584 - The Journal of Neuroscience, January 23,2019 - 39(4):584 -595

Cellular/Molecular

Coincidence Detection within the Excitable Rat Olfactory
Bulb Granule Cell Spines

S. Sara Aghvami,'> Max Miiller,> “Babak N. Araabi,' and ““Veronica Egger>
1School of Electrical and Computer Engineering, University of Tehran, 14395-515 Tehran, Iran, and 2Neurophysiology, Institute of Zoology, Universitat
Regensburg, 93040 Regensburg, Germany

In the mammalian olfactory bulb, the inhibitory axonless granule cells (GCs) feature reciprocal synapses that interconnect them with the
principal neurons of the bulb, mitral, and tufted cells. These synapses are located within large excitable spines that can generate local
action potentials (APs) upon synaptic input (“spine spike”). Moreover, GCs can fire global APs that propagate throughout the dendrite.
Strikingly, local postsynaptic Ca>* entry summates mostly linearly with Ca®" entry due to coincident global APs generated by glomer-
ular stimulation, although some underlying conductances should be inactivated. We investigated this phenomenon by constructing a
compartmental GC model to simulate the pairing of local and global signals as a function of their temporal separation At. These
simulations yield strongly sublinear summation of spine Ca>" entry for the case of perfect coincidence At = 0 ms. Summation efficiency
(SE) sharply rises for both positive and negative At. The SE reduction for coincident signals depends on the presence of voltage-gated Na ™
channels in the spine head, while NMDARs are not essential. We experimentally validated the simulated SE in slices of juvenile rat brain
(both sexes) by pairing two-photon uncaging of glutamate at spines and APs evoked by somatic current injection at various intervals At
while imaging spine Ca*" signals. Finally, the latencies of synaptically evoked global APs and EPSPs were found to correspond to At ~ 10
ms, explaining the observed approximately linear summation of synapticlocal and global signals. Our results provide additional evidence

for the existence of the GC spine spike.
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ignificance Statement

Here we investigate the interaction oflocal synaptic inputs and global activation of a neuron by a backpropagating action potential
within a dendritic spine with respect to local Ca** signaling. Our system of interest, the reciprocal spine of the olfactory bulb
granule cell, is known to feature a special processing mode, namely, a synaptically triggered action potential that is restricted to the
spine head. Therefore, coincidence detection oflocal and global signals follows different rules than in more conventional synapses.
We unravel these rules using both simulations and experiments and find that signals coincident within ~=*7 ms around 0 ms
result in sublinear summation of Ca®" entry because of synaptic activation of voltage-gated Na * channels within the spine.

~

Introduction

Within the dendrites of most types of neurons, backpropagating
action potentials (bAPs) can influence the processing of incom-
ing synaptic inputs. In neuron types where backpropagation is
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supported by active conductances in the dendrite, bAPs provide a
substantial depolarization of both the proximal and more distal
dendritic membrane, resulting in opening of voltage-gated Na ¥,
K™, and Ca®" conductances (Na,, K,, Ca,) (Waters et al., 2005).
Considerable backpropagation is reported from cortical and hip-
pocampal pyramidal neuron dendrites (Stuart et al., 1997) and is
particularly efficient in dendrites that release transmitter, includ-
ing those of olfactory bulb (OB) mitral and granule cells (GCs)
(Xiong and Chen, 2002; Egger et al., 2003).

If such bAPs now coincide with incoming synaptic input
within a dendritic spine, supralinear summation of the respective
Ca** signals has been observed in both excitatory pyramidal cells
and inhibitory interneurons (e.g., Yuste and Denk, 1995; Koester
and Sakmann, 1998; Camiré and Topolnik, 2014). This supralin-
earity has been linked to a lift of the Mg>* block of the NMDAR
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Figure1.

Summation of local synapticinputs and global APs evoked by glomerular stimulation is mostly supralinear. A, Schematic depiction of experiment and example of individual experiment.

Left, Stimulation of mitral cells via glomerular stimulation electrode, whole-cell recording of responses (EPSPs, APs) from GC, which is filled with Ca>* -sensitive dye via the patch pipette to allow
for two-photon imaging of synaptic responses in individual spines. Right, bottom, V/, recording from GC soma with similar stimulation strength: EPSP or AP. Middle and top right, Fluorescence
transients (line scans) across spine and adjacent dendrite. Four types of responses: 00, no substantial ACa®" in spine or dendrite; 10, ACa2 limited to spine; 01, similar ACa®" in spine and
dendrite; 11, larger ACa® ™" in spine than in dendrite, ACa® " in dendrite similar to 01. Middle, Two-photon scan ofimaged spine and dendrite. B, The matrix of possible spine states with respect
to ACa®™" asinferred from the responses: 00, no local input, no AP; 10, local synaptic input to spine head; 01, global AP without local activation; 11, coincident global AP and local activation. The
associated ACa " is depicted as red intensity. €, Left, Cumulative scatter plot of n = 11 experiments. x axis represents arithmetic sum of spine AF/F amplitudes for AP and local input (10+01).
yaxis represents spine AF/F amplitudes for coincident activation 11. Right panel, SE (normalized amplitudes 11/(10+01)). Mean and individual values of coincident activation (c) compared with
arithmetic summation (as). Error bars indicate SD. *p << 0.05. A, Left, Scheme modified from Egger et al. (2005). Right, Modified from Egger (2008). C, Left, Reanalyzed from Egger (2008) with

additional data from two more spines.

by the bAP, facilitating Ca>" entry (e.g., Schiller et al., 1998; Yuste
et al., 1999; Nevian and Sakmann, 2004), which could be further
enhanced by a supralinearity in V,, that relies on additional Na,
activation during the coincidence of bAP and EPSP (Stuart and
Héusser, 2001) or on predepolarization by AMPARs due to elec-
trical compartmentalization of the spine head (Grunditz et al.,
2008). Overall, the degree of Ca®" signal supralinearity was
found to strongly depend on the temporal sequence of EPSP and
bAP.

In OB GC spines, we have consistently observed that local
synaptic Ca*" signals summate linearly or even supralinearly
with action potential (AP)-mediated global Ca*" signals (Fig. 1)
(Egger, 2008). Yet this observation is surprising in view of our
recent finding of a “spine spike” within the reciprocal GC spines,
where boosting by a high spine neck resistance allows AMPAR-
mediated depolarization to elicit a regular Na™-AP that is
restricted to the spine head and causes Ca®" entry via high-
voltage-activated Ca*" channels (HVACCs) (Bywalez et al.,
2015). Moreover, NMDARSs at this synapse are already relieved of
their Mg>* block by the AMPAR-mediated depolarization and

contribute substantially to postsynaptic Ca*" transients (Egger et
al., 2005; Bywalez et al., 2015).

Thus, several voltage-dependent conductances are shared be-
tween the global AP and the spine spike; therefore, coincident
signals would be expected to summate sublinearly. However, this
inference is based on the assumption that the two APs perfectly
coincide within the spine head. We hypothesized that sublinear
summation was obscured by a certain temporal offset between
the two spikes. Then what would be the minimal temporal
offset required to obtain linear summation? How about the
situation where the global AP precedes a local synaptic input
(anti-Hebbian pairing)?

To solve these issues, we first turned to simulations of the local
V,,and A[Ca**];in the spine because (1) experimental detection
of V,,, in the spine is not yet feasible; and (2) the various entangled
voltage-dependent mechanisms are difficult to dissociate in ex-
periments. The simulations were constrained by a substantial
body of previous work on endogenous Ca>" dynamics in GC
spines (Egger and Stroh, 2009), basic models of the spine spike
(Bywalez et al., 2015) and of backpropagating APs in GC den-
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drites (Ona-Jodar et al., 2017), somatic A
voltage recordings of EPSPs and APs, and
also GC Ca”" signals in spines and den-
drites following local synaptic inputs and
global APs (Egger et al., 2003, 2005; Egger,
2008; Stroh et al., 2012). In addition, we
could draw on recordings of GC Ca*"
currents to further constrain Ca>* chan-
nel kinetics.

To test the predictive power of these
simulations, we performed another set of
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NEURON model (Bywalez et al., 2015, their
Supplemental data). The current model is con-
strained by a larger set of experimental data
and did not involve a large-scale parameter
scan. The model was used to predict summa-
tion efficiency (SE) of local and global signals
in the spine head and then validated by a set of
pairing experiments.

The GC model is constructed by connecting
a series of compartments for the soma, one
dendritic branch, and one spine consisting of
neck and spine head. Figure 2A illustrates the
main incorporated ion conductances for Ca?t,
Na™*,and K * and sequestration mechanisms for Ca>*. The intracellular
Ca** dynamics is governed by radial and longitudinal diffusion, extru-
sion, and the endogenous buffering capacity, with the dye OGB-1 in-
cluded as an exogenous buffering capacity. To render simulations
amenable to direct comparison with imaging data, the momentary intra-
cellular concentration [Ca2+],~(t) is then translated to fluorescence
changes (AF/F)(t) using the mapping described further below. The
model is then implemented with NEURON (Release 7.4) (Carnevale and
Hines, 2006) along with Python (Hines et al., 2009). The source code for
the model can be found at http://senselab.med.yale.edu/ModelDB as
model entry 244687.

Figure 2B shows the simulations of the two individual stimuli. Local
synaptic inputs are mimicked by a glutamate pulse of 1 mm concentra-
tion for 3 ms (Bywalez etal., 2015). Global somatically evoked APs (sAPs)
are generated via a somatic current step of 1 nA for 3 ms.

The model replicates the following kinetics and dynamics based on
previous experimental results (all obtained at room temperature 21°C—
22°C, model temperature 22°C):

0l .

Figure 2.

dendrite.

e somatic V,: resting V., —85 mV and kinetics and amplitude of EPSP
and sAP (Egger et al., 2003, 2005);

e proper electrical isolation of the spine: local Na*-AP following
AMPAR-mediated depolarization, large spine neck resistance (By-
walez et al., 2015);

e Ca’" dynamics: amount of absolute Ca** entry during sAP in the
spine and the parent dendrite, endogenous buffering capacity, and
extrusion rate (Egger and Stroh, 2009);

e kinetics and amplitude of (AF/F),,,, and (AF/F),,p in the spine and in
the adjacent dendrite (Egger et al., 2003, 2005);

e relative contributions of Ca?* sources (NMDAR, T-type CC,
HVACC) to (AF/F),p and (AF/F),,,, (Egger et al., 2003, 2005; By-
walez et al., 2015);
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Simulation methods 1. NEURON model and simulation of individual events. A, Schematic depiction of essential
features of the model (ion conductances and Ca* sequestration in spine and dendrite, neck resistance Ry,). B, Simulated individ-
ual signals. Left, The synaptic input mimicked by pulse of glutamate. Right, sAP. Top, Stimulus and spine and somatic membrane
potential. For the synapticinput, a spine spike is evoked in the spine head that does not propagate into the adjacent dendrite and
also notto the soma (gray trace), whereas V,, (¢) isidentical in spine and soma for the sAP; therefore, the somatic response s hidden
by the spine response. Middle, Associated Ca®* currents in spine head. Bottom, Changes in intracellular Ca2™ and associated
fluorescence transients in spine and adjacent dendrite (gray trace). For the spine spike, there is no detectable transient in the

e deactivation kinetics of high- and low-voltage-activated Ca®" chan-
nels in GCs as measured at the soma.

The model does not attempt to fully represent current knowledge on
GC electrical and Ca*" signaling but only contains those elements with
sufficient experimental evidence and plausible involvement in coinci-
dent signaling. For example, it does not contain various subtypes of K,
channels, metabotropic glutamate receptors, transient receptor potential
canonical (TRPC) channels, and Ca>" release from internal stores.

Detailed description of the model. Passive properties of the cylindrical
compartments are C, = 1 uF/cm? R, = 5000 Qlcm?, R; = 200 Qcm. The
dimensions of the somatic compartment are length L = 10 um and
diameter d = 10 wm. The total length of the dendrite is 260 wm, consist-
ing of 26 sections, which taper from the initial diameter of d = 2.35 um
tod = 1.7 wm over the first 100 wm, where the first spine is placed, and
then continue until d = 1.2 wm for the last dendritic section, as in
Ona-Jodar et al. (2017).

The dimensions of the spine head compartmentare L = 1 um,d =1
pm and of the neck L = 2.5 um, d = 0.3 um (Woolfetal., 1991). Proper
isolation of the spine head from the parent dendrite is ensured by a
different value of the axial resistance within the spine neck section,
R neac = 4.9 kQdem, which yields a neck resistance value within the
previously predicted range: Ry = Rj near * /A = 1.7 GQ (A =7
(d2)? (Bywalez et al., 2015).

Transmembranal mechanisms for the dendrite and spine include
pumps for Ca®" with a density of 2e ~'' mol/cm?, Hodgkin-Huxley
models of Na* and K" channels (Migliore et al., 1995), and T-type Ca**
channels and HVACCs (Hemond et al., 2008). We chose an axonal Na *
channel model, with similar density in spine and dendrite, based on
(Nunes and Kuner, 2018). The total conductances are listed in Table 1.

The AMPARs and NMDARSs of the spine are represented by Markov
models with parameter settings as in Lester and Jahr (1992). A fraction of
4.25% of the NMDAR total conductance is assigned to Ca*" (Table 1) to
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Table 1. Model parameters: conductances and buffer properties’

Parameter, location Mechanism Value
.y SPine and dendrite Na, conductance density 0.5S/cm?
0y, Spine and dendrite K, conductance density 0.015/cm?
Griype SPINE T-type Ca®" conductance density 0.00015 S/cm?
Greype dendrite T-type Ca®* conductance density 0.0003 S/cm?
Guyacc Spine HVA Ca?* conductance density 0.0004 S/cm?
Guuacc dendrite HVA Ca?* conductance density 0.0005 S/cm?
Uampa Synaptic AMPA receptor conductance 2000 pS
Jyupa (total) Synaptic NMDA receptor conductance 400 pS
(all'ions)
Gwon (%) Synaptic NMDA receptor Ca® " 17pS
conductance
K, endogenous buffer 1000 (mmms) "
K, exogenous buffer Dye (0GB-1) 1000 (mmms) "
K, endogenous buffer Tms ™
K.« exogenous buffer Dye (0GB-1) 02ms !
4, Siemens.

match the experimental results, which lies within the same order of mag-
nitude as in the previous model (Bywalez et al., 2015).

Radial and longitudinal diffusion are modeled exactly as previously
described (Bywalez et al., 2015, their Fig. 5A and supplemental proce-
dures). Free and buffered Ca>" ions are diffusing within the cell, with a
diffusion coefficient of 0.6 wm*/ms. Endogenous and exogenous buffers
(dye) diffuse with similar rates (diffusion coefficients for buffer and Ca-
buffer complex are both 0.015 wm?/ms). The endogenous buffer is de-
fined as the fast buffer type from Markram et al. (1998) with a
concentration of 120 um and rates k_, k . that satisfy k; = 100 (Egger
and Stroh, 2009), while the exogenous buffer concentration and dissoci-
ation factor replicate those of OGB-1 in the experiment (100 um and
K4 = 200 nm). The detailed buffer settings are listed in Table 1.

Robustness tests. To evaluate the robustness of the model with respect
to the absolute values of SE and the relation between SE and pairing
interval, uniform random variations were applied to a set of parameter
values (Sobol, 2001) that were not strongly constrained by previous ex-
periments and/or are playing a dominant role for electrical compartmen-
talization. The selected parameters were the individual spine head
conductances for Ca?* (via HVA and T-type Ca?" channels and the
NMDAR, grype> 8rivace 8canmpa)s> the coupled spine head conduc-
tances of Na, and K, (gy.v/ky)> the spine head AMPAR conductance
gampar and the neck resistance Ry (via proportional changes in axial
neck resistance R; g see above). The variation amplitude was chosen
randomly between 50% and 200% of the nominal parameter value, and
the random variations were repeated 30 times for each parameter. If a
given random parameter variation failed to produce a full-blown spine
spike (such as the one shown in Fig. 2B, left column), SE was not evalu-
ated. Values too small for spine spike generation occurred for gy, kv
8ampar A Ryeqre

Properties of GC Ca,, channels. GCs have been reported to feature sub-
stantial amounts of both HVA and LVA (T-type) Ca?" conductances
(Egger et al., 2003; Isaacson and Vitten, 2003; Pinato and Midtgaard,
2003). Our HVA and T-type Ca, models are based on Hemond et al.
(2008). However, we noted that the deactivation kinetics of these models
were t00 slow (7;,, geaee = 16 ms for both), given that, for example, a
blockade of T-type channels did not affect the rise time of AP-evoked
Ca*" transients (AF/F),,, in GC dendrites and spines of ~15 ms (100
uM OGB-1) (Egger et al., 2003) and that deactivation of T-type channels
also appears fast in the examples shown in Isaacson and Vitten (2003). To
further constrain Ca, deactivation kinetics, we analyzed a small set of
own GC voltage-clamp experiments at room temperature where GCs
(n = 4 cells) were depolarized from a holding potential of V., = =70 mV
in AV = 10 mV steps up to 0 mV for either 3 or 200 ms, then returning to
—70mV, and Ca** currents were isolated via pharmacological blockade
of Na, and K|, channels and a CsMeSO,-based internal solution. Series
resistance was compensated for, and leak subtraction was performed. If
we assume that T-type channel activation is weak during the short depo-
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larizing pulse (at room temperature) (Blackmer et al., 2009), these ex-
periments yield upper limits for the deactivation half-time for HVACCs
of Ty/5_deact = 2.3 = 0.6 ms and for T-type channels of 7, /, e, = 8.1 %
1.4 ms. While these values do not necessarily reflect channel kinetics
within the GC spines (which might be difficult to clamp, especially for the
3 ms depolarization) (Beaulieu-Laroche and Harnett, 2018), our previ-
ous study on dendritic Ca*™ signals mediated by backpropagating APs
implies that HVA and T-type CCs are likely to be distributed across
spines and dendrites with similar densities and properties (Egger et al.,
2003).

Conversion of simulated ACa®" into AF/F signals. First, we aimed to
estimate the regimen within which experimental AF/F data can be used as
areliable readout for changes in [Ca** ], at a dye concentration of 100 um
OGB-1, including the larger range of AF/F in response to summating
inputs. We analyzed AF/F responses to saturating trains of APs at 50 Hz
(from Egger and Stroh, 2009) by comparing these (AF/F)5q,, responses
with arithmetically summated responses to single somatically evoked
APs (AF/F),p recorded at the same location (Fig. 3A). These fictive
linear responses were generated by first fitting the measured (AF/F),,, by
an exponential (AF/F) ,p (t) = A exp(—t/(7,, * In2), with 7,,, denoting
the half-duration of (AF/F),,, and A the maximal amplitude of (AF/
F),ap- Then these fits were summated at intervals of 20 ms, and the
resulting fictive linear response was overlaid with (AF/F)5,,,,. Responses
to trains roughly matched with the fictive linear response on average up
to 123 = 23% AF/F and strongly deviated from the fictive response for
larger responses (n = 11 locations in 5 GCs). Therefore, experiments
with AF/F responses > 125% were removed from the preexisting dataset
(Fig. 1C) and also rejected from our new dataset obtained with TPU (see
below). Our simulated summated AF/F signals do not overshoot this
saturation limit (AF/F values for individual signals sSAP = 30% and spine
spike = 40% AF/F, Fig. 2B; maximal summated signals thus < 90% AF/F;
for results, see Fig. 4B, C).

Because AF/F does not directly report A[Ca**]; but rather reflects
changes in the concentration of the complex [Ca-dye] and because the
affinity of OGB-1 is high (K =~ 200 nm), we next accounted for buffer
saturation already below the limit of 125% AF/F by simulating the in-
crease in [Ca-dye] during the AP train (Fig. 3B). To convert simulated
changes in [Ca*"]; in the presence of 100 um OGB-1 into fluorescence
changes within the regimen of up to 125% AF/F, we plotted the preexist-
ing data on absolute Ca** changes for the first SAP and the associated
AF/F changes in spines at this dye concentration and extrapolated these
data to the saturation limit established above, while correcting the AF/F
values for later APs in the train for the buffer saturation (Fig. 3C; for first
AP (AF/F) ,p = 30%, A[Ca®"]; = 45 nwm, basal free [Ca*"], = 50 nm
from Egger and Stroh (2009). The correction shows as negative deviation
of the conversion curve from a strictly linear increase. The data points
were fitted with a sigmoidal function; the maximal average AF/F value
was estimated as 220% from Egger and Stroh (2009) based on the esti-
mate of f,_given in Maravall et al. (2000, their Eq. 11).

Experiments: electrophysiology, TPU of glutamate, and pairing with sAP.
Preparation of acute OB brain slices from juvenile rats of either sex
(postnatal days 11-17, Wistar) was performed in accordance with the
rules laid down by the EC Council Directive (86/89/ECC) and German
animal welfare legislation. Recordings from GCs were achieved at room
temperature, as described previously (Egger et al., 2003). TPU of gluta-
mate and simultaneous two-photon Ca’" imaging at GC spines were
performed as described by Bywalez et al. (2015), with 100 um of the
Ca?*-indicator OGB-1 (Invitrogen) and 60 wMm of the red fluorescent dye
AlexaFluor-594 (Invitrogen) added to the internal solution (in mwm as
follows: 130 K-methylsulfate, 10 HEPES, 4 MgCl,, 2.5 Na,ATP, 0.4
NaGTP, 10 Na-phosphocreatine, 2 ascorbate, pH 7.3). and 1 mm DNI-
glutamate (Femtonics) to the bath ACSF (in mwm as follows: 125 NaCl, 26
NaHCO,1.25 NaH,PO,, 20 glucose, 2.5 KCl, 1 MgCl,, 2 CaCl,).

A step current injection was applied (1 ms, 1 nA) via the patch pipette
to evoke sAPs; TPU was performed within a time window of 0.5-1 ms at
a wavelength of 750 nm and a power of ~15 mW at the uncaging site
(Bywalezetal., 2015), whereas the two-photon imaging laser was set to an
excitation wavelength of 835 nm and a power of <<5 mW. Five different
protocols (TPU alone, sAP alone, pairing of TPU and sAP with an inter-
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Figure3.  Simulation methods 2. Conversion of Ca2* transients into fluorescence changes
under our experimental conditions (100 wum 0GB-1). A, Example analysis of AF/F responses to
single somatically evoked APs and AP trains (50 Hz) to estimate the saturation limit for the
reliable detection of absolute ACa" changes based on AF/F. (AF/F),,, was fitted with a
single exponential; the fit was then linearly summated and compared with (AF/F)g,,. The
saturation limit was chosen as the AF/F value above which the recorded signal would strongly
deviate from the summated fit. B, Simulation of concentration change of the Ca** -dye com-
plex during AP train based on Ky = 200 nu. The reduced increase, and therewith the reduction
in additional AF/F in response to later APs, was then applied to adjust the conversion in € from
a linear increase to a sublinear increase. €, Lookup table for conversion of ACa>* into AF/F,
used up to the mean saturation limit of 125% derived from A.

val between the respective stimulus onsets of At = —10, 0, and +10 ms)
were interleaved at random, with interstimulation intervals = 60 s. In
most experiments, 3 individual stimulations were recorded per protocol
and the responses were averaged. A larger number of stimulations, as
would be desirable to fully detect the variance across responses for a given
protocol (n = 5 per protocol, as established in the course of our previous
studies) (Egger et al., 2005; Bywalez et al., 2015) and to perform pharma-
cological manipulations, often caused an increase of the basal fluores-
cence signal F, and therewith a degradation of AF/F.

The neck length of spines was estimated as described previously
(Bywalez et al., 2015, supplemental experimental procedure).

Reanalysis of synaptic dataset on coincidence detection. The dataset
based on synaptic inputs via glomerular stimulation was corrected for
contributions from low-threshold Ca** spikes, which occurred in some
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of these experiments because of the stimulation of multiple synaptic
inputs (LTS, first described by Egger et al., 2005, correction for 6 of 11
spines in the dataset). This procedure was necessary to isolate the sum-
mation of purely local signals and APs because, otherwise, the global
activation of T-type channels during the synaptically evoked LTS would
count toward both the 10 and the 01 AF/F signals; thus, the SE would be
underestimated compared with the SE of purely local signals, which we
are investigating in the TPU dataset in this study. The criterion for the
presence of an LTS in the 10 case was a substantial dendritic AF/F > 10%,
which was never observed for purely local spine activation during spon-
taneous inputs or TPU-evoked local activation (Egger et al., 2003; By-
walez et al., 2015). For these spines, we subtracted two-thirds of the
dendritic (AF/F); s from the spine’s (AF/F) .. This estimate of extra
T-type channel contribution is based on our previous findings that, on
average, (AF/F), 1 is identical across spine and dendrite and has a mean
value of ~25%, and purely local synaptic signals are entirely localized to
the spine head, with an average contribution of T-type channels on the
order of 0.29 of the total average 40% (AF/F)Syn (Egger et al., 2005), so
there is ~10% AF/F contributed from the local spine spike, which leaves
15% or approximately two-thirds of (AF/F)LTS for the extra LTS
contribution.

Experimental design and statistical analyses. All mean values are
given = SD. Comparisons between datasets are always made using non-
parametric directional tests, either the Wilcoxon test for paired samples
(e.g., for comparing responses to different stimulation protocols in the
same spine) or the Mann—Whitney test for nonpaired samples (e.g.,
for comparing Ca>* signals evoked by synaptic stimulation and un-
caging in different spines).

Results

Summation of synaptic and global AP signals in response to
glomerular stimulation

We reinvestigated synaptic GC spine Ca>" transients in response
to glomerular stimulation of mitral and tufted cells (MTCs) at the
threshold between EPSP and global AP (Fig. 1, part of dataset
previously published by Egger, 2008). In the glomerular stimula-
tion paradigm, an extracellular electrode is placed within a glom-
erulus to stimulate the highly excitable MTC apical dendrites
(Fig. 1A), ensuring a specific activation of MTC inputs to GCs
(Schoppa et al., 1998).

Because of the stochastic nature of synaptic transmission at
this synapse with an average release probability of 0.5 (Egger et
al., 2005), we encountered four types of responses in a subset of
active spines, 2 each for EPSP and AP (Fig. 1 A, B): (1) EPSP 00, no
ACa*™ at all, corresponding to a failure; (2) EPSP 10, ACa*" in
the spine head but not in the dendrite, reporting local synaptic
input (see also Egger et al., 2005); (3) AP 01, similar ACa** in
spine and dendrite reporting a globally propagating AP (see also
Egger et al., 2003); and (4) AP 11, substantially larger ACa*" in
spine than in dendrite and ACa*" in dendrite similar to the 01
case, reporting the coincidence between local input and global AP
in the spine.

To precisely detect the degree of summation of synaptic in-
puts and global AP signals in these coincidence experiments, we
reanalyzed these data and dismissed experiments with large
(AF/F) signals where the Ca**-sensitive dye could have been
overly saturated (for establishment of quasi-linear regimen, see
Materials and Methods). We also integrated additional experi-
ments that were not yet available in the previous study and cor-
rected the dataset for contributions from low-threshold Ca**
spikes (Egger et al., 2005) to isolate the summation of purely local
signals and global APs (see Materials and Methods for rationale
and correction procedure).

The cumulative result is shown in Figure 1C (n = 11 spines,
with a mean distance from the soma of 65 = 49 um), with the
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Simulated pairing of spine spike and global AP at various time intervals At predicts SE. A, Simulation of ¥/, at the spine head for spine spike and somatically evoked AP at various pairing

intervals At. Negative At corresponds to the sAP preceding the spine spike; positive At corresponds to the spine spike preceding the sAP. Atis the difference between the respective stimulus onsets,
whereas At’ denotes At corrected for the offset between the two peaks (top right). B, Simulations of AF/F for various timing intervals At and comparison with the arithmetic sum of the individual

responses from Figure 2 spaced by the same At. (, SE, the maximal AF/F amplitude for each pairing
(At
the two spike peaks At

peaks*

divided by the maximal AF/F for the corresponding arithmetic sum, versus pairing interval At”

= At —2.2ms, corrected for the offset between the individual spikes). Inset, Magnification of the Atinterval between — 10 msand 10 ms. D, Effect of pairing on actual time interval between
Top, Simulated V,, at the spine head. Black line indicates spine spike simulation alone. Colored lines indicate pairing at the denoted At intervals (ms). Bottom, Deviation

dt from the setinterval At’, depending on At’. For increasingly negative intervals, there is first repulsion and then attraction.

individual signals underlying the arithmetic sum of a mean (AF/
F)gyn = (AF/F);o = 36 = 17% and a mean (AF/F)yzp = (AF/F)g, =
29 * 10%, whereas the mean response to coincident signals was
(AF/F)WH&glAP (AF/F);, = 73 = 17%. Coincidence resulted, on
average, in slightly supralinear summation. Summation of Ca*"
signals is evaluated in terms of SE, which here is defined as the
maximal amplitude detected for the paired stimulation divided
by the arithmetic sum of the two individual responses at the same
interval At. Thus, SE < 1 corresponds to sublinear summation,
and SE > 1 corresponds to supralinear summation. For the de-
scribed experiments, we obtained a mean SE = (11/(10 + 01)) =
1.15 %+ 0.21 (median 1.21, with p = 0.017 vs SE = 1.00, Wilcoxon
test). While supralinearity in itself is rather weak compared with,
for example, the supralinearity observed for Hebbian EPSP-AP
pairings at spines in other neuron types (e.g., SE > 1.5 in Nevian
and Sakmann, 2004), the main conclusion here is that SE is not
sublinear, contrary to what would be predicted based on the spine
spike phenomenon (see also Introduction). If no correction for
contributions of the LTS to (AF/F),,, is made, the result is mostly

syn

linear and also clearly not sublinear (mean SE = 1.08 = 0.22,p =
0.14 vs SE = 1.00).

Thus, we hypothesized that, in the above experiment, the
spine spike and the global AP must occur with a substantial tem-
poral offset to allow for the deinactivation of the involved
voltage-gated conductances. We next turned to simulations to
explore the relation between SE and the pairing interval At be-
tween the spikes (for a detailed description of the modeling ap-
proach, see Materials and Methods).

Simulation of V,,, and AF/F for paired local and global spikes
with variable pairing interval At

Figure 4 shows simulations for various pairing intervals At. Here
At denotes the interval between the respective stimulation onsets,
in accordance with previous literature (e.g., Nevian and Sak-
mann, 2004). However, for the purpose of describing coinci-
dence detection within a GC spine, a measurement of At as the
interval between the peaks of the sAP and the spine spike would
be more exact because it is this interval that determines the
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As expected, the summation of sAP-
and spine spike-mediated Ca®" signals
was substantially sublinear with an SE
<C0.75 within a regimen from —7 ms to
+6 ms (i.e., a range of =~ 15 ms). The
smallest SE value was found as 0.50 for At’
~ —6 ms. For larger absolute pairing in-
tervals, the SE rose to at least 1.0. Between
At" = —8 ms and At’ = —7 ms, the sim-
ulated SE dropped in an almost step-like
fashion. This sudden step also persisted for more closely spaced
simulations using 0.1 ms steps (data not shown). In the positive or
Hebbian direction, SE rose more steeply than in the negative direc-
tion and reached its maximal value of 1.22 at At = +40—60 ms.

The actual interval between the two spikes was subject to bi-
directional modulation for At’ values within the range of —40 ms
to 3 ms; Figure 4D shows V,, for a set of small At’ values and the
relative shift of the spike interval dt versus At’. Naturally, this
shift could not be determined for cancelled spine spikes or fully
overlapping spikes, which happened between At = —7 ms and
At’ = 0 ms. For larger negative At" <—8 ms (Fig. 4D, yellow
trace), there was an attractive effect that moved the spine spike
more in advance by up to almost 1 ms at At = —12 ms (Fig. 4D,
blue trace). This attraction is due to the sAP afterdepolarization
that allows the spine head to reach AP threshold earlier upon
synaptic input. At At" = —8 ms, there is a repulsive effect due to
partial inactivation of Na, channels during the relative refractory
period. At At" = —7 ms (Fig. 4D, red trace), the spine spike is fully
suppressed. The minimum of the SE curve is observed at —6 ms
because the next smaller intervals show a broadening of the sAP
peak due to summation with the underlying EPSP that increases
Ca,-mediated Ca*" entry (see At" = —4 ms). Once the sAP has
passed the spine spike to the right toward positive pairing inter-
vals, there is only a small suppression of the sAP waveform be-
cause the sAP-mediated depolarization of the entire neuron will
spread passively into the spine head, even if the local Na, channels
areinactivated in the wake of the spine spike (Fig. 4D, gray trace, +3 ms).

Figure 5.

Role of Na, channels and Ca>* conductances (T-type and
HVA-type Ca’" channels, NMDARs) for SE and AF/F of
paired signals

We now ask to what extent the individual conductances in our
model contribute to the SE for various At (Fig. 5, top panels). In
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Pharmacology in silico. Effect of selective removal of voltage-dependent conductances Na,, Ca,, or NMDAR
from the spine head on SE. Top panels, Effect of blockade on SE versus pairing interval At compared with control (from Fig.
4(). Bottom panels, Effect of blockade on absolute changes in AF/F versus pairing interval At compared with control (peak
AF/F values from Fig. 4B). Left panels, Removal of either Na, conductances or NMDARs compared with control. Right
panels, Removal of either T-type or HVA Ca, compared with control. Removal of both Ca,s at the same time shown in bottom
right panel only, for sake of clarity.

the following, the conductances were selectively removed from
the spine head compartment of the NEURON model (i.e., not
from the parent dendrite) before running the simulation. Effects
on AF/F without normalization are also shown (Fig. 5, bottom
panels).

The selective removal of Na, channels from the spine head
results in an SE curve that is very similar to Ca®" SE curves in
spines of other neuron types because, for negative At, there is
(almost) no sublinear interaction; and for positive At, there is
substantial supralinear summation (e.g., Nevian and Sakmann,
2004). In our case, the supralinear summation is stronger than for
the full model because the NMDAR current is enhanced more
efficiently by the sAP.

Removal of T-type Ca** channels results in a substantial re-
duction of the sublinearity; the rather sudden drop in SE between
At = —40 ms and —5 ms compared with control is due to the
slower decay kinetics of T-type channels (7,,,4.,cc = 10 ms; see
also Fig. 2B; and Materials and Methods). While in our basic
model T-type channels mediate only 25% of the synaptic AF/F
amplitude and 50% of the smaller (AF/F),,, amplitude, they play
an important role in explaining sublinear summation.

Removal of HVA Ca** channels only slightly reduces sublin-
earity, with less impact on the overall shape of the SE curve com-
pared with the case without T-type. The combined removal of
T-type and HVA CC results in a reduced Ca** entry very similar
to the situation without Na,.

Finally, removal of NMDARs from the spine head results in an
SE curve where the central sublinearity is maintained at almost
the same relative strength and shape as for control, but there is no
more asymmetry between the regimens of larger positive At and
larger negative At. Thus, as in other neurons, the supralinearity
for positive At is due to NMDAR-mediated effects, although less
pronounced because of the inherent activation of NMDARs dur-
ing basal synaptic transmission.
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Figure 6.  Robustness of simulation with respect to conductance densities in the spine head
and Ryeq- Each plot represents the SE(At) from Figure 4C (black traces) and the random per-
turbations within a regimen of 50%-200% of the original values of the tested parameters
(lighter colored or gray traces; n = 30 for each parameter or less, if the perturbed model could
not generate a full-blown spine spike). Each trace in each panel represents the model output for
one different set of parameter values. The original values are given in Table 1, except for Ry
which was 1.7 G() (because its value is derived from other NEURON parameters, see Materials
and Methods). Tested parameters were the conductances for Na, and K, (covaried), the conduc-
tances for Ca® ™ (for NMDAR, HVACC, and T-type CC each), the AMPAR conductance, and the
neck resistance.

Robustness of simulations

We tested the robustness of the model with respect to the shape of
SE(At) for all fast mechanisms and parameters that were not
strongly constrained by previous experiments and that could im-
pact SE, mainly the density of conductances within the spine head
and the neck resistance. We did not test for changes in endoge-
nous buffer capacity and well-established morphological and
passive properties. Figure 6 shows SE(At) for variations of the
total Na /K, conductances, of the individual Ca** conductances
(NMDARs, T-type, HVACC) and the AMPAR conductance
within the spine head, and of Ry.q. Parameter values were
changed at random by up to a factor of 2 (i.e., between 50%
and 200% of the model value). The model responded fairly
robustly against these perturbations; most SE curves did not
show substantial variations and, in particular, retained the
central sublinearity.

Perturbing Na,/K, conductances within the spine head had
almost no effect on SE, as well as perturbations of the AMPAR
conductance or the spine neck resistance Ry, provided that a
full-blown spine spike could still be evoked (see Materials and
Methods). Perturbation of Ca** entry via HVACCs also did not
show any effect, whereas perturbation of Ca®" entry via T-type
CCs reduced the maximal sublinearity by at most 20% but could
also deepen it by 10% relative to the original model SE. Pertur-
bations of the Ca*>* entry via NMDARSs mostly reduced the max-
imal sublinearity (again by at most 20%) and had substantial
effects on supralinear summation at 40 ms, increasing it to up to
1.29 or >100% relative to the original supralinearity for en-
hanced NMDAR-mediated Ca®" entry.

J. Neurosci., January 23,2019 - 39(4):584 595 « 591

Experimental test of simulation predictions

To validate the basic features of the simulated SE curve, we next
applied TPU to mimic local synaptic inputs and paired these with
APs elicited by somatic current injection (sAPs) at pairing inter-
vals of —10, 0, and 10 ms in 9 GC spines. This spine population
was located at a mean distance of 75 = 21 um from the soma and
had a mean neck length of 2.6 = 1.1 um.

Here pairing intervals At refer to the stimulation onsets, not to
the actual difference between the spine spike and somatic spike
Vi peaks At ., because the spine spike V,,, could not be de-
tected directly. To establish the arithmetic sum of the two signals,
we also recorded the responses to sAP and TPU stimulation
alone; the mean individual signal amplitudes at the spine head
(AF/F)ypi, = (AF/E), = 37 * 21% and (AF/F),,p = (AF/F)o, =
28 * 12% closely overlapped with distributions of (AF/F),,, =
(AF/F);9 and (AF/F)yap = (AF/F)g, in the earlier reanalyzed co-
incidence dataset (Fig. 1; no significant differences, p = 0.32 and
p = 0.46, respectively) and also matched the values of our basic
model shown in Figure 3 with (AF/F),, = 40%, (AF/F)p =
30%. The same held for the sAP-mediated signal amplitude in the
adjacent dendritic shafts, with (AF/F),p = 25 = 14% (p = 0.26),
but not for (AF/F)rpy = 3 £ 7%, which was smaller than the
dendritic (AF/F),,,, = 12 = 7% (p = 0.0025) because of contri-
butions of global low-threshold spikes to the signals evoked by
glomerular stimulation.

Figure 7 shows that pairing at 0 ms resulted in a highly signif-
icantly decreased signal compared with the arithmetic sum with
SE = 0.75 £ 0.16 (p < 0.005), and pairing at —10 ms was still
sublinear in most cases (SE = 0.85 * 0.28, not significant),
whereas pairing at +10 ms resulted in supralinear summation to
1.12 £ 0.30 (not significant vs SE = 1, p < 0.05 vs At = —10 ms).

There was no correlation between neck length and linearity of
summation in the spine. In the adjacent dendrite, coincident
inputs did not increase the spread of synaptic Ca** signal from
the spine; thus, no pairing effects were observed (all three At, not
significant vs SE = 1).

These results might be subject to statistical fluctuations, since
due to the five different stimulation protocols (sAP alone, TPU
alone, 11 for 0, =10 ms), we could not repeat measurements for
each condition often enough to properly determine the mean and
variance of the responses for each protocol (see Materials and
Methods). Nevertheless, the results closely match the simulation
(Fig. 7C).

The sublinearity of SE at 0 ms was slightly less substantial than
the simulations imply. This deviation can be in part explained
by the fact that in the experiment a precise control of the offset
between the spine spike and the sAP is not possible because we
lack information about the exact timing of the peak of the spine
spike. Thus, the protocol At = 0 ms might deviate from perfect
coincidence by several milliseconds, which due to the steepness of
the SE curve is likely to result in a reduced sublinearity, on aver-
age. As evident from Figure 7C, the SEs at 0 ms in individual
experiments ranged from 0.54 to 0.98, with n = 4 experiments
<0.70. The average experimental increase in SE between 0 and
+10 ms was 0.37, and the simulated increase was 0.32. Toward
—10 ms, the experimental increase was just 0.10, and the simu-
lated increase was 0.19.

Analysis of time to peak for synaptically evoked APs

Both simulations and experiments with artificially evoked APs
and spine spikes show that a pairing at At =~ 0 ms yields sublinear
summation, whereas pairing at At ~ +10 ms results in linear or
supralinear summation. To check whether a similar delay might
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also hold for synaptically evoked APs, we turned to our preexist-
ing datasets of V, recordings of APs evoked by glomerular stim-
ulation of mitral cells (Egger, 2008) to analyze the latency
between the EPSP onset and the AP peak (Fig. 8A). In these
experiments, APs were evoked via glomerular stimulation of syn-
aptic inputs and the stimulation strength was usually just above
AP threshold. The mean latency was 9.8 = 8.4 ms (n = 20 cells).
In the subset of experiments where coincidence was observed
(Fig. 1C), the latency was 10.1 = 9.5 ms (n = 7 spines with
detectable EPSP onset).

Again, the conduction time between soma and spine can be
neglected (see above). Thus, the mean experimentally observed
Atis on the order of 10 ms or slightly below (if accounting for the
time to peak of the spine spike), matching well with the observed
SE at At = +10 ms (Fig. 7C, rightmost data point, taken from Fig.
1C, right; no significant difference to SE for +10 ms in Fig. 7C,
p = 0.37).

Simulation without added exogenous buffer and SE expected
at physiological temperatures

In the experiments and simulations, the Ca** dye OGB-1 pro-
vides a substantial added buffer capacity (at 100 uM: kz = 270)
that is considerably larger than the endogenous buffer capaci-
tance (kg = 100, Egger and Stroh, 2009). Thus, the dye will dis-
rupt the endogenous Ca** dynamics and thereby also affect
summation. To test whether the observed SE(At) is also likely to
persist in the absence of exogenous buffer and thus to better
estimate the summation of Ca** entry in physiological situations
(e.g., during plasticity induction), we ran the simulations without
added dye. As evident from Figure 8B, C, this situation results in

a fairly similarly spaced SE regimen for negative At compared
with the simulation with dye, whereas the supralinearity in SE for
positive At is stronger, almost reaching 1.5 for At = +40 ms
compared with the buffered case, and also the sublinearity is
more pronounced. Thus, we predict the dynamic range of free
Ca** levels following paired local and global activity to be sub-
stantially larger than in the situation with added dye, due to the
saturation of the endogenous buffer, which might further enable
differential signaling downstream of Ca*" entry.

With respect to physiological temperature, there is only lim-
ited access to experimental data compared with the extended
dataset at room temperature that constrains our model; there-
fore, we did not attempt to fully simulate the physiological situ-
ation at this point. Nevertheless, we have shown previously that at
34°Clocal Na, activation also happens in the GC spine following
uncaging (Bywalez et al., 2015). The associated (AFF)p; ampli-
tude is similar to (AFF),,,, for room temperature (38 + 23%, n =
5; analyzed from dataset in Bywalez et al., 2015). During sAPs, the
total absolute Ca*™ entry is slightly decreased (by 20%) and the
decay of Ca®" signals is roughly 2 times faster relative to room
temperature values (Egger and Stroh, 2009). Because the latter
effect will only weakly influence the summation of signals for
At < +50 ms and Ca*" influx appears only slightly modified, we
predict that the main results of our study should also be valid at
physiological temperatures.

Discussion

The reciprocal spines of OB GCs have been shown to feature
several types of Ca*™ signals, including local Ca** entry due to a
local postsynaptically evoked AP and global Ca** influx in the
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wake of global Na™ and Ca** spikes. Here we investigated the
interaction of local and global Ca** signals due to local postsyn-
aptic APs and global AP firing, using both simulations and
experiments.

Sublinear summation of coincident signals would be expected
because of the inactivation of Na, and Ca, channels that are
involved in both types of signals. The following back-of-the-
envelope prediction is based on actual numbers from our previ-
ous publications and the assumption that the conductances
carrying the sAP-mediated signal are completely inactivated by a
coincident synaptic input. Thus, (AF/F),p =~ 30% and (AF/F),,,, ~
40% (mean values from Egger et al., 2003, 2005) would yield a SE
of (AF/F)y, /((AF/F)gy, + (AF/F)sp) = 40/70 = 0.57. This de-
gree of sublinearity matches well with both the simulations and
experimental findings for coincident signals shown here.

However, earlier experimental results indicated a linear or
even supralinear summation of local synaptic inputs and global
APs or Ca>™" spikes (Egger et al., 2005; Egger, 2008) (Fig. 1). This
apparent contradiction can now be explained by a time delay
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between local input and global AP on the order of At =~ +10 ms,
with the local input preceding the global AP. In the anti-Hebbian
situation (where the local input follows the global AP), our
results predict that summation will reach the linear regimen at
At =~ —40 ms.

Mechanisms

As implied by our simulations, the postsynaptic local activation
of Na, channels within the spine head is the cause of the observed
sublinearity. Thus, in the absence of direct recordings of V, at the
GC spine head so far, our results provide additional evidence for
the existence of the “spine spike.”

Another major conclusion from our study is that the mecha-
nisms incorporated in our model are sufficient to explain the
observed phenomena; neither the metabotropic glutamate recep-
tors nor the TRPC channels known to be present within the GC
spines (Dong et al., 2009; Stroh et al., 2012) needed to be imple-
mented. While metabotropic glutamate receptors play a role in
coincidence detection at other synapses (e.g., in Purkinje cell,
L2/3 pyramidal cell, and fast spiking cortical interneuron den-
drites) (Wang et al., 2000; Nevian and Sakmann, 2006; Camiré
and Topolnik, 2014), their contribution to coincidence detection
at this synapse might be weak or negligible because their activa-
tion is not voltage-dependent. For TRPC14 channels, the situa-
tion is more complex because the triggering of synaptically
evoked, TRPC-mediated plateau potentials did require coinci-
dence with global APs (Egger, 2008; Stroh et al., 2012); this find-
ing might be related to a dendritic localization of the activated
TRPC channels and requires further studies.

While in our study the role of NMDARs is less pronounced
than in the classical observations of coincidence detection at ex-
citatory synapses (see Introduction), NMDARs still carry supra-
linear summation at positive pairing intervals. Our simulations
underestimated the experimentally observed supralinearity at
+10 ms, which on top varied broadly (Fig. 7C). Because pertur-
bation analysis showed a strong dependence of supralinearity on
the amount of NMDAR-mediated Ca** conductance (Fig. 6),
there probably is a substantial variance in NMDAR contribution
across synapses, as also indicated by our previous Ca®" imaging
data (Egger et al., 2005; Bywalez et al., 2015). Thus, future refine-
ments of our model should include systematic variations of the
NMDAR contribution and also strive for an improved represen-
tation of their Ca®" conductance (e.g., by accounting for effects
ofincreased [Na *];and [Ca**]; on NMDAR conductance) (e.g.,
Yu and Salter, 1998; Hu et al., 2018).

Finally, T-type Ca®" channels have been shown previously to
playa major rolein GC Ca** signaling (Egger etal., 2003; Pinato and
Midtgaard, 2003). In particular, GCs are capable of firing Ca**
spikes upon synaptic stimulation, and these Ca*" spikes also sum-
mate linearly with local synaptic inputs (Egger et al., 2005; Pinato
and Midtgaard, 2005). While their SE(At) remains to be elucidated,
we predict that the sublinearity for At = 0 ms should be less substan-
tial because of the smaller contribution of T-type CCs to the synaptic
Ca®" signal compared with the impact of Na, channels.

Potential roles of summation for synaptic plasticity, release
from the reciprocal spine, and network processing

Long-term plasticity induction via short theta bursts at the mitral
and tufted cell to GC synapse of the OB is NMDAR-dependent and
does not require global GC spiking (Chatterjee et al., 2016), thus
pairing of local and global signals is not involved in it. This observa-
tion might be related to the fact that NMDARSs are already activated
during unitary synaptic transmission via the boosting of AMPAR-
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mediated depolarization. Moreover, neither is ACa®" as imaged at
the spine head necessarily predictive of the direction of plasticity
(Nevian and Sakmann, 2006), nor is a classical SE curve with
supralinear summation for positive At and slightly sublinear
summation for negative At a predictor for Hebbian-type spike-
timing-dependent plasticity (e.g., compare Nevian and Sak-
mann, 2004 with Egger et al., 1999; see also Lisman and Spruston,
2010). In any case, it remains to be elucidated whether pairing of
global APs with local inputs at At = =10 ms can induce long-
term plasticity at this synapse.

Because the reciprocal GC spine is both a postsynaptic and
presynaptic structure, summation of postsynaptic Ca*" signals
in the reciprocal spine head most certainly has an impact on
release of GABA from the spine. (Lage-Rupprecht et al., 2018)
indicate that local activation of the GC spine results in a rather
low release probability of on average <0.3. Thus, summation of
Ca’" signals might substantially enhance GABA release proba-
bility following either local synaptic input or also bAP invasion
alone in a manner that is strongly dependent on At, with little
enhancement for perfectly coincident signals and substantial en-
hancement for At within a range of +10-50 ms. GCs appear to
fire rather sparsely but reliably in vivo during odor stimulation
(e.g., Cang and Isaacson, 2003; Kato et al., 2012), and coactiva-
tion of mitral/tufted cells from within one glomerular column
can already elicit global GC APs, as has been demonstrated via
glomerular stimulation (Schoppa and Westbrook, 1999; Egger,
2008). Thus, summation of GC APs and local inputs is likely to
play a role in recurrent inhibition within a glomerular column.

With respect to oscillatory network activity, it is tempting to
speculate that the shape of SE(At) could contribute to the gener-
ation of fast gamma oscillations of the OB, which several studies
have allocated to recurrent MC-GC interactions (e.g., Lagier et
al., 2004; Schoppa, 2006a,b; Fukunaga et al., 2014) and thus in-
fluence OB network activity. Here, the regimen of substantial
sublinear summation was found to extend for a time window of
~15 ms around At = 0 ms. In the wake of a synaptic global AP,
the summation of Ca** entry within a coactivated reciprocal
spine might increase its release probability within the following
time interval, matching with gamma frequency. A similar delay
between EPSP onset and GC AP firing on the order of 10 ms has
been also observed in response to theta-burst-like stimulation
(median 6.4 ms in Schoppa, 2006a). Because global Na ™ APs in
GCs can drive synchronized inhibition across glomerular mod-
ules (Arnson and Strowbridge, 2017), local enhancement of
gamma might also spread and interact with activity in other glo-
merular columns.

Similar effects in spines of other neuron types

The results described here might also be generalized to other
spines of other neuron types whenever active conductances (Na,
and Ca, channels) in spines are already engaged during unitary
synaptic transmission. Next to the presence of a sufficient density
of Na, and Ca, channels, another prerequisite for such local ac-
tivation is a substantial electrical compartmentalization of the
spine head, which is by now discussed for spines in general (e.g.,
Tonnesen and Négerl, 2016). For example, in dopaminergic neu-
rons of the substantia nigra, Na, channels also can boost synaptic
spine ACa”" signals (Hage et al., 2016). Although changes in
basal V,,, during the pace-making cycle also play a substantial
role, the summation of (AF/F)s,, and (AF/F),, during ongoing
tonic firing of the neuron showed a behavior highly reminiscent
of the summation observed here (Hage et al., 2016, their Fig. 9).
While At = 0 ms was not investigated in these spines, we would
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predict that sublinear summation should occur for perfectly co-
incident EPSP- and global AP-mediated Na, channel activation.
Similarly, unitary postsynaptic activation of T-type channels
was shown at strong parallel fiber—Purkinje cell synapses and was
argued to possibly depend on a high R .4 (Ly etal., 2016), which
might then summate with global climbing fiber activation. Ca,
channels were also shown to be postsynaptically activated at hip-
pocampal pyramidal neuron spines (Grunditz et al., 2008; Blood-
good etal., 2009). Thus, sublinear SE is highly likely to also occur
at other synapses with strong electrical compartmentalization.
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