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Parallel processing of afferent olfactory sensory
information
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Neuroscience

Key points

e The functional synaptic connectivity between olfactory receptor neurons and principal cells
within the olfactory bulb is not well understood.

® One view suggests that mitral cells, the primary output neuron of the olfactory bulb, are solely
activated by feedforward excitation.

e Using focal, single glomerular stimulation, we demonstrate that mitral cells receive direct,
monosynaptic input from olfactory receptor neurons.

e Compared to external tufted cells, mitral cells have a prolonged afferent-evoked EPSC, which
serves to amplify the synaptic input.

e The properties of presynaptic glutamate release from olfactory receptor neurons are similar
between mitral and external tufted cells.

® OQur data suggest that afferent input enters the olfactory bulb in a parallel fashion.

Abstract Primary olfactory receptor neurons terminate in anatomically and functionally discrete
cortical modules known as olfactory bulb glomeruli. The synaptic connectivity and postsynaptic
responses of mitral and external tufted cells within the glomerulus may involve both direct and
indirect components. For example, it has been suggested that sensory input to mitral cells is
indirect through feedforward excitation from external tufted cells. We also observed feedforward
excitation of mitral cells with weak stimulation of the olfactory nerve layer; however, focal
stimulation of an axon bundle entering an individual glomerulus revealed that mitral cells receive
monosynaptic afferent inputs. Although external tufted cells had a 4.1-fold larger peak EPSC
amplitude, integration of the evoked currents showed that the synaptic charge was 5-fold larger
in mitral cells, reflecting the prolonged response in mitral cells. Presynaptic afferents onto mitral
and external tufted cells had similar quantal amplitude and release probability, suggesting that
the larger peak EPSC in external tufted cells was the result of more synaptic contacts. The results
of the present study indicate that the monosynaptic afferent input to mitral cells depends on
the strength of odorant stimulation. The enhanced spiking that we observed in response to brief
afferent input provides a mechanism for amplifying sensory information and contrasts with the
transient response in external tufted cells. These parallel input paths may have discrete functions
in processing olfactory sensory input.
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Introduction

The olfactory bulb is organized into anatomically and
functionally discrete cortical modules known as glomeruli.
Each glomerulus receives afferent sensory innervation
from olfactory receptor neurons (ORNSs) expressing the
same odorant receptor from a large multigene family
(Buck and Axel, 1991; Vassar et al. 1993; Ressler et al. 1994;
Mombaerts et al. 1996, Treloar et al. 2002). Therefore, the
spatial map of activated glomeruli across the olfactory
bulb surface is representative of odorant identity (Mori
et al. 1999; Rubin and Katz, 1999; Wachowiak and
Cohen, 2001). Principal neurons send their dendrites to
a single glomerulus, thereby preserving the one-to-one
connectivity. Principal neurons are broadly categorized
as mitral cells and tufted cells, with tufted cells further
divided into internal, middle and external tufted cells
depending on the position of their cell body (Pinching
and Powell, 1971b).

Recent studies suggest that external tufted cells play
a major role in processing incoming olfactory sensory
information. External tufted cells co-ordinate neuronal
elements by providing feedforward excitation to intrinsic
interneurons, as well as drive activity in mitral/tufted cells,
through chemical synapses and electrical coupling (Hayar
et al. 2004; De Saint Jan et al. 2009; Najac et al. 2011).
In the present study, we define feedforward excitation as
a circuit in which ORNs directly activate external tufted
cells, which, in turn, activate mitral cells. This feedforward
circuit arrangement has been proposed as the sole means
of activating mitral cells (Gire and Schoppa, 2009; Gire
et al. 2012; but see also De Saint Jan and Westbrook,
2007; De Saint Jan et al. 2009; Najac et al. 2011). In
this view, mitral cells respond to sensory input via slow
disynaptic responses mediated solely by dendrodendritic
synapses (Carlson et al. 2000; Schoppa and Westbrook,
2001; De Saint Jan and Westbrook, 2007; De Saint Jan
et al. 2009; Gire and Schoppa, 2009; Gire et al. 2012).
Although early ultrastructural evidence indicates ORN
axon terminals contact mitral cell dendrites (Pinching and
Powell, 1971a; White, 1973; Kosaka et al. 2001), it remains
amatter of controversy whether mitral cells receive physio-
logically relevant input from ORN axon terminals (De
Saint Jan et al. 2009; Gire and Schoppa 2009; Najac et al.
2011; Gire et al. 2012). This is an important issue because
mitral cells constitute the majority of principal neurons
innervating the glomerular layer, and project extensively
to areas of higher olfactory cortex (Igarashi et al
2012).

To address this question, we used focal stimulation of
axon bundles innervating single glomeruli to probe the
synaptic connectivity between ORN terminals and their
glomerular targets. Whole cell recordings from mitral and
external tufted cells showed that both cell types receive
unambiguous, direct afferent input; however, stimulating
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fewer afferents with diffuse stimulation in the olfactory
nerve layer produced slow, polysynaptic currents in mitral
cells. In response to focal stimulation, the synaptic charge
was substantially larger in mitral cells than in external
tufted cells. Despite these differences in postsynaptic
responses, the paired pulse ratio (an indicator of pre-
synaptic release probability) and the quantal amplitude
were similar in both cell types. The distinct properties
of external tufted and mitral cell responses to afferent
stimuli indicate that glomerular processing involves the
integration of these two pathways. Furthermore, whether
amitral cell shows monosynaptic or polysynaptic, or both,
responses will depend on the relative number of activated
afferent fibres.

Methods
Animals

We used adult male and female mice [postnatal day
(p)21-p42] from wild-type (WT) C57Bl6/] mice, as well
as three transgenic mouse strains: Tg(Thyl-YFP)GJrs
heterozygous mice, Cx36~/~;mGluR2-GFP*'~ mice, and
OMP-cre;Rosa26(1sl-ChR2-YFP) mice. The Tg(Thyl-
YFP)GJrs (Thyl-YFP mice) (Feng et al. 2000) mice
were on a mixed C57Bl6/CBA background, which did
not alter the physiological or morphological properties
of neurons within the olfactory bulb (Bartel et al
2015). Thus, experiments from both genetic backgrounds
were grouped, where appropriate. The Oregon Health
and Science University Institutional Animal Care and
Use Committee (IACUC) approved all animal use and
procedures.

Slice preparation

Olfactory bulb slices were obtained as described pre-
viously (Schoppa and Westbrook, 2001). Briefly, animals
were anaesthetized with an L.p. injection of 2% avertin (2,
2, 2-tribromoethanol), and transcardially perfused with
10 ml of 4°C sucrose-based cutting solution oxygenated
with 95% O, and 5% CO, followed by decapitation. The
cutting solution contained (in mm): 83 NaCl, 2.5 KCl,
1 NaH,PO,, 26.2 NaHCOs3, 22 dextrose, 72 sucrose, 0.5
CaCl, and 3.3 MgSOy4 (300-310 mosmol, pH 7.3). The
brain was removed and coronally blocked at the level
of the striatum. Horizontal sections (250 pm) were cut
using a 1200 s vibratome (Leica Microsystems, Wetzlar,
Germany). Sections were recovered for 20-30 min in
34-36°C artificial cerebrospinal fluid, which contained (in
mM): 125 NaCl, 25 NaHCO3, 1.25 NaH,PO,, 3 KCI, 2.5
dextrose, 2 CaCl, and 1 MgCl, (300-310 mosmol, pH
7.3). Sections were stored in artificial cerebrospinal fluid
at room temperature until they were transferred to the
recording chamber.

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Electrophysiology

Whole cell voltage clamp and current clamp recordings
were made from mitral cells and external tufted cells under
visual control using differential interference contrast
optics and an ORCA II camera system (Hamamatsu
Corp., Bridgewater, NJ, USA). Patch pipettes (3—4 MQ)
contained (in mMm): 130 K-gluconate, 20 KCI, 10 Hepes,
0.1 EGTA, 4 MgATP, 0.3 NaGTP and 0.07-0.1 Alexa-594
hydrazide (osmolality adjusted to 295, pH adjusted to 7.21
with KOH). The liquid junction potential of the inter-
nal solution was —7 mV and was not corrected. The
sodium channel blocker QX-314-Cl (5 mMm) was included
in the patch pipette for voltage clamp experiments to
block unclamped action potentials. To record NMDA
receptor responses, a cesium based internal was used,
which included (in mm): 113 CsGluconate, 10 Hepes,
10 EGTA, 17.5 CsCl, 8 NaCl, 2 MgATP and 0.3 NaGTP
(osmolality adjusted to 290, pH adjusted to 7.3 with
CsOH). All recordings were performed at 32-34°C.
Data were acquired using a Multiclamp 700B amplifier
(Molecular Devices, Sunnyvale CA, USA) and Axograph X
acquisition software (http://www.axograph.com). Data
were low-pass Bessel filtered at 4 kHz and digitized
at 10 kHz. The series resistance, generally <10 M
for mitral cells and <25 M2 for external tufted cells,
was not compensated. Series resistance was continuously
monitored with a —10 mV hyperpolarizing step. Cells
with >30% change in series resistance were excluded from
analysis. Unless otherwise noted, for all voltage clamp
experiments, the holding potential was —70 mV. For
current clamp experiments, a hyperpolarizing bias current
(usually <200 pA) was injected to maintain the membrane
voltage at —60 £ 5 mV.

Mitral cells and external tufted cells were identified
morphologically as described previously (Pinching and
Powell 1971a; Hayar et al. 2004). Mitral cells were
identified by their soma position within the mitral cell
layer, the presence of a single apical dendrite innervating
a glomerulus, as well as lateral dendrites extending into
the external plexiform layer. Mitral cells had an average
input resistance of 63.8 + 5.1 MQ (minimum 32 M€,
maximum 130 M2, n = 25 cells). External tufted cells
were identified by their pear-shaped, large cell bodies
located within the outer one-third of the glomerular layer.
External tufted cells were further distinguished from juxta-
glomerular interneurons by the presence of a thick apical
tuft ramifying into a single glomerulus and the lack of
lateral dendrites (Kiyokage et al. 2010). The average input
resistance of external tufted cells was 225.3 £ 19.5 MQ
(minimum 52 M2, maximum 477 MQ, n = 40 cells).
We also used yellow fluorescent protein (YFP) expression
in the Thyl-YFP transgenic line, which labelled both
cell types. All cells were filled with Alexa-594 during the
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recording, allowing for the identification of both cell type
and dendritic targeting.

EPSCs were evoked using a constant voltage stimulator
(100 ps, 5-100 V) in conjunction with a small-bore theta
glass electrode (theta electrode) filled with 2 M NaCl, or
with a bipolar electrode placed in the olfactory nerve
layer. The tip diameter of the theta electrode (1-2 pum),
provided precise, spatial stimulation because ORN axons
innervating a glomerulus fasciculate into tight bundles
just prior to entering the glomerulus (Mombaerts et al.
1996; De Saint Jan et al. 2009; Borisovska et al. 2011; Najac
et al. 2011). Although the stimulation voltage used for the
theta electrode appears to be high, the effective current
is greatly attenuated by the high impedance of the theta
electrode, especially at higher intensities. All recordings
were performed on the medial aspect of the olfactory
bulb, where the ORN bundle topography is better defined.
Recordings were only made if the innervated glomerulus
was near the slice surface with a visibly identifiable ORN
axon bundle entering from the olfactory nerve layer.
Theta electrodes were placed within 20-30 um of the
glomerulus border to avoid stimulating fibres of passage.
It is worth noting that our stimulation did not saturate
responses, indicating that we were not stimulating every
axon in a bundle. In optogenetic stimulation experiments,
2 ms wide-field LED illumination was centered at the
glomerulus containing the apical dendrite of the recorded
cell.

All drugs were bath applied to the slice via a
recirculating pump. The drugs included: 10 um 2,3-
dioxo-6-nitro-1,2,3,4-tetrahydrobenzo| flquinoxaline-7-
sulphonamide (NBQX) to block AMPA receptors,
5-10 um  3-((R)-2-carboxypiperazin-4-yl)-propyl-1-
phosphonic acid [(R)-CPP] to block NMDA receptors,
20 um  7-(hydroxyimino)cyclopropalb]chromen-1la-
carboxylate ethyl ester (CPCCOEt) to block mGluR1
receptors and 3 mm strontium chloride to desynchronize
vesicle release. All drugs were purchased from either Tocris
Biosciences (Ellisville, MO, USA) or Ascent Scientific
(Bristol, UK).

Imaging

Validation of the channelrhodopsin-2 (ChR2) expression
patterns following the OMP-cre;Ai32 genetic cross was
performed on a LSM 780 confocal microscope (Carl Zeiss,
Oberkochen, Germany). Briefly, animals were deeply
anaesthetized with 2% avertin (2, 2, 2-tribromoethanol)
then transcardially perfused with 4% paraformaldehyde
followed by a 24 h drop fixation. The tissue was then
sectioned (100 pm) on a vibratome. Intrinsic ChR2-YFP
expression was boosted with a 488-conjugated secondary
antibody (rabbit anti-GFP 488; 2 h, room temperature).
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Before mounting onto glass a slide, the tissue was counter-
stained with 4’,6-diamidino-2-phenylindole (dilution
1:10,000; Sigma-Aldrich, St Louis, MO, USA).

Data analysis

Electrophysiological data were analysed in Axograph X
or imported into IGOR Pro, version 6.22A (WaveMetrics,
Inc., Lake Oswego, OR, USA). Confocal data were analysed
and prepared in Image] (https://imagej.nih.gov). Unless
otherwise noted, all voltage clamp traces represent the
average of 10 sweeps after baseline subtraction. Peak
EPSC amplitude, 10% onset time, peak location and
charge transfer were calculated using built-in routines
in Axograph X. The total charge transfer was calculated
by integrating the current until the EPSC amplitude
recovered to 10% of the original peak amplitude (time
to 90% recovery). For current clamp recordings, action
potentials were detected using a threshold criterion (0 mV)
in Axograph X. The total number of spikes in each trial, as
well as the latency to the first spike, was calculated and then
averaged across trials. To measure the time course of AMPA
receptor block in paired recordings, a sigmoidal curve was
fit to a diary plot of normalized peak EPSC amplitudes
using a built-in Igor routine. The time at half-maximal
(xnharr) block was recorded and averaged across cells.
Quantal EPSC events were detected using an Axograph X
scanning template, consisting of a single exponential
(—30 pA amplitude, 0.5 ms rise time, 2 ms decay time
constant). Miniature EPSCs were manually reviewed and
any events with half-widths >2 ms were excluded to
prevent GABAergic contamination. AMPA/NMDA ratios
were calculated using fast AMPA receptor amplitudes at
—70 mV and NMDA receptor amplitudes at +40 mV (at
50 ms post-stimulus).

Statistical analysis

All data are reported as the mean =+ SE unless
otherwise noted. Statistical analyses were performed in
Prism, version 6 (GraphPad Software Inc., La Jolla, CA,
USA). Unless otherwise noted, data were considered as
normally distributed and analysed using a paired or
unpaired Student’s f test as appropriate. For sequential
drug application experiments and paired pulse ratio
experiments, a one-way repeated measure ANOVA was
used with a Holm-Sidak’s multiple comparison post hoc
test. We used two-way repeated measure ANOVAs for
experiments in which the responses to increasing stimulus
intensity were compared, and in which the repeated
measures represented cell type and stimulus intensity. To
determine a cell type interaction, a Holm-Sidak post hoc
test was used to compare mitral cell and external tufted cell
responses at a given stimulus intensity. In non-parametric
data sets, Mann—Whitney rank comparison tests were used
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to assess significance. In all experiments, « was set to
P < 0.05.

Results

Single glomerulus stimulation evoked a
monosynaptic afferent response in mitral cells

The current view that mitral cells receive indirect, poly-
synaptic input from external tufted cells is based on peri-
threshold stimulation in the olfactory nerve layer, designed
to avoid directly stimulating dendritic glutamate release
(Gire and Schoppa 2009; Gire et al. 2012). With weak distal
bipolar stimulation of the olfactory nerve layer (bipolar
electrode placed six to ten glomeruli anterior to target
glomerulus), we also observed a slow current in mitral
cells (peak amplitude: 96.9 4+ 21.0 pA; time-to-peak:
489.8 £+ 106.1 ms post stimulus, n = 5 cells) without a
significant fast current (peak amplitude measured within
6 ms: 32.7 & 13.1 pA; one-sample ttest: P=0.066) (Fig. 1A
and B). In the same cells, however, focal theta electrode
stimulation of an ORN bundle innervating a single
glomerulus produced a biphasic EPSC with a prominent
fast component (fast peak amplitude: 355.96 £ 59.4 pA,
P = 0.005; time-to-peak: 4.2 £ 0.2 ms, one-sample  test:
P = 0.004, paired Student’s ¢ test: P = 0.01, n =5 cells)
(Fig. 1A and B).

To ensure that the fast current elicited with theta
electrode stimulation was not an artefact of directly
stimulating glutamate release from mitral cell dendrites
(Schoppa and Westbrook, 2001; Urban and Sakmann,
2002; De Saint Jan and Westbrook, 2007; Najac etal. 2011),
which is a primary concern when using this stimulation
technique, we placed the bipolar electrode more proximal
to the target glomerulus (two to three glomeruli anterior
to the innervated glomerulus) within the olfactory nerve
layer. Bipolar stimulation (30-80 V) elicited biphasic
EPSCs in mitral cells, which were indistinguishable from
EPSC:s elicited with the theta electrode (bipolar fast peak
amplitude: 495.3 & 33.5 pA, theta fast peak amplitude:
356.0 = 59.4 pA, P = 0.08; bipolar time-to-peak:
4.8 £ 0.8 ms, theta time-to-peak: 4.2 + 0.2 ms, P = 0.52,
n =5 cells each group) (Fig. 1C and D). Taken together,
these data strongly suggest that the monosynaptic current
elicited with the theta electrode is not a result of
dendritic glutamate release, and further suggest that the
relative contributions of the slow and fast currents in
mitral cells differ depending on the number of afferents
stimulated.

To characterize the spatial spread of stimulation using
the theta electrode, mitral cells were filled with Alexa-594,
which provided direct identification of the glomerulus
innervated by the apical dendrite. When the theta electrode
was placed in the centre of the ORN bundle ~30-50 um
from the edge of the glomerulus (Fig. 2A and B), brief

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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stimulation (0.1 ms) elicited a large, two-component EPSC
in all mitral cells examined (n = 6 cells). With lateral
movement of the theta electrode (10 um steps), the fast
EPSC decayed with a space constant of 11.4 um (Fig. 2C
and D) and was almost abolished at 30 um (7.0 & 5.4%
of control), indicating that focal stimulation was limited
to the diameter of the axon bundle and probably did
not spread to the dendritic arbor of principal neurons
within the glomerulus. We next made paired recordings of
external tufted cells innervating neighbouring glomeruli
separated by at most a single intervening glomerulus
(Fig. 2E). Stimulation in the ‘target’ glomerulus evoked
a large amplitude EPSC (0.9 £ 0.2 nA; n = 12 cells,
n = 6 pairs) (Fig. 2F) but failed to elicit an EPSC
in cells projecting to the neighbouring or ‘off target’
glomerulus (6.9 + 1.7 pA; n = 12 cells, n = 6 pairs;
P = 0.0012) (Fig. 2F). In all pairs, moving the theta
electrode to the other glomerulus reversed these results
(Fig. 2F). Taken together, these data suggest that the theta
electrode stimulation produced spatially restricted, single
glomerulus stimulation.

To determine whether the fast component of the EPSC
in mitral cells results from a monosynaptic connection,
we stimulated the ORN while monitoring synaptic latency
and jitter. Monosynaptic EPSCs are characterized by their
short latency (<2 ms) and low synaptic jitter (Berry and

Figure 1. Comparing diffuse and focal
stimulation

A, comparison of synaptic responses recorded
in single mitral cells following either bipolar
electrode stimulation or theta electrode
stimulation (stimulus location indicated by
black arrowhead). For bipolar stimulation, the
electrode was placed six to 10 glomeruli
anterior to the target glomerulus in the
olfactory nerve layer (stimulus intensity:

10-40 V). Conversely, for theta electrode
stimulation, the electrode was placed in the
centre of the axon bundle entering the
glomerulus. Inset: lack of a fast current
following bipolar stimulation. B, comparison of
the fast EPSC amplitude (measured within 6 ms C
of the stimulus) and the peak EPSC. For theta
electrode stimulation, the peak EPSC occurred
within 6 ms of the stimulus, however, for
bipolar stimulation, the peak EPSC occurred
489.9 £ 106.1 ms after the stimulus. C and D,
comparison of mitral cell responses to theta
electrode and proximal bipolar electrode
stimulation. The bipolar electrode was placed
closer to the target glomerulus (3-5 glomeruli
anterior; stimulus intensity: 30-80 V). Both
stimulation paradigms elicited a biphasic EPSC
waveform. E, comparison of the time-to-peak
for bipolar and theta electrode stimulation.
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Pentreath, 1976). Using theta electrode stimulation at
5 Hz, EPSCs in both mitral cells and external tufted cells
showed a short synaptic latency (mitral cell: 1.5 4+ 0.07 ms,
n = 5 cells; external tufted cell: 1.7 & 0.01 ms, n = 4 cells;
P = 0.27) (Fig. 3A and B). Similarly, the synaptic jitter
(standard deviation of the EPSC onset times) was not
significantly different between mitral cells and external
tufted cells (mitral cell: 0.08 = 0.004, n = 5 cells; external
tufted cell: 0.07 & 0.007, n = 4 cells; P = 0.18) (Fig. 3A
and B). These latencies are consistent with monosynaptic
chemical transmission following axonal stimulation and
strongly suggest that both cell types receive monosynaptic
input from the olfactory nerve.

If mitral cells only received input from feedforward
excitation by external tufted cells, then block of feed-
forward excitation with an AMPA receptor antagonist
should prevent an EPSC in mitral cells. As expected,
application of NBQX (10 M) almost abolished the
ORN-evoked EPSC in external tufted cells by (3.4 & 0.8%
of control; control: 1.3 & 0.3 nA; NBQX: 0.05 & 0.01 nA;
n =4 cells; P = 0.02). However, a monosynaptic EPSC in
mitral cells was still present as measured by the NMDA
receptor current at positive membrane potentials (Vi
470 mV: 212.9 £ 61.7 pA; n = 7 cells) (Fig. 3C), which
was blocked by bath application of the NMDA receptor
antagonist, R-CPP (5-10 um; 5.6 £ 1.5% of control;

oy

mm Fast Current
mm Peak Current

1

500 =

Evoked Current (pA)

100 pA|_
5ms
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P =0.017) (Fig. 3Cand D). The NMDA receptor current
had arisetime 0f6.9 4.7 msand alatency 0of 2.9 £ 0.2 ms,
which is consistent with the slow activation kinetics of
synaptic NMDA receptors. Furthermore, if mitral cells
and external tufted cells receive monosynaptic input, the
rate of AMPA receptor antagonist block should be similar
across both cell types. In paired mitral and external tufted
cell recordings, bath application of NBQX reduced the
ORN-evoked EPSC in parallel (time to half-maximal
response amplitude: mitral cell: 125.3 &+ 8.9 s; external
tufted cell: 129.1 & 8.4 s; paired Student’s ¢ test: P = 0.79,
NBQX block: mitral cell: 5.9 &= 5.3% of control; external

A B

MC

norN Y 100

__|100pA

20 ms

10 ym away Y 40

Norm. Peak Current

20 —

Tau = 11.4£1.09 pm
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tufted cell: 4.7 &= 1.2% of control, paired Student’s ¢ test:
P=0.79, n = 4 pairs).

To further validate that the fast current elicited by
theta electrode stimulation was not a result of dendritic
glutamate release, we also compared activation of mitral
and external tufted cells using optical stimulation.
Using an OMP-cre;Rosa26(lsl-hChR2-YFP) mouse that
expresses the light activated channelrhodopsin selectively
in olfactory receptor neurons (Fig. 4A), 2 ms optical
stimulation (Fig. 4B) elicited a fast EPSC in both mitral
and external tufted cells (mitral cell: 1.2 = 0.2 nA, n=7
cells; external tufted cell: 1.9 & 0.6 nA, n = 7 cells)

Figure 2. Single glomerulus stimulation
using theta glass electrodes

A, schematic of recording configuration. A
two-barreled glass theta electrode with a tip
diameter of 1-2 um was placed in the centre
of a visibly identifiable ORN axon bundle just
prior to entering a glomerulus. B, mitral cell
apical dendrite filled with Alexa-594 dye
innervating the depicted glomerulus. Theta

20 pm away Y 0 T T |
\— 0 10 20 30 40

30 ym away Y Distance from ORN bundle (um)

Theta: Glomerulus 1 Theta: Glomerulus 2

P v v

J 500 pA

20 ms

electrode (outlined in white) placement in an
ORN bundle entering the innervated
glomerulus. White dots represent ~10 um
steps laterally from the ORN bundle. C and
D, theta electrode stimulation elicited
biphasic EPSCs when the theta electrode
was placed in the centre of the ORN bundle
(arrowheads indicate the time of
stimulation). Moving the theta electrode
laterally resulted in a rapid attenuation of
the peak EPSC with a space constant of
11.4 £ 1.09 um (n = 6 cells). E, paired
external tufted cell recording configuration
with each cell innervating distinct glomeruli.
F, stimulation of the ‘target’ glomerulus
produced a large EPSC in the corresponding
external tufted cell but failed to produce an
EPSC in the external tufted cell innervating
the ‘neighbouring’ glomerulus. MC, mitral
cell; ETC, external tufted cell. [Colour figure
can be viewed at wileyonlinelibrary.com]

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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(Fig. 4C and D). Compared to electrical stimulation,
optical stimulation elicited larger fast currents, probably
reflecting the optical activation of more ORN fibres.
Furthermore, although the synaptic latency and jitter
from optical stimulation were longer than electrical
stimulation as a result of the intrinsically slower kinetics
of channelrhodopsin, there were no statistically significant
differences in the synaptic latency or jitter across the two
cell types (latency: mitral cell: 5.2 £ 0.2 ms, external
tufted cell: 5.0 = 0.5 ms, P = 0.73; jitter: mitral cell:
0.2 £ 0.04, external tufted cell: 0.2 & 0.04, P = 0.78).
The fast component of the optically-stimulated EPSC in
mitral cells indicates that the response results from mono-
synaptic input from olfactory nerve axons and not from
dendritic glutamate release.

Mitral cells and external tufted cells differentially
respond to afferent input

It is well know that afferent stimulation causes a long
lasting depolarization in mitral cells (Carlson et al. 2000;
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Figure 3. Monosynaptic EPSC in mitral cells, not just external
tufted cells

A and B, overlay of 50 sweeps recorded in mitral cells and external
tufted cells (100 V theta stimulation) demonstrating the short
synaptic latency and low synaptic jitter typical of a monosynaptic
connection. In mitral cells, NMDA and mGIuR1 receptor antagonists
(10 um CPP and 20 um CPCCOEt, respectively) were included to
isolate the AMPA receptor-mediated current. Responses in both cells
were peak scaled. The synaptic latency was measured as the time to
10% of the peak EPSC response. C and D, block of feedforward
excitation with AMPA receptor antagonists (10 um NBQX) failed to
block an NMDA receptor-mediated EPSC in mitral cells when held at
positive potentials. The ORN-evoked NMDA-receptor EPSC was
blocked by bath application of CPP (10-20 uMm). GABA and mGIuR1
receptor antagonists (SR95531, 10 um and CPCCOEt, 20 uM) were
also included. [Colour figure can be viewed at wileyonlinelibrary.com]
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Schoppa and Westbrook, 2001), which is mediated, in
part, by NMDA receptor-dependent dendritic release of
glutamate (Nicoll and Jahr, 1982; Aroniadou-Anderjaska
et al. 1999; Carlson et al. 2000; Christie and Westbrook,
2006; De Saint Jan and Westbrook, 2007; Pimentel
and Margrie, 2008; Najac et al. 2011). Theta electrode
stimulation also elicited a biphasic EPSC in mitral cells,
with a prominent slow component. The monosynaptic
currents in both mitral and external tufted cells are larger
than reported elsewhere (mitral cell: 322.8 4+ 25.4 pA;
external tufted cell: 3.1 & 0.8 nA); however, this larger
amplitude reflects the stimulation of more axons using
the focal, theta electrode stimulation. In mitral cells, the
ORN-evoked EPSC durationwas 1014.1 £ 126.5ms (n=28
cells), whereas stimulation elicited a much faster EPSC in
external tufted cells (EPSC duration: 27.7 6.9 ms, n =6
cells; P < 0.001). To compare the fractional contribution
of the slow component, we measured the amplitude of the
slow current at 200 ms post-stimulus. This amplitude was
125.8 £26.3 pA or 39.5 & 3.3% of the peak EPSC in mitral
cells (n = 8) compared to 27.9 & 40.6 pA or 0.8 & 0.5%
of the peak EPSC in external tufted cells (n = 6; unpaired
Student’s ¢ test: P = 0.013). Therefore, although a small
slow current is present in external tufted cells, the relative
contribution of this current to the EPSC is much smaller
than in mitral cells.

We next compared the receptor profiles of the two
EPSCs by sequentially blocking NMDA, mGIuR1 and
AMPA receptors. In mitral cells, bath application of
CPP reduced the synaptic charge to 24.5 + 1.1% of
control (control: 99.2 + 8.4 pC; CPP: 24.3 £ 1.1 pC;
Holm-Sidak post hoc test: P < 0.05; n = 8 cells) (Fig. 5A
and B) without altering the fast peak EPSC amplitude
(control: 322.8 £+ 25.4 pA; CPP: 286.3 £ 16.5 pA;
Holm-Sidak post hoc test: P > 0.05) (Fig. 5A, inset
and C). Addition of CPCCOEt further reduced the
synaptic charge to 9.9 & 0.6% of control (CPP/CPCCOEt:
9.9 + 0.6 pC; Holm-Sidak post hoc test: P < 0.05)
(Fig. 4A and B) and NBQX abolished the synaptic
charge (0.6 & 0.2% of control; CPP/CPCCOEt/NBQX:
0.6 0.2 pC; Holm-Sidak post hoctest: P < 0.01) (Fig. 5A
and B) and the peak EPSC amplitude (1.8 + 0.4% of
control; —5.9 + 1.3 pA; Holm-Sidak post hoctest: P< 0.01)
(Fig. 54, inset and C).

By contrast, bath application of CPP in external tufted
cells only produced a non-significant decrease in synaptic
charge (control: 26.4 £+ 8.1 pC; CPP: 18.4 £+ 5.4 pC;
Holm-Sidak post hoc test: P > 0.05; n = 6 cells) (Fig. 5D
and E) and CPCCOEt had no effect on the synaptic charge
(CPP/ CPCCOE: 17.8 £ 5.1 pC; Holm-Sidak post hoctest:
P> 0.05) (Fig. 5D and E). As in mitral cells, CPP had no
effect on the fast peak EPSC amplitude (92.3 & 10.5% of
control; Holm-Sidak post hoctest: P> 0.05) (Fig. 5D, inset
and F). Consistent with the AMPA receptors producing the
majority of the external tufted cell EPSC, NBQX reduced
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the synaptic charge to 2.1 & 0.4% of control (control:
26.4 £ 8.1 pC; NBQX: 0.6 £ 0.3 pC; Holm-Sidak post hoc
test: P < 0.05) (Fig. 5D and E) and the peak amplitude
to 0.8 & 0.1% of control (control: 3.1 & 0.9 nA; NBQX:
0.02 £ 0.006 nA; Holm-Sidak post hoc test: P < 0.05)
(Fig. 5D, inset and F). These data demonstrate the vastly
different kinetic and pharmacological profiles of the two
monosynaptic EPSCs.

The slow component of the mitral cell EPSC is
considered to result from the NMDA receptor-dependent
dendritic glutamate release and not from NMDA receptors
apposing afferent nerve terminals (Nicoll and Jahr, 1982;
Aroniadou-Anderjaska et al. 1999; Isaacson, 1999; Carlson
et al. 2000; Friedman and Strowbridge, 2000; Christie et al.
2001; Schoppa and Westbrook, 2001; De Saint Jan and
Westbrook, 2007). We tested this directly in Cx36~'~ mice,
which eliminates dendrodendritic release (Christie et al.
2005; Christie and Westbrook, 2006; Maher et al. 2009;
Gire et al. 2012). The AMPA/NMDA ratio did not differ
between mitral cells (4.67 £ 0.27, n = 7 cells) (Fig. 5G
and I) and external tufted cells (4.49 £ 0.82, n = 7 cells;
P=0.83) (Fig. 5H and I), indicating that the complement
of postsynaptic receptors at afferent synapses within the
shell of the glomerulus does not explain the different EPSC
timecourses.

Paired recording of mitral and external tufted cells

To directly compare responses to afferent stimulation,
we recorded from pairs of mitral and external tufted
cells innervating the same glomerulus at a variety of
stimulus intensities (Fig. 6A and B). As shown in the
stimulus-evoked input—output curve, external tufted cells
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had alarger fast EPSC amplitude at all stimulus intensities
(amplitude at 100 V: external tufted cell: 3.0 £ 0.6 nA;
mitral cell: 0.9 & 0.2 nA; n = 6 pairs; P < 0.001)
(Fig. 6C-E). Despite a smaller fast EPSC amplitude
(Fig. 6C, inset), mitral cells had an ~5-fold larger synaptic
charge compared to external tufted cells (synaptic charge
at 100 V: mitral cell: 120.5 + 14.9 pC; external tufted
cell: 29.3 + 6.6 pC; P < 0.001) (Fig. 6C, D and F).
It is worth noting that the synaptic responses did not
saturate, suggesting submaximal stimulation of ORN
fibres using the theta electrode. There was no significant
difference in the synaptic latency between mitral cells and
external tufted cells at either high intensity (100 V; ETC:
1.02 + 0.2 ms; MC: 1.5 £ 0.4 ms, n = 6 pairs; P=0.12) or
low intensity (10 V; ETC: 1.2 £ 0.2 ms; MC: 1.3 4= 0.09 ms,
n = 6 pairs; P = 0.96). Low stimulation intensities failed
to produce unitary EPSC events, presumably as a result
of the high density of ORN fibres in any given bundle;
however, unitary events were elicited in later experiments
by desynchronizing release with strontium.

To examine the afferent evoked spiking patterns in both
cell types, responses were recorded in current clamp. Cells
were injected with bias current (usually <200 pA) to
maintain a holding potential of —60 + 5 mV. Consistent
with the higher synaptic charge, brief afferent stimulation
in current clamp recordings generated significantly more
spikes in mitral cells (Fig. 7A). At maximal stimulation
intensity, ORN stimulation produced 10.5 & 3.5 action
potentials in mitral cells compared to 4.0 & 1.6 in external
tufted cells (P < 0.001, n = 6 pairs). This trend persisted
across stimulation intensities but was only statistically
significant >10V (Fig. 7A and B). There was no significant
difference in the first spike latency between cell types at

Figure 4. Optogenetic activation of ORNSs elicits
monosynaptic currents in mitral cells and external tufted
cells

A, confocal image demonstrating expression of ChR2 in olfactory
receptor neurons (green). Cell bodies are stained with

4’ ,6-diamidino-2-phenylindole and are shown in blue. B,
schematic illustrating LED illumination (488 nm light, 2 ms
widefield LED illumination; 15 mW mm™2) centered on the
innervated glomerulus. C, in mitral cells, 2 ms LED (denoted by
blue arrowhead) illumination elicited a biphasic EPSC with a
prominent fast component. The synaptic latency was

5.2 & 0.17 ms and the jitter was 0.2 £ 0.03 ms, suggesting
monosynaptic connectivity. Inset: overlay of raw traces (grey) and
average (black) showing the fast peak of the optically evoked
EPSC in mitral cells. D, in external tufted cells, LED stimulation
also elicited a fast EPSC. The synaptic latency was 5.0 & 0.47 ms
and the synaptic jitter was 0.2 + 0.04 ms. Inset: overlay of raw
traces (grey) and average (black) showing the fast peak of the
optically evoked EPSC in external tufted cells. Scale

bar = 25 um, Inset: 200 pA, 10 ms. [Colour figure can be
viewed at wileyonlinelibrary.com]

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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maximal stimulation intensity (mitral cell: 2.7 4= 0.78 ms;
external tufted cell: 2.4 4+ 0.4 ms; P = 0.78, n = 6
pairs) or at low stimulation intensity (10 V; mitral cells:
3.7 £ 0.7 ms; external tufted cells: 3.3 &= 0.8 ms; P=0.21,
n = 6 pairs).

Because Cx36 gap junctions in apical dendrites are
required for dendritic glutamate release (Christie et al.
2005; Christie and Westbrook, 2006; Maher et al. 2009),
we used Cx36~/~ animals to examine the impact of the
slow EPSC on mitral and external tufted cell responses.
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In mitral cells from Cx36~/~ animals, ORN stimulation
produced a fast EPSC (Fig. 8A), which completely lacked
the typical slow phase, reducing the total charge transfer
(WT:99.2 £ 23.8 pC, n= 8 cells; Cx36/7:14.0+ 0.8 pC,
n =9 cells; P = 0.002) (Fig. 84 and B) and shortening
the EPSC duration accordingly (WT: 1014.1 & 126.5 ms;
Cx367/7:26.7 £ 3.1 ms; P < 0.0001) (Fig. 84 and C). In
external tufted cells from Cx36~/~ mice the total charge
transfer was also reduced (WT: 26.4 & 8.1 pC, n = 6 cells;
Cx36~/~ 8.8+ 0.4 pC, n= 7 cells; P=0.04) (Fig. 8D and
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Figure 5. Pharmacology of the slow phase EPSC

A, under control conditions, brief afferent stimulation elicited a biphasic, prolonged EPSC in mitral cells. The
majority of the slow component was blocked by the NMDA receptor antagonist CPP, and further reduced by the
sequential addition of the mGIuR1 receptor antagonist CPCCOEt. Bath application of NBQX abolished the fast
component of the EPSC. B, quantification of the synaptic charge transfer across drug conditions demonstrates the
block of the slow EPSC component by NMDA and mGIuR1 receptor antagonists. C, neither CPP, nor CPCCOEt
altered the peak EPSC amplitude. D, brief afferent stimulation elicited a fast EPSC in external tufted cells. £, unlike
mitral cells, bath application of CPP and CPCCOEt had no significant effect on the synaptic charge. F, as in mitral
cells, CPP and CPCCOEt did not reduce the peak EPSC amplitude. G and H, AMPA/NMDA ratio recorded from
mitral cells (G) and external tufted cells (H) from Cx36~/~ animals to isolate the ORN to principal neuron synapse.
/, no significant difference in the AMPA/NMDA ratio between mitral and external tufted cells. [Colour figure can

be viewed at wileyonlinelibrary.com]
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E) without a significant change in the EPSC duration (WT:
27.7 + 6.9 ms; Cx36~/~: 16.88 & 2.2; P = 0.14) (Fig. 7D
and F). The impact of the Cx36~/~ on the peak amplitude
of the EPSC was quite variable. The peak ESPC amplitude
appeared to be larger in mitral cells but did not reach
statistical significance (WT: 374.5 + 75.8 pA; Cx36~/~:
629.0 + 132.32 pA; P=0.13). However, in external tufted
cells, there was a decrease in the peak EPSC amplitude
(WT: 3.2 £ 1.0 nA; Cx36~/~: 1.3 £ 0.2 nA; P = 0.04).
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These differences may result from changes in shunting
inhibition in the circuit lacking gap junctions. In current
clamp, elimination of the slow component in Cx36~/~
mice made the mitral cell spiking phenotype very similar to
external tufted cells, producing at most one or two action
potentials even at maximal stimulation intensities (WT:
10.5 &£ 3.5 action potentials, n=>5 cells; Cx36~/7:1.74+0.8,
n=7 cells; P = 0.016) (Fig. 8G-I). These results indicate
that the monosynaptic current in mitral cells is sufficient
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Figure 6. Paired recording comparison of afferent stimulation in mitral cells and external tufted cells
A, schematic of recording configuration: paired recordings were obtained from mitral cells and external tufted
cells projecting to the same glomerulus (confirmed with Alexa-594 dye fill) and stimulated with a theta electrode.
B, skeletal reconstruction of cell fills of a typical paired recording. C and D, mitral cell (C) and external tufted cell
(D) EPSCs evoked by ORN stimulation. £, comparison of peak EPSC amplitudes between cell types across stimulus
intensities. Across all stimulus intensities, external tufted cells had a larger peak EPSC amplitude (fP < 0.0001).
F, conversely, mitral cells had a larger synaptic charge across all stimulus intensities, reflecting the slow EPSC
component unique to mitral cells. Scale bar = 20 um. [Colour figure can be viewed at wileyonlinelibrary.com]
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to drive both synaptic responses and action potentials,
but the slow component dramatically boosts generation
of action potentials in mitral cells.

Comparing presynaptic properties

Given the different properties of mitral and external
tufted cell responses to afferent stimulation, we examined
possible presynaptic mechanisms using paired recordings
of mitral and external cells. It is well established that the
ORN is a high release probability synapse (Murphy et al.
2004). As expected, both cell types depressed with paired
pulse stimulation (100 ms interstimulus interval, 2 mm
Cat, paired pulse ratio: mitral cells: 0.5 £ 0.05, external
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Figure 7. Slow mitral cell EPSC results in an increased spiking
in response to afferent stimulation

A, comparison of the spiking responses in mitral cell and external
tufted cell across three stimulation intensities (100, 60 and 20 V). All
cells were held at —60 & 5 mV with a bias current to isolate the
synaptically evoked spiking responses. B, quantification of average
number of action potentials as a function of cell type and stimulus
intensity. At stimulation intensities >10 V, mitral cells produced
significantly more action potentials than external tufted cells.
[Colour figure can be viewed at wileyonlinelibrary.com]
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tufted cells: 0.6 & 0.04; P = 0.11; n = 6 pairs) (Fig. 9A).
Reducing the external Ca** to 1.5 mM similarly attenuated
the EPSC amplitude in mitral and external tufted cells
(mitral cell: 50.7 & 4.6% of control; external tufted cell:
56.1 £+ 5.0% of control; P = 0.37) (Fig. 9A and B) and
increased the paired pulse ratio in parallel (mitral cell:
0.6 £ 0.05; external tufted cell: 0.7 & 0.03; Holm-Sidak
post hoc comparisons (2 mm: 1.5 mM Ca**) mitral cell:
P < 0.01; external tufted cell: P < 0.01; n = 6 pairs)
(Fig. 9A and C). The reduction in calcium increased the
paired pulse ratio by 126.6 & 5.4% in mitral cells and by
119.4 + 4.15% in external tufted cells (P = 0.31). Thus,
afferent inputs onto mitral and external tufted cells have
similar release probabilities.

Given the similar release probabilities, the larger fast
EPSC amplitude in external tufted cells could result from
differences in quantal amplitude or number of synaptic
contacts. To test this, we isolated quantal events originating
from the afferent nerve terminal, using Cx36~'~ mice
(Christie et al. 2005; Christie and Westbrook, 2006; Maher
et al. 2009). Asynchronous release events, representing
quantal release, were elicited by replacing external
calcium with strontium to desynchronize vesicle release
(Xu-Friedman and Regehr, 1999; Xu-Friedman and
Regehr, 2000; Babai et al. 2014; Williams ef al. 2015).
Application of strontium (3 mm Sr**;2 mm Mg™)
reduced the fast EPSC amplitude and resulted in
asynchronous EPSCs (Fig. 10A). As shown in Fig. 10,
the asynchronous EPSC amplitude histograms were not
normally distributed; therefore, non-parametric analyses
were utilized. There was no significant difference in
median quantal amplitude between mitral cells (29.9 pA,
n = 4 cells, 395 events) and external tufted cells
(30.8 pA, n = 4 cells, 624 events, Mann—Whitney test:
P = 0.054) (Fig. 10B). Mitral cells had a slightly slower
decay (mitral cell: 2.3 £ 0.02 ms; external tufted cell:
1.4 £ 0.3 ms; P = 0.03) probably as a result of dendritic
filtering and reduced space clamp of the apical dendrite
in mitral cells. Given the similar release probabilities
and quantal amplitudes, the larger EPSC amplitude in
external tufted cells probably results from more synaptic
contacts. Assuming that the release probability is 0.8
(Murphy et al. 2004), the average peak amplitude of
a mitral cell EPSC with our stimulation conditions
results from 38.4 + 4.9 synaptic contacts compared
to 59.3 + 2.4 synaptic contacts for an external tufted
cell.

Discussion

One view of the flow of afferent information into
the olfactory system is that olfactory receptor neurons
exclusively contact external tufted cells, which, in turn,
feedforward onto mitral cells directly or via inhibitory
interneurons, before projecting to cortical areas. Our
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results suggest a circuit organization in which both
mitral cells and external tufted cells receive mono-
synaptic afferent input but differentially respond to brief
stimulation. Purely feedforward excitation of mitral cells
(Gire and Schoppa, 2009; Gire et al. 2012) was only
observed in our experiments when weak stimuli were
applied to the olfactory nerve layer (i.e. with stimulation
of only a few axons to a particular glomerulus). Given
that, in mice, ~11,000 axons innervate a glomerulus and
make ~ 18 synaptic contacts each (Halasz and Greer, 1993;
Klenoff and Greer, 1998; Shepherd, 2004), it is probably
not the case that only a few ORNs will be activated
by odorants. Therefore, purely feedforward excitation is
probably not the only means of activating mitral cells. Our
data are in agreement with recent computational studies,
which suggest that multiple, parallel input pathways
accurately predict in vivo mitral cell response properties
(Carey et al. 2015).

C. E. Vaaga and G. L. Westbrook
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Defining single glomerular inputs

It has long been known that odorants or electrical
stimulation of the olfactory nerve trigger responses in
both mitral and external tufted cells (Carlson et al. 2000;
Schoppa and Westbrook, 2001; Hayar et al. 2004; De Saint
Jan and Westbrook, 2007; Griff et al. 2008; Gire and
Schoppa, 2009; Najac et al. 2011; Fukunaga et al. 2012;
Igarashi et al. 2012; Wachowiak et al. 2013). However,
whether mitral cells receive functional monosynaptic
input from the olfactory nerve has been controversial.
Although initial ultrastructural studies in both the rat
and mouse (Pinching and Powell, 1971a; White, 1973;
Kosaka et al. 2001; Najac et al. 2011) observed synaptic
structures between olfactory nerve axons and mitral cell
dendrites, physiologically stimulating a monosynaptic
current has yielded mixed results. Macroscopic, peri-
threshold stimulation of the nerve fibre layer in olfactory
bulb slices failed to elicit clear monosynaptic currents in
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mitral cells (Gire and Schoppa, 2009; Gire et al. 2012).
However, given that entering axons coursing through the
cribiform plate do not organize into glomerular-specific
bundles until just prior to entering the glomerulus
(Mombaerts et al. 1996), nerve layer stimulation inevitably
results in stimulation of only a few axons innervating
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Figure 9. Homogeneous ORN release probability across
cellular targets

A, paired recording from mitral cell and external tufted cell
projecting to the same glomerulus. Paired stimuli (100 ms interval)
elicited synaptic depression. Reducing the extracellular calcium from
2 mm to 1.5 mm similarly altered the paired pulse ratio in both cell
types. B, reducing external calcium reduced the fast EPSC peak
amplitude to the first stimulus in both mitral cells and external tufted
cells. C, across pairs, there was no significant difference in the paired
pulse ratio between cell types at 2 mm Ca?t. However, decreasing
external calcium similarly increased the paired pulse ratio in both cell
types. [Colour figure can be viewed at wileyonlinelibrary.com]
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any given glomerulus, leading to weak activation of many
glomeruli. Conversely, more focal stimulation techniques
have revealed a direct monosynaptic current (De Saint Jan
et al. 2009; Najac et al. 2011); however, direct electrical
stimulation of dendritic glutamate release has been raised
as a concern (Gire et al. 2012). Therefore, the nature of the
synaptic connectivity between primary sensory neurons
and projection neurons in the olfactory bulb has remained
contentious. The results of the present study, as obtained
using spatially restricted, single glomerulus stimulation,
demonstrate that monosynaptic mitral cell currents can
be elicited by ORN activation (De Saint Jan et al. 2009;
Najac et al. 2011). These results confirm a circuit diagram
in which mitral cells receive parallel direct and indirect
input via the ORN and external tufted cells, respectively.

A few apparent discrepancies with prior studies
deserve discussion. The rationale for using peri-threshold
stimulation in previous studies was that more direct
stimulation of afferent nerve bundles entering individual
glomeruli would inadvertently stimulate mitral and
external tufted cell dendrites (Gire and Schoppa, 2009;
Gire et al. 2012). Our results, however, clearly define the
spatial spread of theta electrode stimulation, and pre-
clude this possibility. Furthermore, Gire et al. (2012)
suggested that mitral cell monosynaptic contacts, which
they observed in Cx36~/~ animals, are not functionally
relevant because electrical coupling across mitral cell
dendrites shunts the fast EPSC current. However, even
at low stimulation intensities, mitral cells had a mono-
synaptic component that was sufficient to drive spiking,
which is inconsistent with a purely feedforward activation
mechanism. Gire et al. (2012) also reported predominantly
slow currents in mitral cells using optogenetic techniques,
however ChR2-mediated activation of ORNs in our
experiments always included a monosynaptic component.
These differences are probably explained by differences
in the expression of ChR2, as well as the ChR2 variants
used.

Taken together, these results suggest that mitral cells
have two distinct activation patterns: a purely feed-
forward EPSC and a biphasic EPSC with a prominent
monosynaptic response, both of which may be activated
depending on the strength of the odorant. Although
in vivo, sniff-activated odorant responses in mitral cells
lag the responses in tufted cells (Fukunaga et al. 2012;
Igarashi et al. 2012), these differences are on much
slower time scales than either monosynaptic or disynaptic
activation by afferents, and are probably a result of the
efficacy of odour stimulation than the presence or absence
of monosynaptic inputs to mitral cells. Furthermore,
computational models in which ORNs form parallel direct
and indirect inputs onto mitral cells accurately predict the
in vivo response properties of mitral cells (Carey et al
2015), which suggests that a parallel circuit arrangement
is sufficient to explain the in vivo responses.
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Comparing the response properties of mitral
and external tufted cells

Our results confirm that both mitral cells and external
tufted cells have monosynaptic components originating
in the axodendritic shell of the glomerulus (Kasowski
et al. 1999; Kim and Greer, 2000; De Saint Jan et al. 2009;
Najac et al. 2011). However, the postsynaptic responses
in these two pathways were quite different. The EPSC
in mitral cells was 35-fold longer because of a slow
synaptic current generated by dendritic glutamate release
(Nicoll and Jahr, 1982; Carlson et al. 2000; Christie and
Westbrook, 2006; De Saint Jan and Westbrook, 2007;
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Pimentel and Margrie, 2008; Najac et al. 2011), which was
4.5-fold larger in mitral cells. Why external tufted cells
lack a more prominent slow current is unclear because
their dendrites also occupy the core of the glomerulus,
which contains the majority of dendrodendritic synapses
(Pinching and Powell, 1971b; Kasowski et al. 1999; Kim
and Greer, 2000; Kosaka and Kosaka, 2005). External
tufted cell dendrites are also capable of releasing glutamate
(Hayar et al. 2004; De Saint Jan et al. 2009; Najac et al.
2011) and can initiate slow currents in mitral cells (De
Saint Jan et al. 2009). Classical dendrodendritic synapses
between mitral cells and inhibitory granule cells are
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Figure 10. ORN synapses have similar quantal amplitudes in mitral cells and external tufted cells

A, example mitral cell recording from Cx36~~ animal to isolate ORN-evoked currents. Replacing extracellular
calcium with 3 mm strontium (red trace) significantly reduced the fast, synchronous EPSC and resulted in
asynchronous release events (arrows). B, comparison of asynchronous, quantal EPSCs recorded in mitral cells
and external tufted cells. Raw traces (C) and histograms (D) of collected asynchronous EPSCs in mitral cells. Slower
EPSC kinetics reflects dendritic filtering. Raw traces (E) and histograms (F) of collected asynchronous EPSCs in
external tufted cells. [Colour figure can be viewed at wileyonlinelibrary.com]
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reciprocal (Nowycky et al. 1981; Jahr and Nicoll, 1982;
Schoppa etal. 1998; Isaacson and Strowbridge, 1998; Bartel
et al. 2015). However, defining excitatory dendrodendritic
synapses as reciprocal is difficult because vesicles are
not clustered around discrete active zones and, instead,
are dispersed along the dendrite (Pinching and Powell,
1971a). Indeed, in paired recordings, De Saint Jan et al.
(2009) demonstrated that action potentials in external
tufted cells could drive dendrodendritic EPSCs in mitral
cells, although mitral cells were unable to drive EPSCs
in external tufted cells, suggesting a unidirectional inter-
action. Functionally, external tufted cells potently activate
inhibitory juxtaglomerular interneurons (Hayar et al.
2004; De Saint Jan et al. 2009; Najac et al. 2011); therefore,
the brief time course of activation probably contributes
to co-ordination of inhibitory neurons within the
circuit.

Despite differences in postsynaptic responses, pre-
synaptic release properties onto mitral cells and external
tufted cells were similar. This pattern is perhaps not
surprising because olfactory receptor neurons primarily
serve as relays between the sensory epithelium and
the olfactory bulb, as reflected, for example, in their
high turnover rate, simple complement of ion channels
and high transmitter release probability (Graziadei and
Monti-Graziadei, 1979; Simmons and Getchell, 1981;
Trombley and Westbrook, 1991; Murphy et al. 2004).
Whether natural stimuli alter the presynaptic properties in
these two principal cells has not been examined. Olfactory
receptor neurons respond to natural odorants with high
frequency bursts of action potentials (Gesteland and
Sigwart, 1977; Getchell and Shepherd, 1978; Sicard, 1986;
Duchamp-Viret, 1999; Savinger et al. 2009; Tan et al. 2010;
Martelli et al. 2013), which probably reduces the effective
release probability as a result of synaptic depression.
For example, auditory nerve fibres have a high initial
release probability; however, natural stimulation patterns
engage both pre- and post-synaptic depression (Zhang
and Trussell, 1994; Borst and Sakmann, 1996; Oleskevich
et al. 2000). Given the exclusively monosynaptic responses
in external tufted cells, it might be expected that synaptic
depression would preferentially affect external tufted cell
activation more than mitral cell activation.

Mitral and external tufted cells as parallel input
pathways

The different response properties between mitral and
external tufted cells suggest that these two principal
neurons serve as distinct, but parallel, input pathways.
It has been suggested that tufted cells serve as a labelled
line, encoding odorant identity (Nagayama et al. 2010;
Fukunaga et al. 2012; Igarashi et al. 2012). This hypothesis
is supported by in vivo experiments suggesting that tufted
cells fire earlier in the sniff cycle, respond to lower odorant

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society

Afferent input to the olfactory bulb

6729

concentrations and have more consistent responses across
odorant concentrations (Fukunaga et al. 2012; Igarashi
etal. 2012; Kikuta et al. 2013). Furthermore, tufted cells in
vivo have higher odorant evoked firing rates than mitral
cells (Nagayama et al. 2004; Griff et al. 2008). However,
mitral cells have a more narrowly tuned molecular
receptive range resulting from stronger afferent-evoked
disynaptic inhibition (Shao et al. 2012; Kikuta et al. 2013),
which may allow more effective discrimination between
qualitatively similar odorants.

Although external tufted cells have been primarily
viewed as local excitatory interneurons, recent evidence
suggests that they do project to higher areas of cortex
(Nagayama et al. 2010; Igarashi et al. 2012). Interestingly,
mitral cells and external tufted cells (indeed, all tufted
cells) project to distinct, non-overlapping regions of
olfactory cortex (Nagayama et al. 2010; Igarashi et al.
2012), suggesting discrete functions in higher olfactory
processing. Mitral cells project broadly to the piriform
cortex, entorhinal cortex and amygdala, whereas external
tufted cells make extensive local connections within the
glomerulus and project to much more circumscribed
regions of the anterior piriform cortex and anterior
olfactory nucleus (Hayar et al. 2004; De Saint Jan 2009;
Kiyokage et al. 2010; Nagayama et al. 2010; Najac et al.
2011; Igarashi et al. 2012).

The robust amplification of brief afferent input in
mitral cells compared to the transient response profile
of external tufted cells is consistent with the view that
mitral cells are important for odorant discrimination.
This distinction may be even more pronounced with
natural ORN stimulation patterns (Duchamp-Viret, 1999;
Savinger et al. 2009; Tan et al. 2010). Overall, our results
suggest that large transient response of external tufted
cells is well positioned to encode the presence of an
odorant, and engage glomerular interneurons via feed-
forward excitation. Conversely, the robust amplification
of brief afferent input by mitral cells is well suited to
most effectively drive activity in downstream cortical
areas.
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