Instruments,
Sarasota, FL, USA) controlled by transistor–transistor
logic pulses from the ITC-18 acquisition board. Stimulus
intensity was adjusted until all-or-nothing LLDs (either
following or occluding direct monosynaptic OSN input)
were reliably (�95% success rate) evoked on each
trial. These stimulus intensities and the position of the
stimulation electrode (olfactory nerve layer (ONL) vs.
GL) differs from our previous study examining MC vs.
TC response latencies to minimal glomerulus stimulation
(Giridhar & Urban, 2012). For conciseness, we use the
phrase ‘afferent-evoked’ to refer to the activity and
synaptic input of MCs and TCs arising from the combined
direct monosynaptic OSN input and indirect polysynaptic
ETC input (i.e. the glomerular LLD) evoked by activating
OSN afferents in the ONL.

For measurements of action potential properties (except
for afterhyperpolarization (AHP) duration; see below),
pipette capacitance was neutralized and series resistance
(Rs) was stringently minimized (MC: 11.7 ± 1.5 M�,
range: 8.4–13.0 M�, n = 10; TC: 13.1 ± 1.5 M�, range:
9.6–15.5 M�, n = 12) and compensated for using the
MultiClamp Bridge Balance operation. For measurements
of afferent-evoked activity and input, pipette capacitance
was neutralized and Rs (MC: 20.0 ± 3.9 M�, range:
16.4–26.7 M�, n = 6; TC: 15.8 ± 3.8 M�, range:
12.6–22.9 M�, n = 7) was compensated for using the
MultiClamp Bridge Balance operation in current clamp
and compensated for �60% in voltage clamp. Rs was
maintained below 40 M� (MC: 20.1 ± 7.4 M�, range:
8.4–32.5 M�, n = 35; TC: 22.3 ± 9.6 M�, range:
9.6–39.0 M�, n = 28) and compensated for using
the MultiClamp Bridge Balance operation for all other
measurements, including AHP duration (TAHP 50%), which
did not significantly vary with Rs in our recordings.
Electrode resistance was comparable for TC and MC
recordings (MC: 6.3 ± 1.0 M�, range: 4.7–8.9 M�, n = 41;
TC: 6.7 ± 1.1 M�, range: 4.7–8.6 M�, n = 35). Resting
membrane potential (Vrest) was determined immediately
after break in. For measurements of action potential and
spike train properties, current was injected to normalize
Vm to −58 mV and ionotropic synaptic transmission
was blocked by 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 10 μM), DL-2-amino-5-phosphonopentanoic
acid (DL-APV, 50 μM) and gabazine (10 μM) (with the
exception of Fig. 3 where ionotropic synaptic transmission
was not blocked) after determination of Vrest and the
presence of spontaneous LLDs. For measurements of
afferent-evoked spiking, current was injected to normalize

Vm to −50 mV. Voltage clamp recordings were performed
at −60 mV. Afferent-evoked activity was recorded in
response to a train of extracellular stimulation pulses
delivered to the ONL and averaged over 3–10 trials per
stimulation frequency, with an inter-trial interval of 20 s.

Data analysis

Afferent-evoked firing rates were calculated by dividing
the total number of action potentials evoked in each
stimulation cycle by the duration of each stimulation
cycle. Afferent-evoked firing latencies were calculated
as the time of afferent stimulation to the time of the
first action potential (on suprathreshold trials). These
latencies were then normalized by the total duration of
the stimulation cycle and linearly converted to phase
(measured in radians). For analysis of afferent-evoked
synaptic currents, the rapid and delayed current peaks and
charge transfer were calculated after subtracting the base-
line current (measured as the current 10 ms preceding the
stimulation). Charge transfer was calculated by integrating
currents across the duration of each stimulation cycle (e.g.
across each 250 ms window following afferent stimulation
at 4 Hz). On some stimulation cycles in voltage-clamped
TCs, the short-latency afferent-evoked current was strong
enough to generate an escaped action potential; these trials
were not considered in our analysis.

Membrane time constant (τm), input resistance (Rinput)
and capacitance (Cm) were calculated from hyper-
polarizing step current injections as previously described
(Golowasch et al. 2009). Sag amplitude was measured
as in previously published methods (Angelo & Margrie,
2011). Briefly, cells were injected with a series of 2 s
hyperpolarizing steps ranging from 0 to −300 pA in
steps of −50 pA. The sag amplitude of the cell was
then calculated as the initial response subtracted from
the steady state response for whichever current injection
yielded a steady state response closest to −90 mV. For
cells in which membrane potential reached a minimum
and then depolarized until the end of the step current
injection (e.g. see Fig. 7B, D), the initial response was
calculated as the minimum voltage reached during the step
current injection. For cells in which membrane potential
continued to hyperpolarize throughout the duration of
the step current injection (e.g. see Fig. 7A, C), the initial
response was calculated as the voltage at 100 ms after the
beginning of the hyperpolarizing current injection (the
time at which cells with positive sag typically reached
their minimum). Firing rate–current (FI) curves were
calculated from injections of 2 s depolarizing steps ranging
from 0 to 300 pA in steps of 50 pA, consistent with the
physiological range of LLD amplitudes observed (Fig. 2;
Carlson et al. 2000; Gire et al. 2012). Spike times and action
potential threshold (Vthreshold) were measured by defining
the onset of an action potential as the time at which the
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voltage derivative exceeded 20 mV ms−1. For each cell,
action potential properties were calculated from the first
action potential evoked by the weakest suprathreshold
input (i.e. ‘rheobase’). Action potential amplitude was
measured as the difference between the voltage at action
potential onset and peak. This amplitude was then used to
calculate the full action potential width at half-maximal
amplitude (FWHM). Slopes of action potential rising and
falling phases were calculated as the respective maximum
and minimum slopes achieved during an action potential.
AHP amplitude was calculated as the minimum voltage
reached within 10 ms after an action potential subtracted
from Vthreshold. TAHP 50% was calculated by measuring the
time of AHP start (when the action potential falling
phase reached Vthreshold) to the time at which the AHP
had decayed to 50% of its maximal amplitude. The peak
instantaneous firing rate was calculated as the inverse of
the minimum ISI recorded during step current injections.
FI curve gain was calculated as the maximum linear slope
of the FI relationship. Spike latencies were measured from
the time of step current onset to the first spike time at
rheobase input.

Measurements of afferent-evoked activity were compa-
red between MCs and TCs (and across stimulation cycles)
using a two-way analysis of variance (ANOVA) with
post hoc Tukey’s test. Measurements of firing regularity
(i.e. CVISI) were compared between MCs and TCs (and
across step current amplitudes) using a two-way ANOVA
with post hoc Tukey’s test. All other statistical comparisons
were made using linear regression and the non-parametric
Wilcoxon rank sum test. Values are reported as mean ± SD
unless otherwise noted. All analyses were performed in
MATLAB (MathWorks, Natick, MA, USA).

Results

MCs and TCs exhibit different afferent-evoked
activity in vitro

Previous studies have explored the firing response of MCs
to the combined monosynaptic OSN input and poly-
synaptic ETC input (i.e. the glomerular LLD) evoked
by afferent stimulation in vitro (e.g. see: Carlson et al.
2000; Schoppa, 2006; De Saint Jan et al. 2009; Gire
& Schoppa, 2009; Najac et al. 2011; Gire et al. 2012;
Shao et al. 2012, 2013) but have not examined the
equivalent afferent-evoked firing response of TCs in vitro.
Thus, whether the differential afferent-evoked MC vs.
TC activity observed in vivo is maintained in vitro is
not known. Critically, the maintenance of in vivo MOB
activity patterns in acute slices is not guaranteed, given
the substantial excitatory (Balu et al. 2007; Boyd et al.
2012; Markopoulos et al. 2012), inhibitory (Gracia-Llanes
et al. 2010; Nunez-Parra et al. 2013) and neuromodulatory
(Petzold et al. 2009; Devore & Linster 2012) centrifugal

input to the MOB that is disrupted in acute slices. Such
centrifugal input can influence not only the strength
of afferent input (for review, see McGann, 2013) but
also may regulate levels of tonic inhibition in the MOB
(e.g. see Labarrera et al. 2013), which may differentially
influence MC vs. TC afferent-evoked activity in vivo.
Thus, to explore the mechanisms underlying differential
afferent-evoked MC vs. TC activity observed in vivo, we
first examined whether similar afferent-evoked activity
patterns are maintained in vitro.

To simulate physiological sniff-coupled afferent-evoked
input (Cang & Isaacson, 2003; Margrie & Schaefer, 2003;
Schaefer et al. 2006; Phillips et al. 2012), we stimulated
the ONL with a train of five 100 μs constant current
pulses (10–100 μA) at 2, 4 and 8 Hz while recording
from individual MCs and TCs located slightly caudal
to the extracellular stimulation electrode (Fig. 1A–C).
These stimulation frequencies were selected to explore
the response of MOB principal neurons to both passive
respiratory and active sniffing frequencies of rodents (for
review, see Wachowiak, 2011). For each recording, the
stimulus intensity was increased until the first pulse of each
train reliably (�95% success rate) evoked afferent-evoked
input in the form of an all-or-nothing LLD (Carlson et al.
2000; Gire & Schoppa, 2009) and then kept constant for
all trials.

Compared to MCs, TCs exhibited higher afferent-
evoked firing rates on suprathreshold trials (Fig. 1D),
were more likely to fire on any given trial (Fig. 1E) and
fired earlier in the stimulation cycle (Fig. 1F) across all
stimulation frequencies examined. Indeed, across all trials
and stimulation cycles (including both sub- and supra-
threshold cycles), TC firing rates were on average 4.4,
3.8 and 2.9 times greater than MC firing rates across 2,
4 and 8 Hz stimulation frequencies, respectively. These
results agree with classical studies examining the in vivo
response of MCs and TCs to a single ONL stimulation
pulse (Schneider & Scott, 1983; Wellis et al. 1989; Ezeh
et al. 1993). Furthermore, these results parallel analogous
studies examining the odour-evoked activity of MCs and
TCs (Nagayama et al. 2004; Griff et al. 2008; Igarashi
et al. 2012; Fukunaga et al. 2012; Kikuta et al. 2013).
In particular, the 2- to 3-fold greater afferent-evoked
firing rates observed in TCs relative to MCs on supra-
threshold trials in vitro (Fig. 1D) closely matches the
2- to 3-fold greater odour-evoked firing rates observed
in TCs relative to MCs in vivo (Nagayama et al. 2004).
Likewise, the shorter afferent-evoked firing latencies of
TCs relative to MCs in vitro agree with the shorter
odour-evoked firing latencies of TCs relative to MCs in
vivo. Interestingly, however, the �25–50 ms difference
in in vitro latencies (Fig. 1F) is consistently less than
the �150–200 ms difference in odour-evoked latencies
at low odour concentrations (Fukunaga et al. 2012;
Igarashi et al. 2012). This discrepancy in absolute latencies

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society



2102 S. D. Burton and N. N. Urban J Physiol 592.10

Figure 1. Differential responses of MCs and TCs to afferent input are maintained in vitro
A and B, morphology of a representative MC (A) and TC (B). C, example afferent-evoked firing response (top)
of the representative cells shown in A and B in response to 2, 4 and 8 Hz ONL stimulation. Raster plots (middle)
show the firing response across successive trials (first row for each cell shows the example spiking response
plotted at the top). Timing of ONL stimulation is plotted at the bottom. D, mean afferent-evoked firing rate on
suprathreshold trials was significantly greater in TCs than in MCs (2 Hz: P = 6.9 × 10−5; 4 Hz: P = 4.1 × 10−5;
8 Hz: P = 2.0 × 10−4). F, percentage of subthreshold trials was significantly higher in MCs than in TCs (2 Hz:
P = 5.2 × 10−10; 4 Hz: P = 6.1 × 10−6; 8 Hz: P = 8.8 × 10−5). G, first-spike latency on suprathreshold trials was
significantly shorter in TCs than in MCs (2 Hz: P = 5.5 × 10−5; 4 Hz: P = 6.0 × 10−10; 8 Hz: P = 2.0 × 10−6).
Data in D–G were recorded from six MCs and seven TCs.
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can be partially attributed to differences in stimulation
methods (synchronous ONL stimulation vs. asynchronous
odour-binding kinetics), and also to potential differences
in the inhibitory tone of the MOB circuit under in vitro and
in vivo conditions, as Fukunaga et al. (2012) have elegantly
demonstrated that interruption of fast inhibition disrupts
differences in odour-evoked latencies between MCs and
TCs.

Collectively, our results thus confirm that the acute
MOB slice provides a viable preparation for exploring
mechanisms driving distinct MC vs. TC afferent-evoked
activity – in particular, differences in afferent-evoked
firing rates. Moreover, these results demonstrate that
centrifugal input is not necessary to generate stronger
afferent-evoked activity in TCs compared to MCs,
suggesting that centrifugal input may regulate temporal
aspects of olfactory processing predominantly down-
stream of MC/TC transformation of afferent input
(Oswald & Urban, 2012a). Intriguingly, the increasing
fraction of subthreshold responses from MCs (but not
TCs) across sequential stimulation cycles (Fig. 1E) also
predicts that TC firing may contribute more to total
MOB activity patterns than MC firing during prolonged
odour exposures. This finding also provides indirect
evidence supporting the hypothesis that MCs receive
greater levels of afferent-evoked (probably periglomerular
cell (PGC)-mediated) inhibition than TCs (Fukunaga et al.
2012; see Discussion).

Differences in afferent-evoked excitation and
excitability between MCs and TCs contribute to
differences in afferent-evoked firing rates

Gire et al. (2012) have recently demonstrated that TCs
receive stronger afferent-evoked excitation than MCs
following brief electrical ONL or optogenetic OSN
stimulation. This previous study, however, did not assess
whether this differential afferent-evoked excitation is
sufficient to explain the stronger afferent-evoked firing
response of TCs compared to MCs. To address this
question, we again stimulated the ONL but voltage
clamped MCs and TCs at −60 mV (i.e. near the reversal
potential for Cl−) to record their excitatory synaptic
input. In agreement with Gire et al. (2012), we observed
significantly larger synaptic currents in TCs than in
MCs (Fig. 2). Specifically, ONL stimulation transferred
on average 1.9, 1.8 and 2.1 times more charge to TCs
than MCs across 2, 4 and 8 Hz stimulation frequencies,
respectively (Fig. 2D). The greater charge transferred
to TCs compared to MCs was predominantly due to a
significantly larger short-latency, rapidly decaying current
in TCs than in MCs (Fig. 2E), consistent with an effectively
stronger monosynaptic connection of OSNs to TCs than
to MCs (Gire et al. 2012). TCs additionally demonstrated

modestly larger delayed peak currents (>30 ms after
stimulation) driven by the glomerular LLD (Fig. 2F).
Critically, these synaptic differences are not due to
differences in apical dendrite length and filtering, as dual
somatodendritic recordings have established that LLD
events are propagated to the soma of MOB principal
neurons with minimal attenuation (Carlson et al. 2000;
Gire et al. 2012).

TCs thus receive stronger afferent-evoked excitation
than MCs. However, this difference in excitation is
smaller than the differences observed in afferent-evoked
MC vs. TC firing rates (compare Figs 1 and 2). The
greater TC firing rates may arise from a non-linear
relationship between synaptic input and firing rate that
amplifies the difference in afferent-evoked excitation
between MCs and TCs. Alternatively, some other factor,
such as intrinsic biophysical differences in excitability,
may contribute to the differential afferent-evoked firing
rates of MCs and TCs. To distinguish between these
possible mechanisms, we first looked for a direct
relationship between afferent-evoked firing rate and
the strength of afferent-evoked excitation across MCs
and TCs (Fig. 3). To discount any confounding effects
of using multiple sequential stimulation pulses (e.g.
failure of a synaptic response at the end of a train of
stimulation pulses), we separately examined both the
response to the first stimulation pulse in each stimulus
train (Fig. 3A, D) and the response to the full stimulus
train (Fig. 3B, E). A significant correlation existed between
afferent-evoked firing rates and the rapid peak amplitude
of afferent-evoked excitation (Fig. 3B), confirming that
the strength of afferent-evoked excitation (as measured
by the rapid peak current amplitude) contributes to the
distinct afferent-evoked firing rates of MCs and TCs.
Indeed, there was no clear difference between MC and
TC afferent-evoked firing rates normalized by rapid peak
current amplitudes (Fig. 3C). The relationship between
firing rates and rapid peak current amplitudes was quite
weak (R2 = 0.04), however, and surprisingly no significant
relationship was observed between another measure of
afferent-evoked excitation strength (total charge trans-
ferred) and firing rate (Fig. 3D–F). These results thus
suggest that other factors in addition to the strength of
afferent-evoked excitation contribute to the difference in
afferent-evoked firing rates between MCs and TCs.

We therefore next considered whether differences in
overall excitability between MCs and TCs might provide
a better prediction of afferent-evoked firing rate than
the strength of afferent-evoked excitation. To measure
excitability, we recorded the firing rates evoked by
2 s somatic step current injections ranging from 0 to
300 pA in amplitude and calculated the gains of the
resulting FI curves (Fig. 3I). Indeed, a significant and
comparatively strong relationship existed between FI
curve gains and the afferent-evoked firing rates following
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Figure 2. TCs receive greater effective afferent input than MCs
A and B, morphology of a representative MC (A) and TC (B). C, afferent-evoked synaptic input of the representative
cells shown in A and B in response to 2, 4 and 8 Hz ONL stimulation. Five trials of each stimulation frequency
are shown. Timing of ONL stimulation is plotted at the bottom. D, average charge transferred by afferent input
during each stimulation cycle was significantly greater in TCs than in MCs (2 Hz: P = 3.5 × 10−3; 4 Hz: P = 0.025;
8 Hz: P = 6.5 × 10−3). E, average peak amplitude of afferent input <4 ms after ONL stimulation was significantly
greater in TCs than in MCs (2 Hz: P = 5.8 × 10−5; 4 Hz: P = 9.5 × 10−5; 8 Hz: P = 1.2 × 10−3). F, average
peak amplitude of afferent input >30 ms after ONL stimulation was significantly greater in TCs than in MCs (2 Hz:
P = 5.6 × 10−5; 4 Hz: P = 7.9 × 10−3; 8 Hz: P = 0.015). Data in D–F were recorded from six MCs and seven TCs.
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a single stimulation pulse (Fig. 3G) or a train of stimuli
(Fig. 3H). This relationship could not be explained by
any correlation between FI curve gain and the rapid peak
current amplitude of afferent-evoked excitation (data not
shown). Thus, these results demonstrate that differences in
excitability contribute to the differences in afferent-evoked
firing rates between MCs and TCs, and in turn suggest
that TCs exhibit greater excitability than MCs. It is

important to note, however, that these gain measurements
were performed in the presence of intact synaptic trans-
mission, and thus do not provide a pure measure of
intrinsic excitability, as both MC and TC firing recruits
recurrent inhibition (for review, see Schoppa & Urban,
2003). These results thus motivated a more controlled
comparison of the intrinsic biophysical properties of MCs
and TCs to better understand the factors contributing

Figure 3. Differences in afferent input and excitability contribute to the higher afferent-evoked firing
rates of TCs vs. MCs
A and B, average firing rates (including subthreshold trials; e.g. see Fig. 1) plotted against the average rapid peak
current (e.g. see Fig. 2) evoked by ONL stimulation at 2, 4 and 8 Hz for MCs (n = 6) and TCs (n = 7). The responses
to the first stimulation pulse in a train of five stimulation pulses are plotted in A. The responses to all stimulation
pulses are plotted in B. Rapid peak currents weakly but significantly predicted firing rates across MCs and TCs
(B; black line; linear regression: P = 3.5 × 10−3; R2 = 0.04). This relationship proved insignificant when only
considering the response to the first stimulation pulse in each train, however (A; dashed line; linear regression:
P = 0.54). C, average firing rate normalized by the rapid peak current evoked by ONL stimulation at 2, 4 and
8 Hz for MCs and TCs. Error bars denote SEM. D–F, as in A–C but examining the relationship between average
afferent-evoked firing rates and the total charge transferred by ONL stimulation. No significant correlation existed
between rate and charge transferred in response to the first stimulation pulse (D; dashed line; linear regression:
P = 0.96) or in response to the full stimulus train (E; dashed line; linear regression: P = 0.52). TCs exhibited a strong
trend toward higher afferent-evoked firing rates than MCs when normalizing by the total charge transferred by
afferent stimulation (F; P = 0.08, two-way ANOVA). G and H, as in A and B and D and E, but examining the
relationship between average afferent-evoked firing rates and the FI curve gain measured in each MC and TC.
FI curve gain significantly predicted the afferent-evoked firing rate evoked by the first ONL stimulation pulse (G;
black line; linear regression: P = 1.3 × 10−4; R2 = 0.33) and the entire ONL stimulation train (H; black line; linear
regression: P = 5.7 × 10−18; R2 = 0.32). I, FI curves of MCs and TCs measured from the response to somatic step
current injections.
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Table 1. Passive properties of MCs vs. TCs

Vrest (mV) Rinput (M�) τm (ms) Cm (pF) Sag amplitude (mV)

Mitral cells −53.9 ± 4.0 94.3 ± 40.5 21.3 ± 9.4 236.4 ± 94.6 2.0 ± 2.6
(n = 20) (n = 35) (n = 35) (n = 35) (n = 35)

Tufted cells −55.5 ± 4.7 111.8 ± 51.6 18.8 ± 8.6 188.8 ± 110.1 4.4 ± 6.1
(n = 26) (n = 28) (n = 28) (n = 28) (n = 28)

P n.s. (0.12) n.s. (0.23) n.s. (0.22) 2.6 × 10−3 n.s. (0.19)

Values are mean ± standard deviation. n.s., not significant.

to the afferent-evoked activity of MOB principal
neurons.

TCs are more excitable than MCs

Currently, the intrinsic biophysical properties of MCs, but
not TCs, are well characterized (cf. http://neuroelectro.
org/neuron/129/ and http://neuroelectro.org/neuron/
131/). Thus, to determine the contribution of intrinsic
biophysical differences to the distinct afferent-evoked
activity of MCs and TCs, we systematically compared the
passive, action potential and spike train properties of MCs
and TCs under blockade of fast synaptic transmission.

TCs demonstrated significantly lower Cm and a weak
trend toward higher Rinput than MCs (Table 1, Fig. 4K,
M). These results are consistent with prior findings that
TCs have smaller somata and fewer and shorter lateral
dendrites than MCs (Macrides & Schneider, 1982; Orona
et al. 1984; Igarashi et al. 2012; Kikuta et al. 2013).
Reconstruction and analysis of 30 MCs and 21 TCs
from our in vitro data set confirmed these morphological
differences (Table 2; Figs S1 and S2). We additionally
observed no significant difference in total process length,
total process volume or convex hull volume between
MC and TC apical dendritic tufts (Table 3; Figs S1 and
S2), suggesting that: (1) the stronger afferent input to
TCs is not due to greater overlap of TC dendrites with
OSN axons within the glomerular compartment, and
(2) both TC and MC apical dendritic tufts are well
positioned to synaptically interact with the multitude
of juxtaglomerular interneurons. Additionally, pairwise
regression analysis between morphological and intrinsic
biophysical properties of MCs and TCs revealed that MC
Rinput depends strongly on apical, but not lateral, dendrite
volume, even though lateral dendrite volume and soma
area strongly regulate MC Cm, as expected (Fig. S3). This
result complements previous reports of high ion channel
densities in MC apical dendrites (for review, see Migliore
& Shepherd, 2002).

TCs exhibited shorter duration action potentials than
MCs (Table 4, Fig. 4E, H). This difference was entirely
due to a faster repolarization of TC action potentials
(Table 4, Fig. 4F, I, J), suggesting that MCs and TCs

differ in their expression of voltage-gated potassium
channels. Consistent with this hypothesis, TCs exhibited
significantly faster AHP kinetics than MCs, and further
tended to exhibit larger AHP amplitudes and a slower
action potential rising phase than MCs (Table 4, Fig. 4F,
G, I, J).

Both classes of MOB principal neurons exhibited
considerable heterogeneity in their rheobase current
(Table 5), consistent with previous investigation of MC
rheobase values (Angelo & Margrie, 2011). The lack
of significant difference between MC and TC rheobase
values (Table 5) thus suggests that the substantially higher
fraction of subthreshold responses to afferent-evoked
input recorded in MCs relative to TCs (Fig. 1) is principally
due to differences in the strength of afferent-evoked
excitation between MCs and TCs. We likewise found no
significant difference between, and a substantial degree
of heterogeneity in, MC and TC first-spike latencies at
rheobase (Table 5). This observation is consistent with the
strong dependence of odour-evoked MC and TC latency
differences on extrinsic, synaptic properties (Fukunaga
et al. 2012).

The two classes of MOB principal neurons exhibited
markedly different levels of excitability in response
to somatic step current injections (Table 5, Fig. 5),
confirming our earlier results (Fig. 3). Both the average
FI curve gain and the peak instantaneous firing rate of
TCs doubled those of MCs (Table 5, Fig. 5C–E). These
differences probably arise, in part, from the narrower
action potentials and the faster AHP kinetics in TCs,
which enable TC membrane potentials to more quickly
‘reset’ following an action potential than MC membrane
potentials. The weak trend toward higher Rinput in TCs may
also partially contribute to the greater excitability of TCs vs.
MCs. We note, however, that there are numerous examples
in our dataset where TCs exhibit greater excitability than
MCs despite equal or lower Rinput (Fig. 5F).

In total, we thus find that in addition to extrinsic
synaptic differences, the two classes of MOB principal
neurons exhibit significant differences in intrinsic
biophysical properties. In particular, TCs are intrinsically
twice as excitable as MCs on average, and this
greater excitability contributes significantly to the higher
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afferent-evoked firing rates observed in TCs. Moreover,
differences in action potential waveforms probably
influence synaptic propagation of MC vs. TC activity to
MOB interneurons and downstream cortical targets (see
Discussion).

TCs stutter more than MCs

Our results thus far have focused on the strength
of afferent-evoked activity in MOB principal neurons.
However, several studies have demonstrated that the

odour-specific temporal patterning of action potentials
also critically contributes to the encoding of olfactory
information (for review, see Friedrich, 2006; Bathellier
et al. 2010). Indeed, Haddad et al. (2013) recently
confirmed that olfactory cortex can decode differences
in spike timing of MOB principal neurons. We thus next
examined how MCs and TCs transform input into specific
temporal patterns of action potentials.

Principal neurons of the MOB exhibit diverse firing
modes in vivo, transforming afferent input into both
regular and irregular patterns of action potentials

Figure 4. TCs exhibit faster action potential and AHP kinetics than MCs
A–D, morphology (A, B) and voltage responses (C, D) of a representative MC (A, C) and TC (B, D) to step
current injections. E, waveform of the first action potentials evoked by the weakest suprathreshold input (black
suprathreshold traces in C and D). F, phase plot of membrane potentials during the weakest suprathreshold input.
G, AHPs following the action potentials plotted in E. H, average action potential waveform. Thin lines denote
mean ± SEM. I, phase plot of average action potential derivative vs. average action potential waveform across
MC and TC populations. J, average temporal evolution of membrane potential derivatives during the first action
potential evoked by the weakest suprathreshold input. Averages taken over 10 MCs and 12 TCs in H–J. K–M,
distributions of Rinput (K), τm (L) and Cm (M) calculated from hyperpolarizing step current injections (e.g. as plotted
in C and D) over 35 MCs and 28 TCs.
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Table 2. Somatodendritic morphological properties of MCs vs. TCs

Lateral dendrites Apical dendrites

Soma area (μm2) � Length (μm) � Volume (μm3) � Length (μm) � Volume (μm3)

Mitral cells 349.0 ± 106.4 2766.0 ± 1792.2 3433.8 ± 2221.7 258.3 ± 60.6 3025.0 ± 1588.3
(n = 30) (n = 30) (n = 30) (n = 30) (n = 30)

Tufted cells 236.2 ± 93.1 1624.8 ± 642.6 1937.4 ± 838.8 144.4 ± 44.3 1235.0 ± 627.0
(n = 21) (n = 21) (n = 21) (n = 21) (n = 21)

P 2.3 × 10−4 3.5 × 10−3 0.01 7.1 × 10−8 7.9 × 10−6

Values are mean ± standard deviation.

Table 3. Tuft morphological properties of MCs vs. TCs

� Length (μm) � Volume (μm3) Convex hull (μm3)

Mitral 967.6 ± 464.2 816.9 ± 479.7 49,040.8 ± 34,375.5
cells (n = 30) (n = 30) (n = 30)

Tufted 838.7 ± 356.7 599.2 ± 411.4 38,601.4 ± 21,749.2
cells (n = 21) (n = 21) (n = 21)

P n.s. (0.56) n.s. (0.08) n.s. (0.37)

Values are mean ± standard deviation. n.s., not significant.

(Buonviso et al. 2003; Margrie & Schaefer, 2003; Schaefer
et al. 2006; Bathellier et al. 2008; Cury & Uchida, 2010;
Carey & Wachowiak, 2011; Shusterman et al. 2011). We
and others have recently demonstrated that at least a
portion of this temporal patterning of MOB activity
arises from the intrinsic ability of MCs to exhibit both
tonic and stuttering firing modes (Padmanabhan & Urban
2010; Angelo & Margrie, 2011; Fadool et al. 2011;

Tucker et al. 2013). To investigate whether TCs exhibit
similar firing mode diversity, we compared the regularity
of MC and TC spike trains evoked by somatic step
current injections (Table 5, Fig. 6). Similar to MCs, TCs
exhibited diverse firing modes (Fig. 6A, B), with output
ranging from tonic firing with varying degrees of spike
frequency adaptation and narrow ISI distributions to
irregular stuttering with highly skewed ISI distributions
(Fig. 6C, D) highly reminiscent of some populations of
cortical and subcortical fast-spiking interneurons (for
review, see Markram et al. 2004; Tepper & Bolam, 2004).
Furthermore, TCs on average fired more irregularly than
MCs, as measured by the CVISI (Table 5, Fig. 6E–H). This
difference in regularity was not just due to differences in
firing rate, as TCs likewise exhibited significantly higher
CVISI than MCs when we controlled for rate (Table 5).
Moreover, CVISI and excitability (as measured by FI curve
gain) were not well correlated (Fig. 6I). These results
are also consistent with a recent characterization of the
firing patterns of MCs and TCs in vitro in response

Table 4. Action potential properties of MCs vs. TCs

Vthreshold

(mV)
Amplitude

(mV) FWHM (ms)
Rising slope
(mV ms−1)

Falling slope
(mV ms−1) AHP (mV)

TAHP 50%

(ms)

Mitral cells −42.2 ± 3.0 76.2 ± 5.4 1.06 ± 0.20 237.9 ± 48.4 −72.2 ± 20.4 14.8 ± 3.2 58.2 ± 77.5
(n = 10) (n = 10) (n = 10) (n = 10) (n = 10) (n = 10) (n = 35)

Tufted cells −42.5 ± 2.9 72.1 ± 5.5 0.87 ± 0.10 197.9 ± 62.5 −91.4 ± 13.0 16.8 ± 3.3 20.5 ± 20.1
(n = 12) (n = 12) (n = 12) (n = 12) (n = 12) (n = 12) (n = 28)

P-value n.s. (0.82) n.s. (0.11) 0.03 n.s. (0.05) 0.03 n.s. (0.08) 5.8 × 10−3

Values are mean ± standard deviation. n.s., not significant.

Table 5. Spike train properties of MCs vs. TCs

Rheobase
(pA)

Rheobase spike
latency (ms)

Peak instantaneous
rate (Hz)

FI curve gain
(Hz 50 pA–1) CVISI, �20 Hz

Mitral cells 111.4 ± 55.7 510.0 ± 486.0 62.8 ± 15.9 9.8 ± 3.8 0.45 ± 0.29
(n = 35) (n = 35) (n = 35) (n = 35) (n = 35)

Tufted cells 94.6 ± 49.7 402.3 ± 479.5 120.1 ± 28.4 20.3 ± 7.2 0.80 ± 0.43
(n = 28) (n = 28) (n = 28) (n = 28) (n = 28)

P n.s. (0.22) n.s. (0.26) 9.5 × 10−11 1.5 × 10−8 3.3 × 10−4

Values are mean ± standard deviation. n.s., not significant.
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to spontaneous LLDs (Ma & Lowe, 2010). Indeed, we
were able to confirm that the firing mode measured by
somatic step current injection closely corresponds to the
firing mode evoked by afferent input (Fig. S4). Thus, we
expect that TCs exhibit diverse firing modes and fire more
irregularly than MCs in vivo.

Interestingly, MCs exhibited a significant age-dep-
endent decrease in firing regularity, particularly after
18 days of age (Fig. S5). Thus, different developmental
time courses may partially explain the more irregular
firing of TCs than MCs in our dataset. We note,
however, that even mature MCs exhibit clear differences

in their stuttering firing patterns compared to TCs (see
below).

Visual inspection of spiking patterns further suggested
that the way in which irregularly firing MCs and TCs
stutter is different. Specifically, TCs fired clusters of
high-frequency action potentials separated by long ISIs
between clusters (Fig. 6B). In contrast, MCs exhibited
comparatively similar within-cluster and between-cluster
ISIs (Fig. 6A). In other words, the instantaneous firing
rate of TCs departed substantially from the mean rate
for each spike train, while the instantaneous firing rate
of MCs more closely tracked the mean rate. To quantify

Figure 5. TCs are intrinsically more excitable than MCs
A and B, morphology and firing response to various step current injections of a representative MC (A) and TC (B). C
and D, FI relationships for 35 MCs (C) and 28 TCs (D). Thick lines correspond to representative cells shown in A and
B. Note that several TCs go into depolarization block at high step current amplitudes. E, average FI relationships
across all MCs and TCs. Error bars denote SEM. F, FI curve gain vs. Rinput across MCs and TCs. Thick-lined symbols
correspond to representative cells.
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Figure 6. TCs exhibit diverse firing modes and more irregular firing than MCs
A and B, spike raster plots across 35 MCs (A) and 28 TCs (B) for firing responses to 2 s step current injections
coming closest to 20 Hz. Spike trains are ordered according to CVISI, with minimum and maximum CVISI values
shown. C and D, ISI distributions of the most regular and irregular MC (C) and TC (D) spike trains shown in A and B.
E, CVISI across multiple step current injection amplitudes for MCs. F, average CVISI across all MCs for multiple step
current injection amplitudes. Error bars denote SEM. G and H, as in E and F for TCs. Note that TCs demonstrated
a significantly higher CVISI than MCs (compare F and H; P = 5.8 × 10−9, two-way ANOVA with post hoc Tukey’s
test). Note also the close correspondence between the average CVISI and CV2 for MCs (F) but not for TCs (H). I, FI
curve gain vs. CVISI across MCs and TCs.

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society



J Physiol 592.10 Intrinsic cellular differences drive parallel processing in olfaction 2111

this effect, we calculated the instantaneous ISI variability
normalized to the instantaneous ISI and averaged this
across the spike train to yield a single value per spike train.
This metric, called ‘CV2’ (Holt et al. 1996), is equivalent to
CVISI for a regular spike train and for a perfectly random
spike train (i.e. a homogeneous Poisson process) but is
lower than CVISI for a slowly rate-modulated spike train
(e.g. a spike train with highly discrete bursts). Confirming
our initial observations, MCs exhibited nearly identical
CVISI and CV2 (Fig. 6F). In contrast, TCs exhibited a
markedly higher CVISI than CV2 (Fig. 6H), especially at
higher input strengths. Thus, the greater overall firing
irregularity of TCs compared to MCs arises from a greater
propensity of TCs to fire highly discrete clusters of action
potentials.

Membrane potential sag predicts stuttering in both
TCs and MCs

The differences in MC vs. TC firing regularity suggest
that distinct ionic mechanisms may regulate MC vs. TC
firing modes. Toward this end, Angelo & Margrie (2011)
recently demonstrated that differential expression of
hyperpolarization-activated cation channels across MCs
is related to MC firing regularity. In their study, MCs
exhibiting more sag in response to a hyperpolarizing step
current (i.e. larger positive sag amplitude) tended to fire
more regularly than MCs exhibiting less sag. We therefore
next examined the distribution of sag responses in MCs
and TCs to determine if: (1) a similar relationship exists
between TC firing regularity and sag, and (2) if the greater
propensity of TCs to stutter is predicted by the distribution
of TC sag amplitudes.

In agreement with Angelo and Margrie (2011), we
observed a broad diversity of sag responses in MCs
(Fig. 7E), including both negative (Fig. 7A) and positive
(Fig. 7B) sag amplitudes. TCs likewise exhibited a broad
distribution of sag responses (Table 1, Fig. 7C–E). Inter-
estingly, sag amplitudes strongly predicted rheobase values
in both classes of MOB principal neurons (Fig. 7G), as pre-
viously reported for MCs (Angelo & Margrie, 2011). To
statistically test for a relationship between sag amplitude
and firing mode, we performed linear regression between
sag amplitude and the CVISI measured at a mean rate
of �20 Hz. MCs demonstrated a significant negative
relationship between sag amplitude and CVISI (Fig. 7F),
strengthening the findings of Angelo and Margrie (2011).
In turn, TCs demonstrated an even stronger relationship
between sag amplitude and CVISI (Fig. 7F). Thus, sag
amplitude is broadly distributed across both classes of
MOB principal neurons and is predictive of firing mode.
We note, however, that the greater propensity of TCs
than MCs to stutter is not predicted by sag, as MC and
TC sag amplitudes did not significantly differ on average
(Table 1, Fig. 7E). Thus, our results support the hypothesis

that distinct ionic mechanisms regulate MC vs. TC firing
modes.

Discussion

For more than a century, principal neurons of the MOB
have been divided between MCs and TCs on the basis
of morphological and laminar differences (Cajal, 1911).
Here, we report the first systematic comparison of MC
and TC intrinsic biophysical properties, and we identify
several key functional features by which these two cell
classes differ. Foremost, TCs are more excitable than
MCs. This difference in excitability emerges, at least
partially, from narrower action potentials and faster AHP
kinetics in TCs, engendering shorter refractory periods
in TCs than in MCs. The greater excitability of TCs,
combined with stronger afferent-evoked excitation, helps
drive the stronger afferent-evoked firing responses in
TCs compared to MCs. Additionally, while both MCs
and TCs exhibit diverse firing modes, TCs demonstrate
a greater propensity to ‘stutter’, i.e. to fire discrete
clusters of high frequency action potentials separated by
long pauses. Hyperpolarization-activated currents predict
firing regularity in both MCs and TCs, but cannot directly
explain the greater firing irregularity of TCs. In total,
these results reveal multiple mechanisms through which
the two classes of MOB principal neurons can transform
convergent sensory input into complementary olfactory
information.

Physiological role of differences in afferent-evoked
activity between MCs and TCs

TCs exhibit greater excitability and stronger afferent-
evoked excitation than MCs. The combination of these
properties may contribute to at least three physiological
roles in olfactory processing: (1) differential encoding
of complementary sensory information, (2) differential
regulation of sensory processing by changes in network
states and (3) collective encoding of sensory intensity (i.e.
odour concentration).

First, the combination of greater excitability and
stronger afferent-evoked excitation reliably drives short
latency, high rate TC firing (Fig. 1), yielding a high fidelity
afferent-evoked signal. In contrast, the lower excitability
and weaker afferent-evoked excitation of MCs, combined
with more extensive lateral inhibition (Ezeh et al. 1993;
Christie et al. 2001; Phillips et al. 2012) and potentially
stronger afferent-evoked inhibition (see below), yields
lower firing rates and more variable firing latencies (Fig. 1),
attributes which foster diverse temporal patterning of
odour-evoked principal neuron firing (Bathellier et al.
2008; Cury & Uchida, 2010; Shusterman et al. 2011;
Kato et al. 2012). Moreover, the weaker afferent-evoked
excitation and stronger inhibition of MCs additionally
supports broader inhibitory molecular receptive ranges
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(MRRs) in MCs than in TCs (Nagayama et al. 2004; Kikuta
et al. 2013). In total, these observations broadly support
an emerging view (e.g. see Nagayama et al. 2010; Schaefer
& Margrie, 2012; Igarashi et al. 2012; Fukunaga et al.
2012) that TCs may employ a robust labelled-line code of
first-order sensory information (e.g. odour identity) while
MCs employ a more flexible population-wide temporal
code of second-order sensory information (e.g. odour
context and valence). Of note, this hypothesis is in direct
accordance with the extensive axonal projections of MCs
to piriform, entorhinal and amygdaloid regions and the

limited axonal projections of TCs to anterior piriform
regions (Nagayama et al. 2010; Igarashi et al. 2012).

Second, differences in intrinsic excitability and
afferent-evoked excitation probably also yield distinct
susceptibilities of MCs and TCs to changes in network
state. In particular, recent evidence shows that enhanced
cholinergic signalling in the glomerular microcircuit,
such as during elevated attentiveness, sharpens the odour
tuning of MCs (Ma & Luo, 2012). Mechanistically,
cholinergic modulation of MC tuning depends on
the ability of augmented afferent-evoked inhibition to

Figure 7. Sag amplitude predicts MC and TC firing mode
A, morphology and membrane potential sag and spiking responses of a representative MC with negative sag
amplitude. Spiking response shows the evoked response closest to 20 Hz, where CVISI is measured. B, as in A,
but for a MC with positive sag amplitude. C and D, as in A and B, but for two representative TCs. Note that
the slow recovery from the large sag amplitude in D is sufficient to evoke several rebound action potentials. E,
distribution of sag amplitudes for 35 MCs and 28 TCs. F, CVISI vs. sag amplitude. MC sag amplitude significantly
predicts CVISI (black line; linear regression: P = 9.4 × 10−3; R2 = 0.19). TC sag amplitude likewise predicts CVISI

(grey line; linear regression: P = 7.3 × 10−5; R2 = 0.46). Thick-lined symbols correspond to representative cells in
A–D. G, rheobase vs. sag amplitude. Sag amplitude significantly predicts rheobase in both MCs (black line; linear
regression: P = 9.4 × 10−6; R2 = 0.45) and TCs (grey line; linear regression: P = 3.2 × 10−3; R2 = 0.29).
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block weak afferent-evoked activity in MCs (D’Souza &
Vijayaraghavan, 2012; D’Souza et al. 2013). Our current
results thus suggest that TCs, which demonstrate stronger
afferent-evoked excitation and greater excitability than
MCs, should be less susceptible to effects of cholinergic
modulation than MCs. Of note, this hypothesis may be
directly examined through re-analysis of several recent
datasets of MOB principal neuron activity collected across
different brain states (Kato et al. 2012; Blauvelt et al. 2013;
Wachowiak et al. 2013).

Finally, the interaction of afferent-evoked inhibition and
differences in intrinsic excitability between homotypic
MCs and TCs (i.e. MCs and TCs with apical dendritic
tufts in the same glomerulus) may be critical to the
encoding of stimulus intensity during sparse glomerular
activation (Smear et al. 2013). Three arguments support
this possibility. (1) MC activity is more strongly influenced
by afferent-evoked inhibition than TC activity. MC
firing is strongly regulated by afferent-evoked inhibition
(Shao et al. 2012), and this inhibition is stable over
sequential afferent stimulation cycles (Shao et al. 2013),
in contrast to the depressing afferent-evoked excitation
that we observe (Fig. 2D; but see Cang & Isaacson,
2003). The shifting balance of inhibition and excitation
probably contributes to adaptation of MC firing rates
with repeated afferent stimulation (Fig. 1E). In contrast,
the stable suprathreshold response of TCs to sequential
afferent stimulation cycles (Fig. 1E) suggests that TCs
are less influenced by afferent-evoked inhibition than
MCs. Indeed, Fukunaga et al. (2012) have compellingly
shown that inhibition (probably mediated by PGCs)
strongly modulates the latency of odour-evoked firing
in MCs but not in TCs. The greater influence of
afferent-evoked inhibition on MC activity could arise
from greater PGC–MC connectivity or from the greater
excitability of TCs rendering such inhibition less effective.
(2) The strength of afferent-evoked inhibition directly
regulates the odour concentration dependence of MOB
principal neuron activity. In their study, Fukunaga et al.
(2012) additionally demonstrated that increasing odour
concentration reduces MC, but not TC, firing latencies,
paralleling the effect of blocking inhibition. Moreover, the
preferential regulation of MC activity by afferent-evoked
inhibition and a direct link between such inhibition and
concentration dependence may explain the lower odour
concentration threshold and greater odour concentration
invariance of TC vs. MC activity (Fukunaga et al. 2012;
Igarashi et al. 2012; Kikuta et al. 2013). (3) Short
latency high rate TC firing significantly recruits inhibition
onto MCs. Increasing odour concentrations reduces
MC firing latencies by increasing excitatory input while
afferent-evoked inhibition remains constant (Margrie
et al. 2001; Cang & Isaacson, 2003). This suggests that at
least two pathways mediate odour-evoked excitation and
inhibition onto MCs. Both OSNs and ETCs are probably

important sources of odour concentration-dependent
MC excitation (De Saint Jan et al. 2009; Gire &
Schoppa, 2009; Najac et al. 2011; Gire et al. 2012). In
turn, TCs, which exhibit odour concentration-invariant
activity, are probably the primary source driving odour
concentration-independent, PGC-mediated inhibition
onto MCs. Consistent with this hypothesis, Livneh et al.
(2014) have shown that the phase of spontaneous and
odour-evoked PGC firing in vivo closely matches the phase
of spontaneous and odour-evoked TC, but not MC, firing
in vivo (Fukunaga et al. 2012). While TCs can also directly
excite MCs (Najac et al. 2011), such lateral excitation
between homotypic MOB principal neurons is heavily
counterbalanced by inhibition (Urban & Sakmann, 2002)
and may serve primarily to regulate spike-time synchrony
(Schoppa & Westbrook, 2002). In total, changes in odour
concentration thus lead to decodable differences in firing
latencies between homotypic MCs and TCs through the
interaction of afferent-evoked inhibition and greater TC
vs. MC excitability and afferent-evoked excitation.

While speculative, the proposed mechanism for
encoding odour concentration within a single glomerulus
can explain recent in vivo findings (Smear et al. 2013) and
motivates multiple new experiments that will be critical
to our understanding of olfactory processing. Foremost
among these experiments is the careful dissection of
inhibitory interactions between homotypic MCs and
TCs. To our knowledge, the ability of MCs and TCs to
directly inhibit each other by recruiting PGCs has been
widely assumed but remains to be directly demonstrated.
It is also possible that the proposed afferent-evoked
TC-to-MC inhibition could involve granule cells (GCs)
and/or EPL interneurons (Huang et al. 2013; Kato et al.
2013; Miyamichi et al. 2013), cells classically viewed to
mediate ‘lateral inhibition’ between MCs and TCs. These
alternative circuit pathways are less likely to mediate the
described afferent-evoked inhibition, however, given the
more variable and longer latency recruitment of GCs vs.
PGCs (Shao et al. 2012) and the tremendous numerical
superiority of PGCs to EPL interneurons (Parrish-Aungst
et al. 2007), but nevertheless require investigation. Also
important will be the direct evaluation of afferent-evoked
inhibition onto TCs. Finally, a causal link between TC
activity and afferent-evoked inhibition onto MCs predicts
a negative correlation between excitatory and inhibitory
MRRs of homotypic TC and MCs, respectively – an
intriguing hypothesis testable through re-analysis of recent
published data (Kikuta et al. 2013).

Physiological role of differences in firing regularity
between MCs and TCs

The expression of highly regular, tonic firing vs. irregular
firing of discrete action potential clusters will significantly
impact at least three components of neural signalling in
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olfaction. First, the ability of slowly modulated inputs
(e.g. sniff-coupled afferent input) to phase-lock spike
timing (Schaefer et al. 2006) is greater in stuttering
vs. regular firing MOB principal neurons (Balu et al.
2004). The higher prevalence of stuttering in TCs that
we observed thus suggests that TCs may generate a
reliable afferent-evoked signal across consecutive sniffs,
while MC spike timing evolves (Patterson et al. 2013).
The higher prevalence of stuttering in TCs may also
help to explain the greater locking of TC vs. MC firing
to respiration in vivo (Phillips et al. 2012). Second, we
have recently demonstrated that the temporal patterning
of MOB principal neuron input to anterior piriform
cortex directly controls the propagation of activity between
the MOB and cortex (Oswald & Urban, 2012b). This
result, together with our current findings of differences
in firing regularity between MCs and TCs, suggests that
TCs propagate olfactory information to anterior piriform
cortex differently than MCs do. Third, and relatedly,
tonic vs. stuttering firing modes probably differentially
recruit MOB interneurons, such as GCs, EPL inter-
neurons and PGCs. The impact of firing mode on GC
recruitment may further lead to differential recruitment
of activity-dependent lateral inhibition (Arevian et al.
2008) between stuttering vs. regularly firing pairs of
MOB principal neurons. Significant differences in action
potential waveforms between MCs and TCs also may
abet differences in interneuron recruitment via differential
activation of voltage-gated calcium channels at release sites
(e.g. see King & Meriney, 2005).

Ionic and dynamic mechanisms of firing mode
diversity in MOB principal neurons

Defining the mechanisms driving stuttering will be a
critical step in understanding the physiological roles of
firing mode diversity in MCs and TCs. In both theoretical
and experimental studies, neuronal stuttering is often
attributed to the interaction of fast spiking dynamics
with a slower, perithreshold-activated outward current, in
which outward conductance incrementally accumulates
with each action potential until firing is temporarily
blocked, yielding overall firing dynamics known as elliptic
bursting (e.g. see Rinzel & Ermentrout, 1989; Rush &
Rinzel, 1995; Balu et al. 2004; Golomb et al. 2007). This
mechanism has specifically been suggested to explain
stuttering in MCs through the cumulative de-inactivation
of D-type potassium channels (probably representing
channels consisting of Kv1.x subunits) across a cluster
of action potentials (Balu et al. 2004). In contrast
to this deterministic mechanism, stuttering can also
occur stochastically (with an arbitrary number of action
potentials per cluster) given subthreshold oscillations
and a perithreshold-activated outward current with
sufficiently fast activation kinetics (Golomb et al. 2007;

Stiefel et al. 2013). While both of these mechanisms
are thus consistent with the activity patterns we have
recorded in MCs and TCs, their functional consequences
on stuttering regularity are significantly different (S.
D. Burton et al. unpublished observations), motivating
further investigation. Of interest, TCs demonstrated a
greater propensity to stutter and faster AHP kinetics
than MCs, suggesting that TC stuttering may be more
dominated by stochastic dynamics than MC stuttering.

Our results additionally corroborate the relationship
between membrane potential sag amplitude and
MC firing regularity first identified by Angelo &
Margrie (2011), and further extend this relationship
to TCs. While the correlation between sag and MOB
principal neuron firing mode thus seems robust, it
is not obvious how a hyperpolarization-activated
current can modulate suprathreshold activity. Critically,
both hyperpolarization-activated cation channels
and perithreshold-activated Kv1.3 channels are
differentially expressed across MCs in an activity-
and experience-dependent manner (Fadool et al. 2000,
2011; Tucker and Fadool, 2002; Angelo et al. 2012; Tucker
et al. 2013), further arguing that broad biophysical
diversity across principal neurons is a programmed
coding feature of the MOB (Padmanabhan & Urban
2010; Tripathy et al. 2013). Full understanding of the
mechanisms driving stuttering will ultimately require a
complete developmental characterization of firing modes
across neonatal to adult MCs and TCs.

Functional classification of TCs into a single cell class
distinct from MCs and ETCs

Cajal originally divided TCs into internal/deep, middle
and external/superficial TCs on the basis of laminar depth
(for a review, see Macrides et al. 1985). Here, we have
restricted our classification of TCs into a single cell class
based on four recent lines of evidence arguing that TCs
positioned throughout the EPL are more similar to each
other than to MCs and ETCs. (1) All TCs exhibit similar
intra- and extra-bulbar axonal projections that are distinct
from MC projections (Ghosh et al. 2011; Igarashi et al.
2012). (2) All TCs exhibit similar phase locking to the
respiratory cycle that is distinct from the phase of the
respiratory cycle that MCs lock to (Fukunaga et al. 2012).
(3) All TCs exhibit a stronger monosynaptic OSN input
than MCs (Fig. 2; Gire et al. 2012). (4) Unbiased principal
components analyses of morphological and functional
properties segregate ETCs and TCs into distinct cell
populations (Antal et al. 2006). Consistent with these
lines of evidence, we observed no significant correlation
between TC somatic depth and FI curve gain, peak
instantaneous firing rate or firing regularity (Fig. S6). The
results reported here thus define the fundamental intrinsic
biophysical differences between MOB MCs and TCs.
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