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Interactions between Behaviorally Relevant Rhythms and
Synaptic Plasticity Alter Coding in the Piriform Cortex

Anne-Marie M. Oswald and Nathaniel N. Urban

Department of Biological Sciences, Center for the Neural Basis of Cognition, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213

Understanding how neural and behavioral timescales interact to influence cortical activity and stimulus coding is an important issue in
sensory neuroscience. In air-breathing animals, voluntary changes in respiratory frequency alter the temporal patterning olfactory input.
In the olfactory bulb, these behavioral timescales are reflected in the temporal properties of mitral/tufted (M/T) cell spike trains. As the
odor information contained in these spike trains is relayed from the bulb to the cortex, interactions between presynaptic spike timing and
short-term synaptic plasticity dictate how stimulus features are represented in cortical spike trains. Here, we demonstrate how the
timescales associated with respiratory frequency, spike timing, and short-term synaptic plasticity interact to shape cortical responses.
Specifically, we quantified the timescales of short-term synaptic facilitation and depression at excitatory synapses between bulbar M/T
cells and cortical neurons in slices of mouse olfactory cortex. We then used these results to generate simulated M/T population synaptic
currents that were injected into real cortical neurons. M/T population inputs were modulated at frequencies consistent with passive
respiration or active sniffing. We show how the differential recruitment of short-term plasticity at breathing versus sniffing frequencies
alters cortical spike responses. For inputs at sniffing frequencies, cortical neurons linearly encoded increases in presynaptic firing rates
with increased phase-locked, firing rates. In contrast, at passive breathing frequencies, cortical responses saturated with changes in
presynaptic rate. Our results suggest that changes in respiratory behavior can gate the transfer of stimulus information between the

olfactory bulb and cortex.

Introduction
Many air-breathing animals transition from slow passive respi-
ration to fast active sniffing to investigate their environment
(Youngentob et al., 1987; Thesen et al., 1993; Porter et al., 2007;
Wesson et al., 2008b). Active sniffing improves odor detection,
localization, and discrimination (Uchida and Mainen, 2003;
Rajan et al., 2006; Kepecs et al., 2007; Frasnelli et al., 2009; Cury
and Uchida, 2010), which suggests that odor information arriv-
ing during sniffing might be differentially processed in the olfac-
tory pathway. Although sniffing alters activity patterns in both
the olfactory bulb (Bathellier et al., 2008; Cury et al., 2010; Carey
and Wachowiak, 2011, Shusterman et al., 2011) and piriform
cortex (Kay, 2005; Mainland and Sobel, 2006), the influence of
respiratory frequency on the transfer of odor information be-
tween these processing centers has not been investigated.
Respiration draws odorants across the nasal epithelium to ac-
tivate olfactory receptor neurons (ORNS). In the olfactory bulb,
ORN axons synapse with mitral and tufted cells (M/T), which, in
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turn, project odor information to the piriform cortex. Odor-
driven responses in ORNs (Verhagen et al., 2007; Wesson et al.,
2008a,2009), M/T cells (Macrides and Chorover, 1972; Sobel and
Tank, 1993; Kay and Laurent, 1999; Cang and Isaacson, 2003;
Margrie and Schaefer, 2003), and cortical neurons phase lock to
passive respiration cycles (Litaudon et al., 2003, 2008; Lei et al.,
2006; Rennaker et al., 2007; Poo and Isaacson, 2009). M/T cells
also phase lock to respiratory cycles at sniff frequencies
(Bathellier et al., 2008; Cury and Uchida, 2010; Carey and
Wachowiak, 2011, Shusterman et al., 2011). Furthermore, odor
information can be encoded in the firing rate (FR) and/or latency
of M/T cell spikes relative to the respiration cycle (Brody and
Hopfield, 2003; Cang and Isaacson, 2003; Margrie and Schaefer,
2003; Bathellier et al., 2008; Cury and Uchida, 2010; Carey and
Wachowiak, 2011).

Since passive breathing and active sniffing occur on different
timescales, the transfer of odor information encoded in M/T
spike trains may be influenced temporal properties of the syn-
apses between the bulb and the cortex. Excitatory synapses
between M/T cells and cortical neurons exhibit short-term facil-
itation and depression (Bower and Haberly, 1986; Hasselmo and
Bower, 1990; Suzuki and Bekkers, 2006, 2011; Stokes and
Isaacson, 2010) that could dynamically filter olfactory bulb input
(Abbott and Regehr, 2004). Here, we demonstrate how afferent
input delivered at different respiration frequencies engages short-
term plasticity at these synapses and affects cortical responses. We
find that when simulated M/T population inputs are modulated
at sniffing frequencies, cortical neurons code increases in M/T
firing rate with increasing phase-locked, firing rates. In contrast,
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when M/T inputs are modulated at passive breathing frequencies,
the recruitment of short-term synaptic depression results in cor-
tical spike responses that saturate with changes in M/T firing rate.
Finally, we show that the expression of facilitation alters the gain
of these cortical responses. These data suggest the transition from
passive breathing to active sniffing in combination with short-
term plasticity shapes information transfer between the olfactory
bulb and cortex.

Materials and Methods

Olfactory cortical slices were prepared from CBJ/BL6 mice of either sex,
aged P11-P28. Only 15% of the recorded neurons were from mice <P15.
Since recordings from these neurons did not differ significantly from the
remainder of the population, it is unlikely that early development signif-
icantly affects our results. All surgical procedures followed the guidelines
approved by the Carnegie Mellon Animal Welfare Committee. The mice
were anesthetized with isoflurane and decapitated. The brain was ex-
posed, removed from the skull, and immersed in ice-cold oxygenated
(95% O,-5% CO,) ACSF (in mm: 125 NaCl, 2.5 KCl, 25 NaHCO;, 1.25
NaH,PO,, 1.0 MgCl,, 25 dextrose, 2 CaCl,) (all chemicals from Sigma-
Aldrich). Care was taken to ensure that the olfactory bulbs and lateral
olfactory tract (LOT) remained intact. Coronal or horizontal slices (300
um) were made using a vibratome (Leica). The slices were maintained in
ACSF at 37°C for 30 min, and then rested at room temperature (20—
22°C) for at least 1 h before recording (31-35°C).

Electrophysiology. Recordings were obtained from L2 principal neu-
rons of piriform cortex. Neurons were visualized using infrared—differ-
ential interference contrast microscopy (Olympus). Pyramidal cells were
typically identified by a primary apical dendrite that extended toward L1,
while semilunar cells projected two to four apical dendrites to L1. Whole-
cell, current-clamp recordings of both pyramidal and semilunar cells
were performed using a MultiClamp 700B amplifier (Molecular De-
vices). Data were low-pass filtered (4 kHz) and digitized at 10 kHz using
an ITC-18 (InstruTECH) controlled by custom software written in Igor-
Pro (Wavemetrics). Pipettes were pulled from borosilicate glass (1.5 mm,
outer diameter) on a Flaming/Brown micropipette puller (Sutter Instru-
ment) to a resistance of 6—-12 M{). The intracellular solution consisted of
the following (in mm): 130 K-gluconate, 5 KCI, 2 MgCl,, 4 ATP-Mg, 0.3
GTP, 10 HEPES, and 10 phosphocreatine.

The intrinsic properties of the neurons were assessed using a series of
hyperpolarizing and depolarizing current steps (—50 to 800 pA, 1 s du-
ration). At the onset of a depolarizing step current, pyramidal cells typi-
cally fire a high-frequency spike doublet or burst after which firing rates
adapted, whereas semilunar cells are regular spiking (Suzuki and Bek-
kers, 2006). The spike rate adaptation ratio was taken as the last inter-
spike interval (ISI) divided by the first ISI. Bursting pyramidal neurons
had adaptation ratios that were significantly greater (15.5 = 1.5) than
regular spiking neurons (1.5 * 0.1; p < 0.01). Moreover, pyramidal
neurons had significantly lower membrane time constants (7,,, 16.7 *
1.5 ms) and input resistances (R, 128 = 11 M{}) than regular spiking,
semilunar neurons (7,,, 30.1 = 3.7 ms; R,, 244 *= 22 M(); p < 0.01). The
anatomical and electrophysiological properties of the recorded neurons
were consistent with previous descriptions of bursting pyramidal cells
and regular spiking semilunar cells (Suzuki and Bekkers, 2006, 2011).

LOT stimulation. To assess synaptic inputs from the olfactory bulb to
cortex, the LOT in L1a of the piriform cortex was stimulated with single
pulses (300—-1000 wA; 100 s pulse duration) using either monopolar or
bipolar, glass microelectrodes. Stimulus intensity was chosen as the low-
est current that evoked EPSPs on at least 80% of stimulus trials (single
pulses, 5 s between trials). Importantly, the amplitudes of these EPSPs
(0.31-10.8 mV) were comparable with values recorded at threshold stim-
ulation intensity (0.23-11.4 mV), suggesting an increase in the reliability
of fiber activation rather than the recruitment of additional fibers. The
reported EPSP amplitudes were measured at resting membrane poten-
tials (—63 to —67 mV). To ensure that the recorded PSPs were predom-
inantly excitatory, neurons were depolarized to —45 mV during LOT
stimulation. If the PSPs reversed or showed a substantial inhibitory com-
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Table 1. Synaptic parameters

Trec (M) T (MS) E [

Fit Model Fit Model Fit Model Fit Model
F 816 8 117194 1200 3.0*+03 3 0.36 = 0.05 0.35
FD 163 =25 160 910 =38 900 26*+02 3 0.24 =0.02 0.25
D 148+18 150 n/a nfa  45+03 5 0.80 =0.02 0.8

The mean == SE synaptic parameters obtained from fits (left columns) to recorded cortical responses during lateral
olfactory tract stimulation for facilitation-dominant (F), facilitating-depressing (FD), and depression-dominant (D)
synapses. The corresponding values used to model M/T population synaptic currents are also listed (right columns).
E, Total synaptic efficacy; 7, , time constant for facilitation; 7, , time constant for recovery from depression; and U,
the utilization of efficacy on a single pulse at rest (fully recovered and nonfacilitated).

ponent, these neurons were excluded from analysis. Nonetheless, since
we did not block inhibitory synaptic transmission, we cannot entirely
rule out a contribution of inhibition to synaptic amplitudes. EPSP am-
plitude (in millivolts) was taken as the difference between the peak of the
EPSP and the membrane potential at EPSP onset. We also obtained the
time constant for the decay (7,) of the EPSP by fitting the normalized
(peak-baseline = 1) EPSP amplitude (A, where ¢ is time in milliseconds)
with an « function (Eq. 1) as follows:

— i ((1=1)/7a)

A, = ™ e . (1)
Analysis of short-term plasticity. To study short-term synaptic plasticity at
excitatory synapses, trains (7 s duration) of Poisson distributed stimulus
pulses (mean rate, 10 Hz; ~50 pulses) were delivered to the LOT. The
shortest interpulse interval (IPI) within the train was 10 ms to ensure that
PSP amplitudes could be resolved and measured without contamination
by stimulus artifacts. The change in synaptic amplitude [relative ampli-
tude (RA)] was measured as the amplitude of each EPSP (A)) relative to
the first EPSP of the train (A,) as follows:

RA = AJA,. 2)

RA values <1 were indicative of short-term depression, while values >1
indicated facilitation. To obtain the time constants for facilitation and
depression, we fit the changes in RA over the Poisson stimulus train using
a phenomenological model of short-term plasticity adapted from the
study by Markram et al. (1998). The premise of the model is that, on any
given stimulus pulse (1), the RA is the product of the maximum strength
or efficacy (E) of a synapse, the proportion of synaptic efficacy that is
used (u) and becomes immediately unavailable, and the proportion of
efficacy that remains () as follows:

RA, = E-r," u, (3)

For facilitating synapses, the proportion that is used (u,,) varies depend-
ing on the time between stimulus pulses (IPI) (in milliseconds) and the
time constant for facilitation (7, ) as follows:

Uy, = une(—lpl/mc) + U - une(—lpl/fﬁ,@). (4)

For all synapses, Uis the utilization of efficacy on a single pulse at rest. For
solely depressing synapses, u,, = U and is constant. Once used, u,, be-
comes immediately unavailable for the next pulse and the remaining
efficacy (r,,) is decremented (or depressed) by u,,. The remainder recovers
from this depression with time constant (7,..) according to the following:

rec

fosl = r,,(l _ unﬂ)e(_[””’”‘) + 1 — e(—IPI/Tm)). (5)

For each neuron, the model was fit using an iterative procedure that
minimized the root-mean-squared error (RMSE) between the recorded
RA and the predicted amplitudes based on the model. During fitting, E,
Trao Trewr and U were free parameters. Solely depressing synapses were fit
using Equations 3 and 5 and three parameters: E, 7., and U. Facilitating
synapses were fit using Equations 3-5 and four parameters: E, T, Tyer
and U. All fit and RMSE values were consistent with values reported by
Markram et al. (1998) for other types of excitatory cortical synapses. In
later sections of the paper, E, T¢,, T,., and U were fixed according to their
mean values (Table 1) for simulations of population currents.
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were modulated at 2 Hz (passive respiration)
or 8 Hz (active sniffing). Then we convolved
these spike trains with simulated synaptic
currents that were scaled by short-term plas-
ticity. Finally, all individual simulated M/T 1
current inputs were summed to create a pop- mv |
ulation current that was injected to cortical |
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Sinusoidally modulated M/T spike trains. For
simplicity, we initially modeled the changes in
M/T activity during respiration by sinusoidally
modulating the firing rate of the Poisson-
distributed spike trains at 2 or 8 Hz. To mimic
odor-evoked increases in M/T cell activity, the
amplitude of the sinusoidal modulation (FR)
was set at 2, 6, 10, or 14 Hz. This sinusoidally
modulated firing rate was added to a baseline
firing rate that was randomly drawn from a 0
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Gaussian distribution with mean of 10 Hz and 0
SD of 5 Hz. When averaged across cycles and
the population, the resulting peak firing rates
ranged from 12 to 24 Hz. However, within a
cycle, the instantaneous firing rates (1/inter-
spike interval) of individual M/T spike trains 2 |
were much higher (60-100 Hz). These firing
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(Rinberg et al., 2006; Davison and Katz, 2007; s
Fuentes et al., 2008; Cury and Uchida, 2010).

0 0.5 1

Burst spike trains. We also created a set of 0 T
stimuli that mimicked the burst-like responses
of M/T cells recorded in vivo. To generate these
stimuli, a gallery of M/T FR patterns (see Fig. 8)
was modeled based on cycle peristimulus his-
tograms (PSTHs) recorded during passive res-
piration (Carey and Wachowiak, 2011) or
active sniffing (Cury and Uchida, 2010). For
each simulated M/T cell in the population (n =
20), an FR pattern was randomly selected from
the gallery and scaled to a peak firing rate
drawn from a Gaussian distribution with a
mean of 150, 200, or 250 Hz (SD = 50 Hz). In
addition, the onset of the FR pattern relative to
the cycle was jittered according to a Gaussian
distribution with mean of 10 ms (SD, £5 ms).
Then the FR pattern was repeated at 500 ms (2
Hz) or 125 ms (8 Hz) intervals for 50 s. Finally,
these repetitive FR patterns were used to generate Poisson distributed
spike times.

Simulated synaptic currents. To create population currents to inject to
cortical neurons, each sinusoidal or burst modulated M/T spike train was
convolved with « function synaptic currents (Eq. 1; 7., 10 ms). The initial
amplitudes of the « functions, were either 20 pA for facilitating synapses
or 40 pA for depressing synapses. The amplitudes and time constant of

Figure 1.

toRA = E - u - r(green circles).

L] 1
2000 3000 Recorded

Time (ms)

Short-term plasticity at LOT synapses. A, Histogram of the average RA of EPSPs over the entire stimulus train. The
distribution is trimodal showing facilitation-dominant (F) synapses (red bars), facilitating-depressing (FD) synapses (green bars),
and depression-dominant (D) synapses (blue bars). The mean RAs (circles) for each synapse type were significantly different
(**p << 0.01, unpaired t test). B, The mean RA (== SE) for a given IPIis plotted for each synapse type (F, red; FD, green; D, blue). C,
Top traces, Example recordings of EPSPs (colored) from cortical neurons in response to Poisson stimulation of the LOT (black pulses).
Bottom plot, The recorded RA (solid colored lines) and predicted RA based on the model (dashed black line) for each stimulus pulse
plotted against time. Right, The linear relationship between the recorded and predicted RA. Model fits to the data minimized the
RMSE between the recorded and predicted RA for each EPSP. (1, Facilitation-dominant (F) synapticinput (red): RMSE, 0.16; linear
fit: slope, 1.0; R, 0.9. €2, Facilitating-depressing (FD) synaptic input (green): RMSE, 0.10; linear fit: slope, 0.96; R, 0.75. (3,
Depression-dominant (D) synaptic input (blue): RMSE, 0.01; linear fit: slope, 1.0; R, 0.85. D, The change in utilization (u) (gray
circles) and the remainder (r) (black circles) parameters of the model with presynaptic spike times (top trace). Increases in spike
rate (yellow box) moderately increase u but dramatically decrease r. This results in a substantial decrease in predicted RA according

the o functions were chosen such that current injection of a single «
function at the soma produced a simulated EPSP that was ~2—6 mV and
decayed to baseline within 50—-100 ms of onset depending on the input
resistance and time constant of the recorded neuron (data not shown).
Next, the amplitude of each a function synapse was scaled based on the
preceding IPT according to Equations 3—5 and mean values of E, 7, T,

rec?

and U obtained for fits to the short-term synaptic plasticity data (Table
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between M/T cells and cortical neurons. An ad-
ditional 18 burst-like stimuli were created to
account for the two simulated respiratory
rhythms (2 and 8 Hz), the three different M/T
peak firing rates (150, 200, 250 Hz), and the
three types of synaptic plasticity recorded at
excitatory synapses between M/T cells and cor-
tical neurons. For the majority of cortical neu-
rons, the stimulus current amplitudes were
sufficiently suprathreshold. However, in some
neurons, a subthreshold bias current (20-50
pA) was applied to ensure adequate firing rates
(minimum, 4 Hz) for analysis. In cases in

T T which a bias current was added, it was added
? *

uniformly across all stimuli tested.

O

1 —FD Cc2

It should be noted that the individual, sim-
ulated M/T spike trains are correlated solely
through common modulation at respiratory
frequencies. Correlated activity among M/T
cells due to circuit interactions in the olfactory
bulb (Urban and Sakmann, 2002; Galan et al.,
2006; Giridhar et al., 2011) is not modeled, but
would be expected to enhance our results.

|
1 11 11 i1 1 !

- 11 11 1
1l | 11

Analysis of cortical spike responses and statis-
tics. The mean cortical firing rates in response
to the simulated M/T population currents were
calculated as the total number of spikes divided

by the 50 s stimulus duration. The phasic re-
1111

sponses of cortical neurons were quantified us-
ing cycle histograms. The cycle lengths were
500 ms (2 Hz) and 125 ms (8 Hz), and each
cycle was divided 10 bins (50 and 12.5 ms du-
ration, respectively). The number spikes per
bin were summed over all cycles. Firing rate

Figure 2.

somas of cortical neurons to drive spike responses (right; colors as in €).

1). Finally, the 20 individual, simulated M/T synaptic current sequences
were summed to produce a population stimulus current (50 s duration)
that was directly injected at the somas of cortical neurons.

Together, there were 24 sinusoidally modulated, M/T population cur-
rent stimuli created to account for the two simulated respiratory rhythms
(2 and 8 Hz), the four different average firing rates (12, 16, 20, 24 Hz),
and the three types of synaptic plasticity recorded at excitatory synapses

Simulated M/T population currents. 4, Histogram of the average spike rate of the simulated M/T population (black
bars) over a number of cycles for 2 Hz (A7) or 8 Hz (42) sinusoidal modulations (gray). B, The instantaneous firing rate (1/ISI) of a
single simulated M/T cell at 2 Hz (BT) or 8 Hz (B2). €, Examples of individual M/T simulated current inputs during 2 Hz (C7) or 8 Hz
(€2) modulation. Poisson distributed spike times (black pulses) were replaced with « function currents that were scaled based on
the timescales of facilitation-dominant (F) (red), facilitating-depressing (FD) (green), or depression-dominant (D) (blue) synaptic
responses. D, Twenty « function sequences, comparable with those shown in €, were summed to form excitatory M/T population
currents (colors as in €) that were modulated at 2 Hz (D7) or 8 Hz (D2). E, These stimuli (left) were then directly injected at the

cycle histograms were calculated by dividing
the average number spikes per bin (over all cy-
cles) by the bin duration. All statistics are re-
ported as mean = SE, and significance was
assessed using Student’s paired and unpaired ¢
tests.

Results

We investigated how respiratory rhythms
and the recruitment of short-term synap-
tic plasticity at bulb-to-cortex synapses
affect the transfer of olfactory bulb popu-
lation activity to the cortex. We initially
characterized the synaptic responses from
principal neurons (n = 32) in L2 of ante-
rior olfactory cortex (n = 6) and anterior
piriform cortex (n = 26) during LOT
stimulation. Based on our results, we cre-
ated simulated M/T population currents
that were used to drive spiking in cortical
principal neurons (n = 19). We then ex-
plored how the interactions between the
timescales of short-term plasticity at M/T
synapses and respiratory rhythms give rise
to different cortical responses.

Short-term synaptic plasticity at LOT synapses

The transfer of odor information represented by M/T spike trains
is likely influenced by the short-term plasticity at synapses be-
tween M/T cells and cortical neurons in the LOT. To characterize
plasticity at these synapses, we stimulated the LOT (layer 1a) with
a train of Poisson distributed pulses (7 s duration; mean rate, 10
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Hz). This stimulus is advantageous because it allows the quanti-
fication of short-term plasticity over a range of stimulus frequen-
cies (1-100 Hz) using a variety of IPIs between 10 and 1000 ms.
These IPIs are consistent with interspike intervals found in M/T
spike trains that have instantaneous firing rates ranging from 1 to
200 Hz (Cury et al., 2010; Carey and Wachowiak, 2011; Shuster-
man et al., 2011). We measured short-term plasticity as the ratio
of the amplitude of each EPSP of the train relative to the first
EPSP of the train (RA). Changes in RA that were >1 indicated
short-term facilitation, while RA values <1 indicated depression.
When we assessed the average RA across the train, we found that
the distribution of synapse types was strikingly trimodal (Fig.
1 A). This was surprising because previous reports have described
these inputs dichotomously as either facilitating or depressing
(Bower and Haberly, 1986; Hasselmo and Bower, 1990; Suzuki
and Bekkers, 2006, 2011). We found facilitation-dominant (F)
synapses (n = 7; red) that had an average RA of 1.45 = 0.06 (Fig.
1A) and values near 1 for only the shortest IPIs (Fig. 1B).
Facilitating-depressing (FD) synapses (n = 10; green) had an
average RA 0f 0.93 = 0.03 and RA values <1 for short IPIsand RA
>1 for longer IPIs. Depression-dominant (D) synapses (n = 15;
blue) had an average RA of 0.44 = 0.02 and rarely had RA values
>1 for any IPI. Example traces recorded from neurons receiving
each type of synapse are shown in Figure 1CI-C3.

The EPSPs of depression-dominant synapses had significantly
greater initial amplitudes (D, 7.8 £ 4.4 mV) than synapses that
showed facilitation (F and FD, 2.4 £ 2.3 mV; p < 0.01), but the
synaptic decays did not differ (7,: facilitating, 14.3 = 1.3 ms;
depressing, 14.5 = 1.4 ms; p = 0.90) (see Eq. 1, Materials and
Methods). The majority of neurons that received solely depress-
ing input (n = 15) were regular spiking (adaptation ratio, =<1)
(see Materials and Methods) consistent with semilunar cells. Al-
ternatively, most neurons that received facilitating inputs (n =
17) were bursting neurons (adaptation ratio, >4) suggestive of
pyramidal cells. Since these results are consistent with previous
characterizations of synaptic inputs to principal neurons in piri-
form cortex, we focus the remainder of the study on the general
role of short-term plasticity in information coding rather than
the specific differences between pyramidal and semilunar cells.

To obtain the timescales of plasticity for each type of synapse, we
fit the relationship between the RA of a given EPSP in the train and
the preceding IPI using a phenomenological model for short-term
plasticity (Markram et al., 1998) (see Materials and Methods). The
premise of the model is that, on any given stimulus pulse, the relative
synaptic strength (RA) is the product of the maximum efficacy ( E) of
a synapse, the proportion of efficacy used (1) on the current pulse
that becomes immediately unavailable for the next pulse, and the
proportion that remains available (r) (Fig. 1D, green circles). For
facilitating synapses (F, FD), u is incremented on each pulse and
decays to its initial value (U) according to the time constant for
facilitation, 7. (Eq. 4; Fig. 1D, open circles). For solely depressing
synapses (D), u = U and the proportion used on each pulse is con-
stant. For both facilitating and depressing synapses, r is decremented
by 1 and recovers between pulses according to the time constant 7.
(Eq. 5; Fig. 1D, black circles). The values of E, U, 7, and T, were
obtained from model fits to each data set and the means are reported
for each synapse type (F, FD, and D) in Table 1. Facilitating synapses
(F, FD) were described by two time constants (7. and 7,..), while
solely depressing (D) synapses are described by just one, 7,... Thus,
all synapses (F, FD, D) recover from short-term depression de-
scribed by T,.., but only a subset of synapses (F, FD) express facilita-
tion described by 7.
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Table 2. Cortical firing rates in response to sinusoidally modulated, simulated M/T
population currents: mean cortical firing rate

Simulated respiratory rhythm

2 Hzrhythm 8 Hz rhythm
Plasticity
F FD D F D D
M/TER (Hz)
12 63+11 53%10 38=*07 6913 53*+08 36*05
16 9010 6109 4907 104*=15 64*+09 5307
20 107+12 65+08 53*07 M4*17 75110 57=*05
24 12315 75+09™ 60+07" 127+17" 85+10™ 68+08"
Range (H) 61 +05™ 29+08 22+03 5806 34+04 3005

Mean firing rates (Hz) of cortical neurons in response to M/T population current stimuli. These rates are shown for all
combinations of simulated respiration frequency (2 or 8 Hzthythms), presynaptic M/T firing rate (FR, 12-24 Hz), and
synaptic plasticity (F, facilitation dominant; D, facilitating-depressing; D, depression dominant).

Mean cortical firing rates increased significantly for comparisons between presynaptic rates of 12 and 24 Hz ("'p <
0.01, paired t test) but not for discrete comparisons (i.e., 12vs 16, 16 vs 20, 20 vs 24). Furthermore, the range of mean
cortical firing rates that represent the 12—24 Hz change in presynaptic rate was significantly greater for F synapses
("p < 0.01, paired t test) than the FD or D synapses.

For the synaptic responses shown in Figure 1CI1-C3, the pre-
dicted change in RA based on the model is plotted versus time.
The fitting procedure minimized the RMSE between the pre-
dicted (dashed line) and recorded (solid colored lines) RA for a
given sequence of stimulus pulses. Overall, the synaptic responses
were well fit by the model, as the average RMSE for facilitating
synapses was 0.12 = 0.02, and for depressing synapses, 0.02 *
0.005. The relationship between the predicted and recorded am-
plitudes (Fig. 1CI1-C3, right) was linear, which also indicates a
good fit between model and data (facilitating synapses: R, 0.7 =
0.03; depressing synapses: R, 0.8 = 0.03). F synapses had a signif-
icantly shorter time constant for depression (7,.., 86 * 16 ms)
than FD (163 = 26 ms) or D (147 = 18 ms; p < 0.05) synapses. F
synapses also had a significantly longer time constant for facilita-
tion (7, 1171 % 94 ms) than FD synapses (910 = 38 ms; p <
0.05). In the following sections, we use this model to explore how
short-term synaptic plasticity in a simulated population of M/T
inputs influences information transfer between the olfactory
bulb and the cortex.

Simulated population input from the olfactory bulb

To investigate how synaptic dynamics influence the responses of
cortical neurons to olfactory bulb inputs, we used the short-term
plasticity model to simulate the synaptic current from a presyn-
aptic population of 20 M/T cells. This current was then directly
injected to real pyramidal or semilunar cortical neurons. The
main advantage of driving cortical responses with simulated pop-
ulation currents is that each M/T spike train is simulated inde-
pendently of the other population inputs. This better represents
the response heterogeneity of the M/T population (Padmanab-
han and Urban, 2010). The spike trains of individual M/T cells
were simulated using time-varying Poisson processes with base-
line spike rates randomly chosen from a Gaussian distribution
(mean rate of 10 Hz and SD of 5 Hz). To simulate odor-evoked
increases in firing rate, 2, 6, 10, or 14 Hz was added to this baseline
rate. To mimic firing patterns during respiration, these increases
in firing rate were sinusoidally modulated at 2 Hz (passive
breathing) or 8 Hz (active sniffing). Together, this resulted in
simulated presynaptic M/T firing rates that, when averaged
across cycles and the population, were 12, 16, 20, or 24 Hz. In
Figure 2 A, we show the rhythmicity of the simulated spike rate of
the M/T population over a number of 2 or 8 Hz cycles. Although
average spike rates ranged between 12 and 24 Hz, the instanta-
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Table 3. Cortical firing rates in response to sinusoidally modulated, simulated M/T population currents: peak cortical firing rate
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Simulated respiratory rhythm

2 Hz rhythm 8 Hz rhythm
Plasticity
F FD D F FD D
M/TFR (Hz)
12 129 + 14 93+ 14 69+ 10 16.4 + 2.0% 98+ 14 83+ 11
16 179 =171 120 = 121 114 = 14 24.1 & 2.1 142 = 16" 120 = 1.7
20 200 +18 134+ 16 122+12 31.3 £ 2.7t 2.8 + 2.9%+ 15.3 1.3t
24 218+ 27" 153 = 1711 13.2 = 141 34.4 & 2.8+ 27.6 = 2.9%*' 21.3 = 2.6%*'
Range (Hz) 112+ 18" 6306 5305 21.0 + 2.2 183 + 1.7% 11.8 + 1.8

Peak, phase-locked cortical firing rates (Hz) in response to simulated M/T currents for the same conditions as in Table 2.

For each synapse type, the peak firing rates and range of firing rates were higher during 8 Hz rhythms than 2 Hz (*p < 0.05; **p << 0.01, paired t test). In addition, comparisons between cortical responses to discrete changes in presynaptic
rates (i.e., 12vs 16, 16 vs 20, 20 vs 24) yielded significant changes in both the 2 and 8 Hz cases ('p << 0.01, paired ttest). Finally, the range of mean cortical firing rates that represent the 12—24 Hz change in presynaptic rate was significantly

greater in the F synapse case ("p << 0.01, unpaired ¢ test) than the FD or D synapses.

neous firing rates of individual M/T cells could be much higher
(10-100 Hz) (Fig. 2 B). These average and instantaneous firing rates
are consistent with odor-evoked changes in firing rate recorded in
awake animals (Rinberg et al., 2006; Davison and Katz, 2007;
Fuentes et al., 2008; Cury and Uchida, 2010; Shusterman et al.,
2011).

To generate current stimuli to drive the cortical neurons, the
individual M/T spike trains were convolved with « function “syn-
aptic” currents (Fig. 2C). For each M/T input, the synaptic cur-
rents were scaled based on the preceding IPI according to values
of 7, and 7, that were comparable with the recorded values for
F, FD, and D synapses (Table 1, Fig. 2C). Finally, these individual
synaptic current waveforms were summed to create population
excitatory currents (50 s duration) that were directly injected into
cortical neurons (Fig. 2 D, E). In the next section, we characterize
the spike responses of cortical neurons to these simulated M/T
population currents.

Differential cortical responses with simulated 2 Hz versus 8
Hz respiratory rhythms

To investigate how short-term plasticity and respiratory
rhythms influence the cortical coding of presynaptic firing
rates, we assessed the firing rates of cortical spike trains in
response to our sinusoidally modulated M/T population cur-
rents. The mean and phase-locked cortical firing rates, as well
as statistical analyses for all combinations of synapse type,
presynaptic rate, and simulated respiration frequency, are pre-
sented in Tables 2 and 3.

In Figure 3, we show examples of cortical spike trains in
response to two different presynaptic firing rates (16 or 24 Hz)
that were modulated by 2 Hz (left) or 8 Hz (right) rhythms
(Fig. 3A1,B1,CI). For each synapse type, F (reds), FD (greens),
and D (blues), the cycle firing rate histograms show that the
peak, phase-locked, cortical FRs increase significantly with
presynaptic rate during 8 Hz, but not 2 Hz rhythms (Fig.
3A2,B2,C2;**p < 0.01). The cortical firing rates in response to
all presynaptic rates are shown in Figure 4. In the 8 Hz case, the
peak, phase-locked FR increased significantly and linearly
with presynaptic rate (n = 14; p < 0.01; Fig. 4A1-A3). In
contrast, during 2 Hz rhythms, peak cortical FR increased
minimally for presynaptic rates >16 Hz (Fig. 4A1-A3). This
relationship was saturating and best fit by an exponential
function (X2, 0.12—0.29). Moreover, there was a broad range
of cortical FRs (~12-20 Hz) to represent changes in presyn-
aptic rate in the 8 Hz case, but this range was significantly
narrower in the 2 Hz case (~5-12 Hz; Fig. 4 B2).

The mean firing rates of the cortical neurons increased linearly
with presynaptic firing rate in both the 2 and 8 Hz cases (Fig.
4CI1-C3). These increases were modest (range, ~2—6 Hz; Fig.
4D2) compared with the range of presynaptic rates (14 Hz). In
addition, the mean firing rates did not differ between the 2 and 8
Hz cases. Together, these results suggest that stimulus features
represented by changes in presynaptic M/T firing rates can be
coded by changes in mean cortical firing rates regardless of res-
piration frequency (2 or 8 Hz) as well as by spike timing relative to
the respiratory cycle at active, sniff-like frequencies (i.e., 8 Hz).

Facilitation increases the gain of the input/output
relationship in cortical neurons

The relationship between cortical mean or phase-locked firing
rates and presynaptic firing rate were qualitatively similar for all
types of synapse. This was surprising given the extreme differ-
ences between facilitation-dominant and depression-dominant
synaptic responses. However, there were quantitative differences
in cortical firing rates in response to facilitating versus solely
depressing inputs. F synapses promote higher phase-locked (Fig.
4 B, Tables 2, 3; **p < 0.01) and mean firing rates (Fig. 4 D, Tables
2, 3; **p < 0.01) than solely depressing inputs. Moreover, F and
ED synapses give rise to a significantly greater range of peak and
mean cortical firing rates that represent changes in presynaptic
M/T rate than depressing synapses (**p < 0.01; Fig. 4B2,D2,
Tables 2, 3). Thus, the degree of facilitation expressed in M/T-to-
cortex synapses likely alters the gain of the relationship between
input and output firing rates.

Contributions of synaptic plasticity and respiratory rhythms
to cortical responses

To determine how plasticity and respiratory rhythm influence
cortical responses, we took a step back look at how changes in
presynaptic firing rate were reflected in the simulated M/T pop-
ulation currents. For each of the 24 sinusoidally modulated stim-
uli, we calculated the average current over a simulated respiratory
cycle (Fig. 5A1-A3). For all synapse types (F, reds; FD, greens; D,
blues), the peak current (in picoamperes) over a simulated respi-
ratory cycle increased with increased presynaptic firing rate but
did not differ for simulated breathing cycles (2 Hz) versus simu-
lated sniffing cycles (8 Hz) (Fig. 5B1-B3). Facilitating inputs pro-
duced in higher peak currents and a greater range of current
amplitudes to represent presynaptic rates (F synapses, 180-280
PA; FD synapses, 120—180 pA) compared with D synapses (110—
160 pA). This increased drive likely underlies the higher mean
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Figure3. Cortical spike responses to simulated M/T population currents. A7, Representative

pyramidal cell spike responses to simulated M/T population currents during 2 Hz (left) and 8 Hz
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and phase-locked cortical firing rates in response to facilitating
inputs (F, FD) versus solely depressing inputs (Fig. 4, Tables 2, 3).

Changing the respiratory rhythm changes the rate at which
odor inputs are delivered to the olfactory epithelium. Higher
respiratory rates narrow the temporal window for M/T popula-
tion spiking relative to the cycle. In our simulated respiratory
cycles, the window is narrowed from 500 ms (2 Hz) to 125 ms (8
Hz), which has an organizing effect on spike times across the
population and can increase the slope of the rising phase of the
average synaptic current at the onset of the cycle. The slope of
the rising phase was taken from 0 to 100 ms in the 2 Hz case and
from 0 to 25 ms in the 8 Hz case. As expected, the slope of the
current was greater (1-3 pA/ms) in the 8 Hz case than the 2 Hz
case (<1 pA/ms). However, more importantly, the slope further
increased linearly with presynaptic firing rate in the 8 Hz case but
saturated in the 2 Hz case (Fig. 5C1-C3). These results are remi-
niscent of the relationship between phase-locked cortical FRs and
presynaptic firing rate in the 8 Hz case versus 2 Hz case (Fig. 4).

Although changes in respiratory rhythm produce population
current slopes that are generally greater in the 8 Hz case than the
2 Hz case, they do not fully explain the differential sensitivity of
slope or cortical FR to changes in presynaptic rate. We next ex-
plored how synaptic plasticity might contribute to the relative
insensitivity to changes in presynaptic rate in the 2 Hz case. We
generated population currents of neutral (N) (neither facilitating
nor depressing) synaptic inputs. The population of M/T spike
trains were simulated as previously described for F, FD, or D
synapses except these were convolved with « function synaptic
currents with amplitudes (20 pA) that did not vary with inter-
pulse interval. As seen in the F, FD, and D cases, the maximum
current attained over the cycle increased with increasing presyn-
aptic firing rate and did not differ for 2 Hz versus 8 Hz cycles (Fig.
6A, B). These current amplitudes (135-225 pA) were lower than
those of F synapses but greater than FD or D synapses (compare
with Fig. 5B). In the 8 Hz case, the slope of the rising phase of the
neutral currents increased linearly from 0.5 to 2.5 pA/ms with
presynaptic rate similar to F, FD, and D currents (Fig. 6C). How-
ever, in the 2 Hz case, the slope of the neutral currents also lin-
early increased from 0.1 to 1 pA/ms with presynaptic rate (Fig.
6D, black circles), which contrasts with saturating slope values
for F, FD, and D synapses (Fig. 6 D). Thus, synaptic plasticity
contributes substantially to the relationship between current
slope and presynaptic firing rate.

Relationship between respiratory frequency, presynaptic
firing rates, and synaptic scale

In the previous sections, we show that cortical neurons respond
differentially to changes in presynaptic firing rate when simulated
M/T currents are modulated at 2 Hz (breathing) versus 8 Hz
(sniffing) frequencies. We also show that both simulated respira-
tion frequency and short-term plasticity contribute to cortical
responses. However, it remains to be determined how synaptic

<«

(right) sinusoidal rhythms for two different presynaptic FRs: 16 Hz (bottom trace) and 24 Hz (top
trace). Responses are shown for simulated population inputs scaled by facilitation-dominant (F)
synapses (reds). A2, Average firing rate cycle histograms for cortical neurons (n = 14) during 2
Hz (left) or 8 Hz (right) modulation. The peak, phase-locked, cortical FR in the 8 Hz case was
significantly greater in response to 24 Hz versus 16 Hz presynaptic firing rates (**p << 0.01,
paired ¢ test). The peak cortical firing rate did not differ during 2 Hz rhythms for presynaptic
firing rates between 16 and 24 Hz. B1, B2, Asin A7 and A2 but for facilitating-depressing (FD)
synapses (greens). (7, 2, Asin AT and A2 but for depression-dominant (D) synapses (blues).
Error bars indicate SEM.
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between the 2 and 8 Hz cases. Error bars indicate = SE.

plasticity contributes to saturating current slopes and, conse-
quently, invariant phase-locked cortical firing rates during 2 Hz
but not 8 Hz rhythms. This phenomenon occurs for all synapse
types, so it is unlikely that facilitation, which is only expressed in
Fand FD synapses, is the primary cause. For this reason, we focus
on a role for short-term depression in mediating saturating cor-
tical responses during 2 Hz modulations.

In general, as presynaptic firing rate increases, more synaptic
efficacy is used (u) and there is less recovery of the remainder (r)
between pulses (Fig. 1D, yellow highlight). This enhanced de-
pression decreases overall synaptic scale and could counter the
increases in synaptic drive produced by higher presynaptic M/T

Summary of cortical spike responses to simulated M/T population currents. 4, The peak, phase-locked, cortical FRs for
all presynaptic firing rates. Peak FR significantly differed between 2 Hz (solid circles) and 8 Hz modulations (open circles; **p <
0.01, paired t test). The relationship between peak FR and presynaptic FR was linear in the 8 Hz case (R > 0.85) but saturating in
the 2 Hz case (exponential fit, X % 0.12—0.29). This was true for all synapse types: F synapses, red (A1); FD synapses, green (42); D
synapses, blue (43). BT, In both the 2 Hz (left) and 8 Hz (right) cases, F synapses drove cortical responses with higher peak FRs than
FD or D synapses (**p << 0.01, paired t test). B2, The range of peak cortical FR was greatest for F synapses during 2 Hz rhythms and
for F and FD synapses during 8 Hz rhythms (F, red bars; FD, green bars; D, blue bars; *p << 0.05, **p << 0.01, paired ¢ test; range,
cortical FR for the highest presynaptic FR minus the cortical FR for the lowest presynaptic FR). (, The mean FRs increased with
presynaptic rate but did not differ for 2 Hz (solid circles) versus 8 Hz (open circles) modulations, F synapses (€T), FD synapses (€2),
Dsynapses (€3). D1, In both the 2 Hz (left) and 8 Hz (right) cases, F and FD synapses drove cortical responses with higher mean FRs
than D synapses (**p << 0.01, paired t test). D2, The range of mean cortical FRs was greatest for facilitation-dominant synapses (F,
red bars; **p << 0.01, paired t test) (Tables 2, 3). Forall synapse types, the range of mean firing rates did not significantly (n.s.) differ

the 2 Hz case. Since the majority of M/T
inputs arrive before synaptic scale is mini-
mized, these inputs escape substantial de-
pression and ultimately drive cortical spike
responses that can code increases in presyn-
aptic M/T firing rates.

In rodents, respiratory frequencies
vary from 1 to 12 Hz, so we explored the
temporal relationship between M/T
spikes and synaptic scale over a range of
simulated respiratory rhythms. At modu-
lation frequencies consistent with passive
respiration (1-4 Hz), we found that the
phase difference between the trough of the
synaptic scale and the peak presynaptic
firing rate is small (A¢ = 0.277). This suggests a substantial tem-
poral overlap between presynaptic spiking and the recruitment
of depression that can counter increases in firing rate. How-
ever, the phase difference substantially increases (A¢ = 0.4—
0.677) in a nearly step-like fashion with the transition to sniff-
like, modulation frequencies (=5 Hz; Fig. 7B, yellow box).
This phase difference increases the probability that presynap-
tic spikes will drive cortical responses before depression is
recruited. These results suggest that the transition from pas-
sive respiration to active sniffing creates a window of oppor-
tunity for M/T inputs to drive cortical responses that code
stimulus information in phase-locked firing rates.
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Cortical responses to simulated M/T burst firing delivered at
2 Hz versus 8 Hz rhythms
In the previous sections, sinusoidal modulations of presynaptic
firing rate provide an intuitive explanation for how the interac-
tions between the timescales of respiratory rhythms and short-
term synaptic plasticity might influence cortical coding. We
questioned whether these observations would be maintained in
response to more realistic, burst-like, M/T firing patterns re-
corded in vivo. Based on cycle histograms of M/T firing rates
recorded during passive respiration (Carey and Wachowiak,
2011) and active sniffing (Cury and Uchida, 2010) in vivo, we
created two galleries of firing patterns that simulated the “bursty”
spike trains of M/T cells when odors are sampled at 2 Hz (Fig.
8A1) or 8 Hz (Fig. 8 BI). For each population current stimulus,
we randomly chose 20 patterns from a given gallery and jittered
the onset of each pattern by 10 = 5 ms. This ensured that the
population of simulated M/T spikes tiled the respiratory cycle
(Fig. 8 A2,B2) as previously described (Cury and Uchida, 2010;
Shusterman et al., 2011). These patterns were scaled by three
different peak firing rates with means of 150, 200, or 250 Hz
(SD = 50 Hz). We then used these patterns to drive Poisson
distributed spike times (see Materials and Methods). The result-
ing spike trains were convolved with a function currents that
were scaled by synaptic plasticity as previously described. Finally,
the summed population currents were injected at the somas of
cortical pyramidal cells (n = 5).

The characteristics of these stimuli and the elicited cortical
responses were very similar to those described previously for si-
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Figure7. Relationship between simulated respiration frequency, M/T spike times, and syn-
aptic plasticity. A, Phase relationship between presynaptic FRs and synaptic scale over the
simulated respiratory cycle. Cycle time was normalized to phase (¢b) between 0 and 277, and
Ad was the phase difference between the trough of the synaptic scale and the peak, presyn-
aptic firing rate. The presynaptic firing rates (black) and synaptic scale for all synapse types (F,
red; FD, green; D, blue) were normalized between 0 and 1. A7, In the 2 Hz case, synaptic scale
decreases as presynaptic rate increases, and there is a small phase difference (A = 0.277;
vertical dashed lines) between the peak firing rate and trough of the synaptic scale. When firing
rateis maximal (1), scale is nearly minimal (~0.10; horizontal dashed line). A2, In the 8 Hz case,
both synaptic scale and presynaptic rate peak early in the cycle with phase difference, A¢p =
0.6 (vertical dashed lines). When firing rates peak, synaptic scale is ~0.5 (horizontal dashed
line). B, Phase difference (A b) between synaptic scale and presynapticfiring rate for simulated
respiration modulation frequencies between 1and 10 Hz. At simulated sniff frequencies (>5
Hz; yellow box), there is a step-like increase in A¢p.

nusoidally modulated firing rates. The peak cortical FR of the
cycle histograms did not vary with presynaptic rate during 2 Hz
rhythms but increased during 8 Hz rhythms (Fig. 8 A4,B4,CI-
C3). Indeed, for all synapse types, the differences in peak cortical
FR observed with sinusoidally modulated inputs delivered at 2 Hz
versus 8 Hz, appear amplified by the use of realistic M/T firing
patterns (Fig. 8CI-C3). Moreover, facilitation greatly enhanced
the gain of these input—output relationships. As we have shown
previously, the slope of the average current across cycles saturated
with increasing presynaptic rate for all synapse types during 2 Hz
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cycles (Fig. 8 A3,D1) but increased with presynaptic rate during 8
Hz cycles (Fig. 8 B3,D2). Furthermore, in the 2 Hz case, synaptic
scale, which is minimized when presynaptic spike rates are max-
imized (A¢ = 0mr; Fig. 8 E1, dashed line), can directly counteract
changes in presynaptic activity. In the 8 Hz case, the recruitment
of depression is delayed (A¢ = 0.47r; Fig. 8 E2, dashed lines) with
respect to presynaptic spiking, creating a window of opportunity
to drive cortical responses. Together, these results suggest that
short-term synaptic plasticity can modulate cortical responses
recorded in vivo during passive respiration or active sniffing.

Discussion

In this study, we investigated the interaction between behavioral
and synaptic timescales that influence cortical activation and
stimulus coding in the mouse olfactory system. The transition
from passive breathing (1-4 Hz) to active sniffing (5-12 Hz) is a
critical olfactory behavior, yet the influence of sniffing on the
activation of cortical neurons during odor coding has not been
fully elucidated. We have identified multiple timescales for short-
term facilitation and depression at synapses between mitral/
tufted cells and excitatory cortical neurons. We have shown that
interactions between the timing of short-term synaptic depres-
sion and simulated respiratory rhythms produce significant dif-
ferences in the cortical firing rates during 2 Hz (breathing) versus
8 Hz (sniffing) modulations. Specifically, during 8 Hz modula-
tions, increases in presynaptic activity are coded by increases in
the phase-locked firing rates of cortical neurons. This contrasts
with saturating, phase-locked firing rates during 2 Hz modula-
tions. We also show that the gain of these responses is modulated
by short-term facilitation. Together, our results suggest that the
differential recruitment of short-term plasticity by transitioning
from passive breathing to active sniffing shapes the transfer
and coding of odor information between the olfactory bulb
and cortex.

Respiratory rhythms, short-term depression, and cortical
coding

Previous studies have suggested that short-term facilitation and
depression may contribute to the differential response properties
of semilunar versus pyramidal cells (Suzuki and Bekkers, 2006,
2011). Here, we suggest a new function in which short-term syn-
aptic depression interacts with timescales of respiratory rhythms
to alter cortical coding. For slow respiratory rhythms (<4 Hz),
the temporal overlap between presynaptic spike times and the
recruitment of depression produces cortical spike responses that
saturate with changes in presynaptic firing rate. During high-
frequency, sniff-like rhythms (>5 Hz), presynaptic spikes occur
early in the cycle when synaptic depression is relatively weak. This
creates a window of opportunity when changes in presynaptic
rate can be coded by phase-locked cortical firing rates before
depression is maximally recruited. Moreover, since all synapse
types (F, FD, and D) express depression, the mechanism by which
cortical responses are modulated by increases in respiratory
rhythm may be common to pyramidal and semilunar cells.

In our sinusoidally modulated model, presynaptic spike tim-
ing relative to the respiratory cycle changes with increases in fir-
ing rate and simulated respiration frequency. These changes in
spike timing contribute to the slope of the population currents
that drive phase-locked spikes in cortical neurons during sniff-
like rhythms. Although M/T spike timing relative to the respira-
tory cycle changes with odor concentration and firing rate in vivo
(Cang and Isaacson, 2003; Carey and Wachowiak, 2011), the im-
pact of respiratory frequency on spike timing remains unre-
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Figure 8. Cortical responses to simulated, burst-like M/T inputs. A7, Samples from a gallery of burst-like PSTHs based on M/T cells recorded in vivo during 2 Hz respiratory rhythms (Carey and

Wachowiak, 2011). A2, Twenty cycle histograms that were randomly drawn from the gallery and scaled to a peak FR of 200 == 50 Hz. The onsets were jittered 10 == 5 ms. A3, Cycle triggered average
of the population current for FD synapses driven at presynaptic rates of 150 Hz (light green), 200 Hz (green), and 250 Hz (dark green). A4, Cycle histograms of cortical firing rates in response to the
population stimuli for the different presynaptic firing rates, 150 Hz (light green), 200 Hz (green), and 250 Hz (dark green). B1—B4, Same as in AT—-A4 except the modulation frequency was 8 Hz, and
the PSTH gallery was based on in vivo recordings during sniffing (Cury and Uchida, 2010). C, The peak, phase-locked, cortical firing rates for all presynaptic firing rates were greater and increased with
presynaptic rate in response to 8 Hz rhythms (open circles) versus saturating responses during 2 Hz rhythms (solid circles): F synapses, red (C7); FD synapses, green (€2); D synapses, blue (€3). Error
bars indicate SEM. D, The slope of the rising phase of the cycle triggered average of the population current for each presynaptic rate. For all synapse types—F synapses (red), FD synapses (green),
and D synapses (blue)—the relationship between slope and presynaptic rate saturated in the 2 Hz case (D1, closed circles) but increased in the 8 Hz case (D2, open circles). E, Phase relationship
between presynaptic FRs (black) and synaptic scale (shown for FD synapse; green) over the simulated respiratory cycle. Cycle time was normalized to phase (¢b) between 0 and 2. ET, Two hertz

rhythm. E2, Eight hertz rhythm.

solved. It has been shown that the phase of M/T spiking does scale
with respiration frequency during repetitive sniffing (Carey and
Wachowiak, 2011; Shusterman et al., 2011). However, it has also
been shown that, on the first respiratory cycle of an odor re-
sponse, absolute spike timing relative to the onset of inspiration
does not differ for breathing versus sniffing frequencies (Cury
and Uchida, 2010; Carey and Wachowiak, 2011). Nonetheless,
when our model incorporated realistic M/T firing patterns based
on recordings during breathing (Carey and Wachowiak, 2011)
and sniffing (Cury and Uchida, 2010), differential cortical coding
with respiratory frequency is maintained. This suggests that the
timescales of synaptic plasticity and respiration can play an im-
portant role in how cortical neurons code increases in bulbar

activity in vivo. Future studies in awake animals that investigate
the coding of changes in odor features by M/T and cortical neu-
rons at different respiration frequencies will be essential to verify
these predictions.

Short-term facilitation at M/T-to-cortical neuron synapses

We have classified three types of synaptic input between M/T
neurons and cortical principal cells that differ in their expression
of short-term facilitation and depression. All synaptic inputs ex-
pressed frequency-dependent depression; however, only two
types expressed facilitation. Consistent with previous studies, fa-
cilitating inputs were biased toward bursting, pyramidal neurons,
while regular-spiking semilunar neurons received solely depress-
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ing input (Bower and Haberly, 1986; Hasselmo and Bower, 1990;
Suzuki and Bekkers, 2006, 2011). However, we found that facili-
tating inputs could be further classified as strongly facilitating, F
synapses, or moderately facilitating, FD synapses. The time con-
stants for facilitation and depression of these two types of syn-
apses differed significantly and produced dramatically different
cortical responses.

Our results suggest that the functional impact of facilitation in
LOT inputs may distribute along a continuum that depends on
the balance facilitation and depression. Although synapses that
expressed facilitation (F, FD) were initially weaker in amplitude
than solely depressing synapses, population currents generated
by F synapses resulted in the highest cortical firing rates and the
greatest range of rates to represent presynaptic activity. Currents
composed of FD synapses evoked midrange cortical responses,
while D synapses produced the lowest firing rates and the nar-
rowest range of responses. Thus, the degree of facilitation in LOT
synapses may play an important role in enhancing the gain of the
cortical input/output relationship and/or broadening the range
of cortical responses (Abbott et al., 1997).

The range of synaptic responses we observe highlights the fact
that the mechanism of target-dependent, short-term plasticity at
the M/T to cortex synapses is currently unknown. One possibility
is that single M/T axons make different types of synaptic connec-
tions depending on the identity of the postsynaptic cell as in other
cortical areas (Markram et al., 1998; Reyes et al., 1998). Alterna-
tively, mitral or tufted cells may preferentially target one type of
principal neuron or cortical area (Nagayama et al., 2010). A third
possibility is that cortical neurons receive a mix of inputs that
vary in amplitude (Franks and Isaacson, 2006) and balance of
facilitation or depression. Although our use of minimal stimula-
tion aims to activate just one or a few axons, this third possibility
cannot be entirely ruled out. Future studies that focus on the
anatomical and functional specificity of connections between the
olfactory bulb and the cortex are essential to resolve this issue.

Potential interactions between LOT inputs and

cortical circuitry

Cortical activation by dynamic LOT synapses is likely further
modulated by feedforward inhibition (Luna and Schoppa, 2008;
Poo and Isaacson, 2009; Stokes and Isaacson, 2010). Previous
studies of synaptic plasticity at afferent synapses have blocked
inhibition to isolate excitatory responses (Franks and Isaacson,
2006; Suzuki and Bekkers, 2006, 2011). We chose to keep inhibi-
tion intact and therefore cannot rule out the possibility that re-
cruitment of feedforward inhibition contributes to the plasticity
dynamics we observe. We routinely depolarized the cortical neu-
rons to ensure that the PSPs did not reverse and were thus pre-
dominantly excitatory. In some neurons, LOT stimulation
yielded EPSPs followed or obscured by strong inhibitory PSPs
(Luna and Schoppa, 2008). These neurons were not included in
our analyses. Nonetheless, given that LOT synapses onto L1 in-
terneurons also depress (Stokes and Isaacson, 2010), the mecha-
nisms described for differential phase-locked responses with
respiratory frequency in excitatory neurons may also apply to
spike activity in these inhibitory neurons. Moreover, the time lag
between the recruitment of excitation and inhibition (Luna and
Schoppa, 2008; Poo and Isaacson, 2009; Stokes and Isaacson,
2010) may further enhance cortical phase locking during high-
frequency respiration. Finally, the recruitment of inhibition may
counter or enhance the changes in gain mediated by the different
types of facilitation at excitatory synapses (Mitchell and Silver,
2003; Arevian et al., 2008; Ferrante et al., 2009). Our study serves
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as a starting point for predictions about how synaptic plasticity at
LOT synapses influences cortical responses. As more information
becomes available, our model could be amended to include in-
teractions between respiratory frequency and the timescales of
feedforward inhibition and/or recurrent cortical circuits.

Sniffing behavior and cortical coding

Once an odor is detected, animals can often make learned dis-
criminations or alter behavior in one or two sniffs (~150-200
ms) (Uchida and Mainen, 2003; Kepecs et al., 2007; Wesson et al.,
2008a), suggesting a short temporal window for cortical process-
ing before changes in behavior (Wesson et al., 2008a). We have
shown that the combination of sniff frequency and the recruit-
ment of short-term plasticity create a narrow window of oppor-
tunity for phase-locked cortical responses to code changes in
stimulus intensity. Such phase-locked codes may be advanta-
geous over mean rate codes when integration times for odor eval-
uation are short. Another interesting possibility is that increased
phase-locked activity across the cortical population enhances
spike time correlations or oscillatory activity during sniffing. It is
not yet known how cortical ensembles code olfactory informa-
tion during sniffing, and it is clear that additional studies in
awake, behaving animals are required. Nonetheless, this study
makes new predictions about how behavioral timescales may in-
teract with synaptic mechanisms to influence cortical coding dur-
ing sensory processing.
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