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Abstract

In the rodent olfactory bulb the smooth dendrites of the principal glutamatergic mitral cells
(MCs) engage in reciprocal dendrodendritic interactions with the large spines of GABAergic
granule cells (GC), giving rise to local postsynaptic activation of voltage-gated Na" channels
(Nay) within the spines. It is not known yet whether individual MC inputs can also trigger the
reciprocal release machinery. Here we show that local activation via two-photon uncaging of
glutamate causes GC spines to release GABA both synchronously and asynchronously onto
MC dendrites, detected as uncaging-evoked reciprocal IPSCs at the MC soma. This local
recurrent inhibition requires GC Na, activation, indicating that individual spine spikes can
induce release from the reciprocal spine. Interestingly, NMDA receptors also play a major,
probably cooperative, role for GABA release. Finally, we demonstrate prolonged postsynaptic
elevations of both [Ca®]; and [Na']; within the GC spine head, on the same time scale as

asynchronous release.


https://doi.org/10.1101/440198

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

bioRxiv preprint doi: https://doi.org/10.1101/440198; this version posted October 10, 2018. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Introduction

Reciprocal dendrodendritic microcircuits can be found in several areas of the nervous system
and are especially abundant in the vertebrate olfactory bulb (Crespo et al., 2013), where the
dendrites of the principal mitral and tufted cells (MTCs) engage in reciprocal dendrodendritic
interactions with at least three major subtypes of local GABAergic neurons, namely
periglomerular cells in the glomerular layer, and parvalbumin and granule cells (GC) in the
external plexiform layer. What sets the latter synapse apart from the other bulbar reciprocal
arrangements is its location within a large spine on the GC side. These spines feature
particularly long necks (Woolf et al., 1991) which might serve to electrically isolate the
synapse and boost local processing (e.g. Miller et al., 1985; Spruston, 2008). Indeed, we have
gathered evidence that postsynaptic potentials in GC spines are electrically
compartmentalized and thus can locally activate voltage-gated Na, channels which in turn
activate classical presynaptic N/P/Q Ca®" channels within the spine (Bywalez et al., 2015).
These observations enhance our earlier notion of the reciprocal spine as a mini-neuron that
can generate synaptic output on its own (Egger and Urban, 2006).

While there have been many earlier studies of recurrent dendrodendritic inhibition at the MC-
GC synapse, so far it is an open question whether a unitary, purely local activation of the
spine’s microcircuit can indeed trigger release of GABA back onto the exciting mitral cell.
The issue is still unresolved because the earlier studies are based on the application of a strong
stimulus to a voltage-clamped mitral cell (MC), namely a depolarization to 0 mV for mostly
20-50 ms (Isaacson and Strowbridge, 1998; Schoppa et al., 1998; Halabisky et al., 2000;
Isaacson, 2001; Chen et al., 2000). This protocol - called MC-step in the following - is likely
to cause a substantial release of glutamate from the lateral MC dendrites and was also shown
to invoke glutamate spillover between MC lateral dendrites (Isaacson, 1999). MC-step was

found to result in long-lasting recurrent inhibition with both synchronous and asynchronous

components, the latter with a time constant of ~ 500 ms. For this recurrent inhibition, NMDA
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receptor (NMDAR) activation was shown to be an important source of Ca®* entry that triggers
release of GABA from the GC spine, especially under conditions of zero extracellular
[Mg>“].. NMDARs are known to substantially contribute to synaptic transmission at this
synapse (Isaacson and Strowbridge, 1998; Schoppa et al., 1998) and to postsynaptic Ca*"
entry, also at normal [Mg*']. (Egger et al., 2005). Other mechanimss involved in recurrent
release following MC-step include high-voltage activated Ca®* channels (HVACCs),
AMPARSs under conditions of reduced desensitization (both Isaacson, 2001), and TRPC1/4-
mediated signalling pathways downstream of the NMDAR (Stroh et al., 2012).

The substantial asynchronous component following MC-step is likely to originate within the
GC, since MC-step caused prolonged activation of GCs (Schoppa et al., 1998) and
asynchronous responses were demonstrated following flash photolysis of Ca*" in MC lateral
dendrites (Chen et al., 2000).

As to the MC side, MC lateral dendrites are known to be densely covered with GABAergic
synapses (Bartel et al., 2015; Sailor et al., 2016). These inputs become strongly attenuated
with distance from the MC soma (A ~ 80 pm, Lowe, 2002) but are probably capable of
shunting propagating APs at any point along the dendrite as shown by GABA application or
electrical stimulation of GCs (Lowe, 2002; Xiong et al., 2002). Many of these GABAergic
synapses are reciprocal spine inputs from GCs, especially close to the MC soma. Recent
studies have revealed substantial reciprocal dendrodendritic interactions also with other
GABAergic cell types such as SOM+ neurons, CRH+ neurons and PV+ neurons (populations
in part overlap; Toida et al., 1994; Lepousez et al., 2010; Huang et al., 2013; Kato et al.,
2013; Miyamichi et al., 2013). To our current knowledge these other neuron types do not bear
spines but feature smooth dendrites.

Aside from postsynaptic GABAARs, MC lateral dendrites are known to bear scattered NMDA
autoreceptors (Sassoe-Pognetto et al., 2003), and AMPA autoreceptors have been detected in

the apical tuft and at the soma, giving rise to both autoexcitation and spillover effects
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77  (Aroniadou-Anderjaska et al., 1999; Isaacson, 1999; Friedman and Strowbridge, 2000; Didier
78 et al., 2001; Salin et al., 2001). Lateral excitation between MCs via this pathway appears to
79  happen mostly in the tuft (e.g. Pimentel and Margrie, 2008). MC NMDA autoreceptors do not
80  contribute to basal synaptic transmission between MCs and GCs (Egger, 2008).
81  Here we aim to determine whether — and possibly how - single inputs from MC lateral
82  dendrites to GC spines can also trigger recurrent release of GABA from the reciprocal
83  synapse, using recordings from labeled MCs and two-photon uncaging (TPU) of glutamate
84  along their lateral dendrite near Venus-tagged GC spines.
85
86  Results
87  Experimental configuration
88  To enable pharmacological interference with components of the reciprocal microcircuit such
89  as Na,s and HVACCs, we bypassed release from the MC presynapse via TPU of DNI-caged
90  glutamate (DNI; Chiovini et al., 2014; Bywalez et al., 2015) in acute juvenile rat olfactory
91  bulb slices, in combination with somatic whole-cell voltage-clamp recordings from MCs. To
92  visualize the lateral dendrites, MCs were filled with the dye Alexa594 (50 uM). Fig. 1A
93  shows a schematic and example image of the recording configuration in a brain slice from a
94  VGAT-Venus animal.
95 In all MC recordings we observed a high basal frequency of spontaneous events (4.5 + 2.1
96 Hz, n = 14). High spontaneous activity levels are a general hallmark of the olfactory bulb
97  network and also observed in GCs (Egger and Urban, 2006). Wash-in of 1 mM DNI further
98 increased this high basal frequency by on average 1.87 + 1.21 times control (P < 0.01, Fig.
99  1B); this effect can be explained by the disinhibition resulting from a partial blockade of
100 GABAARs by DNI. Since ~ 80% of the neurons of the olfactory bulb are inhibitory (e.g.
101  Shepherd and Greer, 2004), even partial disinhibition is likely to yield strong increases in

102 overall activity. DNI reduced the mean spontaneous IPSC amplitude to a fraction of 0.47 +
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103 0.16 (control amplitude: 47 = 17 pA, n= 14, P <0.001, Fig. 1B and S1B1). In the presence of
104  DNI, spontaneous IPSCs had a mean rise time Tise = 7.4 £ 2.5 ms and decayed with a half-
105  duration t;, = 30.8 = 9.5 ms (n = 14 mitral cells). The GABAAR antagonist Bicuculline
106 (BCC, 50 uM) blocked spontaneous activity almost completely (frequency: 0.13 + 0.10 of
107  control, n = 6, Fig. 1B, S1B2).

108  Thus the detectability of TPU-evoked reciprocal release of GABA is lowered by both the
109  amplitude reduction and the increase in spontaneous activity caused by 1 mM DNIL
110 Therefore, we also tested RuBi glutamate (500 pM) which has been reported to exert
111  considerably less of a blocking effect on GABAergic transmission than MNI glutamate (Fino
112 et al.,, 2009). However we could not reliably replicate the GC spine signal (AF/F)rpy and the
113 GC uEPSPs compared to the signals obtained with both DNI and MNI (tested in n = 10
114  spines, see also Table S2 in Bywalez et al., 2015). Therefore all further experiments were
115  performed with 1 mM DNI.

116  Since in initial experiments we found evidence for activation of both NMDA and AMPA
117  autoreceptors on MC dendrites at a holding potential of -70 mV, MCs were clamped to 10
118  mV, near the reversal potential of ionotropic glutamate receptors (Isaacson, 1999; Friedman
119 and Strowbridge, 2000), in later experiments. Throughout all experiments we used
120  physiological levels of [Mg*]. (1 mM), to not overestimate the NMDAR contribution to
121  recurrent inhibition; previous experiments have shown that GC spine NMDARSs are activated

122 during small EPSPs in the presence of 1 mM [Mg*']. and contribute ~50 % to the total

123 postsynaptic Ca™ signal (AF/F)sn (Egger et al., 2005).

124 Triggering of reciprocal IPSCs via TPU is possible

125  To prevent overstimulation with glutamate, we uncaged with similar laser parameters as in the
126  previous study (Bywalez et al., 2015), in which TPU-evoked GC signals were

127  indistinguishable from unitary spontaneous events. Uncaging was performed either ‘blindly’
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128  at several spots along the dendrite (e.g. Fig. 2B) in WT rats or in the immediate vicinity of
129  GC spines that were visible in VGAT-Venus rats and in close proximity (0.2 — 0.5 um) to the
130  mitral cell lateral dendrite (e.g. Fig. 1A, Fig. 2A). Responses were detectable in 53 out of 166
131  uncaging experiments (see Methods). In both stimulation paradigms uncaging was performed
132 at distances < 40 pm from the MC soma (mean distance of uncaging spots with responses 18
133 £ 8 um, n = 27, Fig. S1A1). The rationale for this choice was twofold. First we aimed to
134  minimize electrotonic attenuation of IPSCs, since IPSC amplitudes were already diminished
135 by the caged compound (see above, Fig. 1B and S1B1) and IPSCs from more distal locations
136  are of neglibible impact at the MC soma (e.g. Mclntyre and Cleland, 2016). Second, this
137  strategy is likely to preferentially stimulate GC spines rather than PV+ neuron dendrites, since
138 the GC inputs are located more proximally as compared to the widely distributed PV+ neuron
139  inputs (Kato et al., 2013; Miyamichi et al., 2013). In addition, PV+ neuron dendrites are
140  smooth and thus in the experiments in VGAT-Venus rats with visible GC spines an accidental
141  activation of PV neurons is yet less likely to occur.

142 TPU of glutamate resulted in consecutive triggered responses and failures in MCs (Fig. 1D
143 left). Responses were classified as triggered if they were observed repeatedly within the same
144  time window (see Methods). Next we tested whether these triggered responses were indeed
145  GABAergic by applying the GABAAR antagonist Bicuculline (50 pM), which invariably
146  blocked responses completely (Fig. SIC1, n = 7, P < 0.01, Wilcoxon test). Thus in the
147  following the triggered events are denoted as urlPSCs (uncaging-evoked reciprocal IPSCs).
148  To establish the stability of ur[PSCs, we performed TPU over an extended period of time at
149  0.033 Hz and measured the mean amplitude of responses during the first and last 5-10
150  photostimulations (with at least 10 min in between to mimick the time course of
151  pharmacological manipulations, Fig. 1C). There was no significant difference (n = 7, ratio last

152 to first 0.95 £ 0.15, P =0.74).
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153  The amplitude of triggered ur[PSCs was on average 12 + 8 pA (Fig. 1E, n = 32), with a rise
154  time of 6 + 3 ms (in n = 25 MCs clamped to +10 mV). There was no detectable correlation
155  between the ur[PSC amplitude and the distance from the soma, although in our data set all
156  three examples with larger amplitudes (> 25 pA) occurred in the more proximal half of the
157  covered dendritic range (n = 20, r = -0.07, Fig. S1A2).

158  The average release probability from the reciprocal spine was estimated as P, = 0.34 + 0.11
159  (Fig. 1E, range 0.13 - 0.60, based on n = 44 MCs, see Methods). Due to the presence of DNI
160  and the ensuing difficulty of ur[PSC detection this result might represent an underestimate; on
161  the other hand, connections with a very low P, < 0.2 could go unnoticed, since at least two
162  responses within the same time window were required to qualify the experiment for the
163  presence of triggered ur[PSCs.

164  Triggered urlPSCs were observed within a far ranging distribution, with the latency measured
165  from the onset of TPU pulse onwards (Fig. 1E). Latency values were not normally distributed,
166  with a first peak within the first 10 ms post TPU onset (n = 13), a second peak around 30 ms
167  (n =19 within the range 10-50 ms) and three delayed events past 50 ms. An example for such
168  alate triggered response is shown in Fig. S1E1.

169  In most experiments we detected asynchronous urlPSCs following the first triggered event
170  which were quantified both via integral analysis and counting of events (Fig. 1D, see
171  Methods). Both the area and the number of events increased highly significantly in the 500
172 ms interval following TPU (‘post’) compared to the same interval right before (‘pre’; n = 27,
173 mean increase of integral to 1.50 = 0.55 relative to ‘pre’; mean increase in event number to
174 1.25 £ 0.37 relative to ‘pre’; n = 27, P < 0.001 for both; absolute values in ‘pre’ interval
175  integral 2.40 + 1.83 pAs, events 26.1 + 14.9 shown in Fig. SID1). The increase in area is also
176  significant (P < 0.003) if the extra area provided by the first triggered response was
177  subtracted. The total duration of recurrent inhibition was on average 179 + 137 ms (range 32

178  —533 ms, n = 26, Fig. SID2). These data demonstrate that asynchronous recurrent inhibition
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179  also happens for unitary stimulation of a single spine. In the last part of this study we
180  investigate possible mechanisms underlying this asynchronous output (see below).

181  From all these experiments we conclude that local, unitary TPU of glutamate can indeed
182  trigger the reciprocal release of GABA, providing proof that the reciprocal microcircuit can
183 be activated by single synaptic inputs under physiological conditions (normal levels of Mg”").
184  The substantial asynchronous component indicates that delayed release does not require
185  global signals within the entire GC.

186  Sodium channel blockade decreases urlPSCs

187  Next, we investigated a possible contribution of Na, activation to ur[PSC generation by
188  application of 500 nM TTX. Fig. 2 illustrates that TTX substantially reduced both triggered
189  and spontaneous events. On average, ur[PSC amplitudes were reduced to a fraction of 0.17 £
190  0.34 of control (Fig. 2C, n = 12, P < 0.005; absolute control amplitudes for -70 mV: -7.8 + 3.6
191  pA, for 10 mV: 15.4 + 12.4 pA). Only one experiment did not show any effect, in line with
192 our earlier observation that there is a broad variability in the degree to which TPU-evoked GC
193 spine Ca”" signals are reduced by TTX (Bywalez et al., 2015). The relative increase in area
194  post TPU compared to pre TPU (A area) decreased to 0.28 & 0.21 of the relative increase in A
195 area in control (see Methods; control in DNI alone; n = 10, P < 0.005, Fig. 2D).

196  Fig. S2 shows the analysis of TTX effects on spontaneous activity, which was also strongly
197  decreased to a fraction of 0.24 £ 0.17 of control (n = 10, P < 0.005). The few remaining
198  events were blocked by BCC (to a fraction of 0.16 = 0.16 of TTX, n = 10).

199  Thus Nays are essential to trigger GABA release from the reciprocal spines.

200  High-voltage activated Ca’" channels in the spine contribute to GABA release

201  HVACCs have been implied to mediate recurrent release from reciprocal spines (Isaacson,
202  2001) and are activated by Nays, contributing a substantial fraction of 30% to the postsynaptic

203  Ca’ signal in the GC spine (Bywalez et al., 2015). To directly test the hypothesis that
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204 HVACC activation is required for release of GABA, we blocked N/P/Q type Ca*" channels
205  with I uM ®-conotoxin MVIIC (CTX; Bloodgood and Sabatini, 2007; Bywalez et al., 2015).
206  Fig. 3 shows the resulting substantial decrease of urI[PSCs to a fraction of 0.08 + 0.14 of
207  control (from a mean amplitude of 11.3 £ 5.7 pA; n = 8§, P < 0.005, Fig. 3C). This decrease
208  was not different from the effect of TTX on ur[PSC amplitude described above (P = 0.35
209  ratios in CTX vs TTX). The relative A area following TPU compared to baseline decreased to
210  0.39 + 0.23 of control (control in DNI alone; n = 9, P < 0.005, Fig. 3D), which was also not
211  significantly different from the effect of TTX on A area described above (P = 0.15 vs TTX).
212 The effect of CTX on spontaneous activity was less pronounced than that of TTX, as shown
213 in Fig. S3. The frequency of events decreased to a fraction of 0.53 + 0.15 of control (n = 7
214 cells, control vs CTX: P = 0.018; CTX vs TTX: P = 0.005), and again the remaining events
215  were blocked in the presence of the GABAAR antagonist BCC (to a fraction of 0.05 £ 0.05 of
216 CTX,n=7).

217  We conclude that HVACC activation is required for release of GABA from the reciprocal
218  spine following local input. Thus the spine indeed acts similarly to a mini-neuron that can
219  process single synaptic inputs to generate recurrent output. The local input triggers a local AP
220  and therewith Ca*" entry via HVACCs which then brings about release.

221  NMDA receptors are also relevant for recurrent release

222 Because NMDAR activation was clearly not dependent on Na, activation in our earlier study
223 where postsynaptic GC spine Ca”" signals in the presence of TTX were substantially reduced
224  further by APV (Bywalez et al., 2015), and because the blocking effects of TTX or CTX on
225  urIPSCs were rather strong, we hypothesized that NMDAR blockade would have only mild
226  effects on fast recurrent release. Also, an earlier study of dendrodendritic inhibition under
227  conditions of normal Mg*" indicated that release from GC spines is mostly triggered in the
228  classical way via HVACC activation (Isaacson, 2001). Intriguingly, however, the application

229  of 25 uM D-APV resulted in a decrease of ur[PSC amplitudes to on average 0.22 = 0.21 of
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230  control (from a mean amplitude of 13.8 + 8.6 pA, n = 10, P < 0.002, Fig. 4C). All individual
231  experiments showed the amplitude decrease, albeit with variable degree (range 0.00 - 0.68 of
232 control). There was no significant correlation between the relative amplitude decrease and the
233 urIPSC latency (r = 0.26, P = 0.23). The effect of APV on urIPSC amplitude was statistically
234  not different from the effect of TTX or CTX (P = 0.12 and P = 0.08). The relative increase in
235 A area following TPU compared to baseline decreased to 0.40 = 0.28 of control (control in
236  DNI alone; n = 10, P < 0.003, Fig. 4D), which was also not different from the effect of TTX
237 orCTX onAarea (P=0.19 and P = 0.47).

238  Inaddition APV also substantially reduced spontaneous activity, to a frequency of 0.19 + 0.08
239  of control (n =9, P <0.01, Fig. S4A, B). This effect of APV was similar to that of TTX (P =
240  0.84) and significantly more pronounced than that of CTX (P < 0.001). The few remaining
241  events in APV were blocked by BCC (to a fraction of 0.02 £ 0.04 of APV, n =9, Fig. S4B).
242 Since the strong effect of NMDAR blockade on ur[PSCs was surprising to us, we sought to
243  provide a second line of evidence for this finding in an experimental setting that does not
244  involve uncaging of glutamate. Recently, Nunes and Kuner (2018) clearly demonstrated that
245  the smooth and uniform negative voltage deflection following single MC APs elicited by
246  somatic current injection is not an intrinsic afterhyperpolarization. Rather, it mainly reflects
247  recurrent inhibition from a large set of reciprocal synapses since it could be strongly reduced
248 by either GABAAR blockade or ionotropic glutamate receptor blockade; therefore they
249  termed this signal rIPSP (recurrent IPSP). We used the same paradigm to test whether
250 NMDAR blockade alone could interfere with recurrent inhibition. Single MC AP rIPSPs (n =
251 11 MCs) had a mean amplitude AV, =— 8.7 = 2.3 mV and a mean half duration t;, =37+ 9
252  ms, whereas the entire hyperpolarizing phase lasted for on average 382 + 78 ms, in line with
253  asynchronous release from GC spines (compare to duration of barrages Fig. S1D2; see
254  Methods). Fig. 4E, F shows that APV application significantly reduced the mean rIPSP

255  amplitude to a fraction of 0.64 £+ 0.20 of control (P < 0.005), while the r[PSP half duration
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256  was decreased, but not significantly so, to a fraction of 0.91 £ 0.24 of control (P = 0.06), and
257 also the total duration of the hyperpolarization did not change significantly (fraction of
258  control 0.96 + 0.40, P = 0.27, not shown). The remaining r[PSP was further reduced
259  substantially in BCC, to a fraction of 0.13 £ 0.19 of control (from 8.9 =2.9 mV, n = 4 MCs,
260  example in Fig. S4D).

261  In summary, these results imply that NMDARs do play a presynaptic role for both fast and
262  slow recurrent release of GABA from the reciprocal spine. Since the Na,/HVACC pathway is
263  also required for GABA release, it appears likely that there is a fast cooperative mechanism
264  between NMDARs and the classical combination of Na,s and HVACCs (see discussion).

265  Time course of synaptic spine Ca’" and Na" signals with minimal exogenous buffering

266  While HVACC-mediated Ca®" entry operates on a fast time scale and coupling to release is
267  fast in a substantial subset of spines (Fig. 1E), slower actions downstream of both Na, and
268 NMDAR activation are required to trigger cascades that result in asynchronous release events.
269 A number of global mechanisms has been proposed to promote asynchronous release from
270  GC spines, including a global GC spike delay due to the prominent I, current (Schoppa and
271  Westbrook, 1999; Kapoor and Urban, 2006) and prolonged Ca®" entry due to global spiking in
272  coincidence with synaptic TRPC14 activation (Egger, 2008; Egger and Stroh, 2009; Stroh et
273  al., 2012). On the other hand, we found unitary EPSPs evoked by spontaneous MTC input or
274  local TPU to decay with a time constant < 50 ms (as recorded at the GC soma, Bywalez et al.,
275  2015). To further investigate the mechanisms underlying the asynchronous component of
276  reciprocal GABA release in the absence of a global Na* spike and in levels of normal Mg**
277  we aimed to detect local postsynaptic Ca*" signalling in GC spines with as little exogenous
278  buffering as possible, since sluggish extrusion of Ca*" might also contribute to delayed release
279  (Egger and Stroh, 2009). The low affinity dye OGB-6F (K4 = 8 uM, Tran et al., 2018) was
280  used at a concentration of 100 uM, where the kinetics of OGB-6F fluorescence transients in

281  response to single somatic action potentials (AF/F)sap are identical to the kinetics determined

12
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282 by extrapolation of measurements with varying concentrations of OGB-1 (K4 = 0.2 uM) to
283  zero added buffer (Egger and Stroh, 2009). TPU of DNI with similar parameters as in
284  Bywalez et al. (2015) evoked Ca”" transients (AF/F)rpy with a mean amplitude of 24 + 12 %
285 and a mean T, of 440 + 180 ms (n = 16 spines, Figure 5 A, B). While 1, was difficult to
286  analyse in some of the individual spine responses because of noise, the averaged transient
287  yielded a T, of ~ 600 ms, clearly substantially slower than the half duration of AP-mediated
288  transients recorded in a subset of these spines (n = 8, T2 of averaged AF/F ~ 100 ms, Fig. SA
289  bottom).

290  Since both Na,s and AMPAR/NMDARSs admit Na", elevations of Na" might also be involved
291  in cooperative signalling. Also, postsynaptic Na" signals could report the activity of the Ca*'-
292 impermeable GC AMPARs and Na,s in a more direct way than Ca”" signals and thus yield
293  additional information on the state of the locally activated GC spine. We performed two-
294  photon Na’ imaging using SBFI at a concentration of 1 mM, far below the Na" concentration
295  of 15 mM in the internal solution, so the degree of buffering is negligible (Mondragao et al.,
296  2016; settings as in Ona-Jodar et al., 2017; Fig. 5C,D). The ensuing Na" signals following
297  TPU of glutamate at individual spine heads with similar parameters as above had a mean
298  amplitude of -(AF/F)rpy= 4.9 + 1.4 % in the spine head and were localized to the spine head
299  to some extent (signal ratio in adjacent dendrite 0.56 + 0.38 of spine signal; P < 0.001 vs
300 spine signal amplitude; n = 13 spines in 11 GCs). Conversion of the signal amplitude to
301  absolute changes in [Na']; (Rose et al., 1999; Ona-Jodar et al., 2017) yields a mean increase
302 A[Na']; by ~ 10 mM. The average half duration was T, = 890 + 770 ms in the spines,
303  including frequently observed plateau phases. Because of the small signal to noise ratio in the
304 individual experiments we also averaged data across all spine/dendrite pairs (Fig. 5C bottom).
305 The averaged spine signal showed an initial plateau phase of 600 ms, and the averaged
306  dendrite signal mirrored the kinetics of the spine signal, which would be expected because of

307 the fast diffusion of Na' into the dendrite (Mondragao et al., 2016). The TPU-evoked signals
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are very slow in view of the fast diffusion of Na" and recent data from synaptic signals in
hippocampal pyramidal neuron spines (their ti, ~ 20 ms; Miyazaki and Ross, 2017).

From these experiments we conclude that the time course of the asynchronous component of
GABA release triggered by unitary activation matches well with prolonged elevated Na" and
Ca®" concentrations in the GC spine. Thus late release could result from local processing

following unitary inputs to the reciprocal spine (see Discussion).
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315  Discussion

316  Here we have demonstrated that local uncaging of glutamate onto individual olfactory bulb
317  GC spines can activate the entire microcircuit within the spine, from the local spine spike to
318  the release of GABA onto MC lateral dendrites, which confirms the functionality of the
319  microcircuit as a mini-neuron. As in classical axonal release, Na, channel and HVACC
320  activation contribute to microcircuit output, which occurs on both fast and slow time scales.
321  The time course of the asynchronous component is matched by postsynaptic Na" and Ca**
322 elevations. Strikingly, however, we observed that NMDA receptors also play a major role in
323  both fast and slow release and that the involved pathway is likely to cooperate with the
324  Na,/HVACC mediated pathway.

325  Properties of microcircuit output

326  For the proximal reciprocal GC inputs investigated here we estimate that under physiological
327  conditions close to the MC resting potential the size of the fast IPSCs is on the order of -5 pA,
328  after corrections for the presence of DNI and the setting of Ec;. Assuming an in vivo input
329  resistance of MCs of 100 MQ (Angelo and Margrie, 2011), a single GC-mediated IPSC will
330  exert a somatic hyperpolarization of at best 0.5 mV. Thus proximal single GC spine inputs are
331 likely to play a rather subtle role in influencing MC firing (Fukunaga et al., 2014; MclIntyre
332 and Cleland, 2016), unless there is coordinated activity across GC spines connected to the
333  same MC dendrite, most importantly in the wake of an MC action potential during the
334  recurrent IPSP (see e.g. Fig. 4E), during gamma oscillations (e.g. Kay, 2003; Lagier et al.,
335  2004) or due to ‘super-inhibitory connectivity’ as predicted by Gilra and Bhalla (2015).

336 A negative correlation between IPSC amplitudes and distance to the soma would be expected
337  because of electrotonic attenuation and from earlier work (Lowe, 2008); our data do not show
338  such an effect, probably due to the close proximity of most stimulation sites to the soma with
339  a mean distance of ~ 20 pum and variability across sizes of individual GABAergic synapses,

340  dendritic input resistance etc.
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341  Upon local activation we observed a release probability P, from the GC spine on the order of
342 0.33. This P, value might represent an upper limit, because the global reduction of inhibition
343 by DNI might cause homeostatic effects that could also involve an increase in P, at
344  GABAergic synapses (e.g. Rannals and Kapur, 2011). Moreover there is a general bias for
345  detection of connections with larger P, due to the high level of spontaneous activity and
346  limited recording time. However, since our experiments were conducted at room temperature,
347  physiological temperatures might counterbalance such effects.

348  Assuming a P, of 0.3 allows to estimate the efficiency of the entire reciprocal microcircuit
349  based on previous observations of the probability for glutamate release from the MC dendrites
350  on the order of 0.5 — 0.75 (Egger et al., 2005; Pressler and Strowbridge, 2017). Thus the total
351 efficiency of the microcircuit is likely to be on the order of 0.2, possibly informing future
352  network models of bulbar interactions. The rather low P, for GABA observed here also
353  implies that GC spines might become enabled to release with higher probabilities during a
354  coincidence with global GC signalling (Ca®" spike or global AP), due to increased ACa®" in
355  the spine (Egger et al., 2005; Egger, 2008; but see Aghvami et al., manuscript in revision, for
356  sublinear summation effects during perfect coincidence).

357  As to the minimal latency required for release of GABA, the temporal resolution of our
358  experiments is limited by the duration of the uncaging pulse (1 ms) and by not knowing the
359  time course of the membrane potential Viu(t) in the GC spine. Fig. 1E shows that the fastest
360  ur[PSCs were detected within 2 ms from TPU onset, implying that there is a fast mechanism
361  coupling Ca*" entry to release as in classical axonal release as suggested previously (Bywalez
362 et al, 2015; Nunes and Kuner, 2018) and also supported by the role of Na,/HVACC
363  demonstrated here (see below). While ~ 30% of url[PSCs occurred within 10 ms post TPU
364  onset, there was also a substantial fraction with longer latencies in the range of 10 - 30 ms.

365  The fast ur[PSCs and possibly also the events with medium latency could still contribute to
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366  the aforementionaed gamma oscillations that originate within the MC-GC reciprocal
367  microcircuits.

368  Substantial asynchronous release from the GC spine on yet longer time scales (detected at up
369  to 550 ms post TPU) was frequently observed in our study; while the detailed mechanism for
370  delayed release remains to be elucidated, we found that TPU of glutamate results in elevations
371  of both Ca*" and Na" concentrations within the spine lasting for similar durations (see below).
372 Thus with regard to temporal processing the microcircuit is capable of operating across a wide
373  range of latencies and also of generating combined synchronous and asynchronous output.
374  Na,mediated and NMDAR-mediated contributions to release

375  How is postsynaptic Ca>" entry coupled to release of GABA within the GC spine? Previously
376  we have shown via occlusion experiments that Ca** entry via NMDARs occurs independently
377 from Ca** entry mediated by the Na,-HVACC pathway, since AMPAR-mediated
378  depolarization on its own is strong enough to lift the Mg block, probably due to boosting by
379  the high GC spine neck resistance (Bywalez et al., 2015). Therefore we hypothesized that the
380 Na,-HVACC pathway would provide the sole trigger for fast release of GABA, as in classical
381 release from axons (see also the recent findings on GC Na, 1.2 by Nunes and Kuner, 2018),
382  reinforcing the notion of the GC spine as an independent mini-neuron that can generate output
383  without global firing. Indeed, blockade of either Na, or HVACCs strongly reduced or
384  abolished urlPSCs. However, in subsequent experiments probing NMDAR contribution we
385  observed that ur[PSCs became strongly reduced by blockade of NMDARSs as well.

386  As a note of caution, activation of single GC spines via TPU might involve spurious
387  activation of extrasynaptic NMDARs since at the large GC spines TPU does not necessarily
388  occur at the precise location of the glutamatergic postsynapse, and we also observed that TPU
389  resulted in a slightly larger NMDA-receptor mediated component of the postsynaptic Ca>*
390  signal than true synaptic activation via glomerular stimulation which was the only significant

391  difference between the two data sets (~ 65 % vs ~ 50%, Bywalez et al., 2015; Egger et al.,
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392 2005). Thus at least part of the strong impact of NMDARs observed here might be rooted in
393  such extrasynaptic glutamatergic activation, similar to what is suggested to happen during
394  MC-step on a yet larger scale (see introduction).

395  Therefore we tested for a role of NMDARS in recurrent inhibition elicited by MC APs, and
396  could demonstrate that NMDAR blockade alone (which does not prevent spine spike
397  generation, see Bywalez et al., 2015) also reduces recurrent inhibition. It appears from these
398  experiments that NMDARSs are not absolutely necessary for all GABA release events, because
399  recurrent inhibition was not blocked entirely. However, inhibitory feedback from neurons
400  other than GCs could explain part of the APV-resistant component of the rIPSP (see below).
401  In summary, we observe that both Na,s and NMDARs can contribute to release of GABA in a
402  cooperative manner, the exact mechanism of which remains to be elucidated. Presynaptic
403  actions of NMDARSs have been described at other synapses (Bouvier et al., 2015; Dore et al.,
404  2017). If the presumed cooperation was mediated by ACa®" itself, this would require a
405  colocalization of NMDARs and HVACCs in the active zone of the GC spine, which remains
406  to be investigated. In addition, because of temporal constraints for the fast release components
407  observed here it is tempting to speculate that NMDAR-mediated Ca®" currents could become
408 activated already before the peak of the spine spike and the ensuing activation of HVACC:s,
409  allowing for summation of the respective Ca®" signals.

410  Further implications of involvement of NMDARs in GABA release

411  The observation of an apparent cooperation between Na,/HVACCs and NMDARs relates our
412  study back to the initial studies on dendrodendritic recurrent inhibition, when it was
413  concluded by several groups that NMDARs can contribute directly to release from the
414  reciprocal spine (see Introduction). However, the relative contribution of NMDARSs has been
415  under debate. While MC-step, the standard protocol used for evoking dendrodendritic
416  recurrent inhibition of MCs via 20-50 ms long depolarizations, would evoke recurrent

417  inhibition also in the presence of TTX (possibly even enhanced, Halabisky et al., 2000), it
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418  was reported by two groups that recurrent inhibition in response to shorter MC-step stimuli (<
419 5 ms) is substantially smaller than for the long MC-step and reduced in TTX (Schoppa et al.,
420  1998; Halabisky et al., 2000). These observations seem to indicate that the standard MC-step
421  protocol recruits NMDAR-dependent pathways for triggering GABA release also via
422  prolonged release of Glu and the subsequent summation of EPSPs in GC spines, whereas
423  short stimulation is more likely to recruit the GC spine spike that we have recently described
424  (Halabisky et al., 2000; Bywalez et al., 2015). Thus a cooperative mechanism could reconcile
425  some of the aforementioned earlier findings. Summation effects could also play a role in
426  physiological signalling, in particular following MC theta bursts as observed during odor
427  sampling in vivo.

428  Finally, another interesting aspect of the strong influence of NMDARSs is that this property is
429  likely to differentiate the MC-GC microcircuit from the MC-parvalbumin cell microcircuit.
430  Since PV+ cells feature Ca**-permeable AMPARs and show a rather small NMDAR
431  component in response to MTC input (Kato et al., 2013), the strong effect of APV on ur[PSCs
432 here argues in favor of a preferential activation of the MC-GC circuit by our experimental
433  method, along with the proximal stimulation and the use of VGAT-Venus rats. Conversely,
434  inhibitory feedback from neurons other than GCs could also explain part of the APV-resistant
435  component of the rIPSP (Fig. 4E).

436 Asynchronous release and postsynaptically elevated Ca’" and Na" in the spine head

437  Asynchronous release — i.e. release that happens later than the fast coupling of HVA
438  presynaptic Ca®" currents to the release machinery (e.g. Kaeser and Regehr, 2013) - is a
439  phenomenon known from from many central synapses. It is often observed at repetitively
440  stimulated synapses (Wen et al., 2013), which would also hold for the MC-step protocol,
441  where ongoing release of glutamate from MCs is likely to happen over dozens of ms and
442 subsequent asynchronous release of GABA has been documented by many groups (see

443  Introduction). Thus it was at first surprising that local stimulation would suffice to elicit

19


https://doi.org/10.1101/440198

bioRxiv preprint doi: https://doi.org/10.1101/440198; this version posted October 10, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

444  asynchronous release. However, the temporal extent of asynchronous release observed here
445  was shorter than in the classical MC-step experiments ( > 1 s vs a maximal extent of ~ 500 ms
446  here) and therefore there might be additional mechanisms involved whenever GCs are
447  activated more strongly.

448  NMDAR-mediated Ca®" entry in itself is expected to recede on the order of 100 ms and thus
449  on its own is unlikely to mediate asynchronous release far beyond the first 100 ms; Nay-
450  mediated Ca®" entry via HVACCs should decline even faster. To further unravel signalling
451  downstream of the NMDAR and Na, and thus move towards unravelling both the
452  mechanisms of cooperativity and asynchronous release we investigated the time course of
453  postsynaptic Na” and Ca®" elevations with minimal exogenous buffering. Both ion species
454  showed elevated levels for durations well compatible with asynchronous output. In particular,
455  there was a substantial and long-lasting postsynaptic elevation of Na’. This detected A[Na'];is
456  much higher than what could be extrapolated for a single backpropagating GC AP ( ~ 1 mM,
457  Ona-Jodar et al., 2017). Thus there must be substantial Na" entry via AMPARs and NMDARs
458  and possibly other postsynaptic sources. The elevation of [Na']; persisted during a plateau-
459  like phase, very much unlike recent observations of synaptic Na' transients in spines of
460  hippocampal pyramidal neurons which decayed within 20 ms (Miyazaki and Ross, 2017). The
461  slow decay of the GC spine A[Na']; might be explained by the diffusive barrier provided by
462  the high neck resistance (predicted as > 1GQ, Bywalez et al., 2015). At this point we can only
463  speculate about the origin of the plateau. It might correspond to a local UP state in the GC
464  spine which causes a reversal of the pumping activity of the Na'/Ca*""exchanger, similar to a
465 model recently proposed for apical dendritic tufts of MCs of the accessory olfactory bulb
466  (Zylbertal et al., 2015). Such a reverse action might then provide ongoing local influx of Ca**
467  sufficient to trigger release. This influx should also happen close to the release machinery,
468  since buffering of GC Ca*" by EGTA had no effect on asynchronous release (Isaacson, 2001).

469  The UP state might not be evident in GC somatic membrane potential recordings due to
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470 filtering by the spine neck resistance. Increased [Na']; within the observed regime might also
471  provide positive feedback to NMDARs via an upregulation of NMDAR Ca®" currents by the
472  Src kinase (Yu and Salter, 1997, 1998). Further experiments are required to unravel such
473  interactions.

474  Sources of spontaneous inhibitory activity in mitral cells

475  The MC apical tuft is thought to contribute to the high level of spontaneous activity mostly
476  via excitatory inputs that also can provide lateral excitation between the tufts of sister mitral
477  MCs within the same glomerulus (Schoppa et al., 2001; Christie and Westbrook, 2006;
478  Pimentel and Margrie, 2008). MCs with truncated tufts do not show a reduced sIPSC
479  frequency (Arnson and Strowbridge, 2017) but are less prone to exhibit long-lasting
480  depolarizations (LLDs) and excitation via metabotropic GluRs (Carlson et al., 2000; Dong et
481  al., 2008). We observed that all three antagonists of ur[PSC generation (TTX, CTX, APV)
482  also substantially reduced spontaneous IPSC frequency (to 15%, 50% and 35% of control,
483  respectively. In the case of Na, blockade, strong effects are to be expected because of the
484  blockade of spontaneous firing and thus a decrease in the excitation levels also of inhibitory
485 neurons (GCs and other lateral inputs alike). Moreover, as we have shown above,
486  spontaneous release of glutamate from MC lateral dendrites onto GC spines is far less likely
487  to trigger recurrent release in the presence of TTX because of blockade of the spine spike.
488  Other groups have observed similarly strong effects of TTX on sIPSC frequency (e.g.
489  Halabisky et al., 2000; Arnson and Strowbridge, 2017). The effect of HVACC blockade alone
490  was less pronounced than for TTX, because it will neither prevent spontaneous spikes nor
491  spontaneous release of vesicles and thus have less of an effect on global network activity.

492  The substantial effect of NMDAR blockade on spontaneous IPSCs was also observed in other
493  olfactory bulb studies (Wellis and Kauer, 1993; Schmidt and Strowbridge, 2014). Part of the
494  strong contribution of NMDARs to bulbar network activity may be related to the LLDs

495  observed in MCs. While these LLDs do not require NMDARs to become triggered, they are
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496  enhanced in amplitude and duration via NMDARs (Carlson and Keller, 2000) and in our
497  hands often increased their frequency in the presence of DNI-caged glutamate. In addition,
498  MC NMDA autoreceptors will also contribute (see Introduction). Finally, the contribution of
499 NMDARs to release from the GC spine observed here also implies that in the presence of
500 APV spontaneous release of glutamate from MCs is less likely to trigger MC-GC rIPSCs.

501  Functional role of local reciprocal processing

502  While there is first evidence for substantial dendritic Ca®" signals and local GC spine signals
503  invivo (Wienisch et al., 2016; Wallace et al., 2017; Zhang et al., 2016), the extent to which
504  specifically local GABA release from GC spines contributes to odor processing in the
505  olfactory bulb is difficult to estimate at this point. Athough it is very likely that global GC
506  spiking is not required for the generation of gamma oscillations (Lagier et al., 2004), the
507  precise role of gamma in odor processing is not yet clear. Further advances in high resolution
508  functional imaging including further development of voltage-sensitive dyes might be required
509 to tackle these questions. Genetic loss-of-function approaches would need to either
510  exclusively prevent global signals in GCs (but not the spine spike) or to come up with
511  methods to inactivate GABA release from all the GC spines associated with one particular
512 glomerular set of MCs but not from the other spines, such that the impact of recurrent
513  inhibition could be separated from the lateral inhibition which requires global GC activity.
514  In any case, there is convincing evidence for a role of both NMDARs and Nays specifically in
515  difficult odor discriminations, since in the same behavioral paradigm GC-specific knock-
516  down (in about ~50% of GCs) of GIluN1 resulted in an increase in discrimination time of on
517  average ~ 60ms, and of Nays of ~ 85 ms versus control, while simple discriminations were not

518 affected (Abraham et al., 2010; Nunes and Kuner, 2018).
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519  Experimental procedures

520  Animal handling, slice preparation and electrophysiology

521  Animals used in our experiments were juvenile Wistar or VGAT-Venus transgenic rats
522 (VGAT-Venus /w-Tg(SLc32al-YFP*)1Yyan) of either sex (P11 — P19). VGAT-Venus
523  transgenic rats are based on mouse BAC transgenic lines. They were generated by Drs. Y.
524  Yanagawa, M. Hirabayashi and Y. Kawaguchi at the National Institute for Physiological
525  Sciences, Okazaki, Japan, using pCS2-Venus provided by Dr. A. Miyawaki (Uematsu et al.,
526  2008), RRID: RGD 2314361. In this rat line, fluorescent Venus protein is preferentially
527  expressed in cells carrying the vesicular GABA transporter (VGAT), i.e. GABAergic
528 neurons: the localization of Venus-labeled cells across OB layers was found to be similar to
529  that of GABA-positive cells; direct colocalization in the cortex yielded an overlap of 97%
530 (Uematsu et al., 2008).

531  Sagittal olfactory bulb brain slices (thickness 300 pm) were prepared in ACSF (composition
532 see below) following procedures in accordance with the rules laid down by the EC Council
533  Directive (86/89/ECC) and German animal welfare legislation. Slices were incubated a water
534  bath at 33°C for 30 min and then kept at room temperature (22°C) until recordings were
535  performed.

536  Mitral cell experiments

537  Olfactory bulb mitral cells were visualized by gradient contrast and recorded from in whole
538  cell voltage clamp mode (at -70 mV or +10 mV) or current clamp mode. Recordings were
539  made with an EPC-10 amplifier and Patchmaster v2.60 software (both HEKA Elektronik,
540  Lambrecht/Pfalz, Germany). Experiments were performed at room temperature (22°C). Patch
541  pipette resistance ranged from 5-6-MQ. Mitral cells clamped at -70 mV were filled with
542  intracellular solution containing the following substances (in mM): (1) tip solution: 130 K-
543  Methylsulfate, 10 HEPES, 4 MgCl2, 2 Ascorbic acid, 10 Phosphocreatine-di-tris-salt, 2.5

544  Na2ATP, 0.4 NaGTP (2) backfilling solution: 110 Cs-Chloride, 10 HEPES, 10 TEA,
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545  4MgCl2, 2 Ascorbic acid, 10 5-N-(2,6-dimethylphenylcarbamoylmethyl) triethylammonium
546  bromide (QX-314, Sigma), 0.2 EGTA, 10 Phosphocreatine, 2.5 Na2ATP, 0.4 NaGTP. Mitral
547  cells clamped at + 10mV contained internal solution composed of: 125 Cs-methanesulfonate
548 1 NaCl, 0.5 EGTA, 10 HEPES, 3 MgATP, 0.3 NaGTP, 10 Phosphocreatine-di-Tris-salt,
549  10QX-314, 0.05 Alexa 594 (Ca’" indicator, Thermofisher Scientific, Waltham.
550  Massachusetts, US), at pH 7.3. For mitral cell current clamp experiments the same internal
551  solution as for granule cell current clamp experiments was used, but without fluorescent dye
552 (see below). APs were evoked by somatic current injection (3 ms, 1 nA) and 5 APs were
553  elicited for every recording condition.

554  The extracellular ACSF was bubbled with carbogen and contained (in mM): 125 NaCl, 26
555 NaHCOs, 1.25 NaH,PO4, 20 glucose, 2.5 KCI, 1 MgCl,, and 2 CaCl,. The following
556  pharmacological agents were bath-applied in some experiments: bicucculline (BCC, 50 uM,
557  Sigma-Aldrich), ®-conotoxin MVIIC (CTX, 1 uM, Alomone, Jerusalem, Israel), TTX (500
558 nM, Alomone), D-APV (25 uM, Tocris). In pharmacological experiments we waited for 10
559  minutes after wash-in of the drugs TTX, APV resp. CTX. In CTX experiments 1mg/ml
560  cyctochrome C was added to the ACSF. TTX voltage clamp experiments were conducted at
561  clamping potentials of -70 mV (n=5) or + 10 mV (n = 7), whereas all APV and CTX voltage
562  clamp experiments were conducted at + 10 mV.

563  Granule cell experiments (Na' and Ca*" imaging)

564  Whole cell current clamp recordings were performed at room temperature (22°C) and granule
565  cells were held near their resting potential of below -70 mV. Granule cells were filled with an
566  internal solution containing the following substances (in mM): 130 K-Methylsulfate, 10
567 HEPES, 4 MgCI2, 2 Ascorbic acid, 10 Phosphocreatine-di-tris-salt, 2.5 Na2ATP, 0.4 NaGTP,
568 and 1 mM SBFI (sodium-binding benzofuran isophthalate, Teflabs, Austin, TX and
569  Molecular Probes, Eugene, OR, USA) or 0.1 OGB-6F (Ca2+ indicator, Thermofisher

570  Scientific, Waltham. Massachusetts, USA). The patch pipette resistance varied between 6 and
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571 7 MQ. The ACSF was the same as for mitral cell experiments.

572  Combined two-photon imaging and uncaging

573  Imaging and uncaging were performed on a Femto-2D-uncage microscope (Femtonics,
574  Budapest, Hungary). Two tunable, Verdi-pumped Ti:Sa lasers (Chameleon Ultra I and II
575  respectively, Coherent, Santa Clara, CA, USA) were used in parallel. The first laser was set
576  either to 900 nm for simultaneous excitation of YFP and Alexa 594 in one channel for
577  visualization of spines and the mitral cell for ur[PSC recordings, to 840 nm for excitation of
578  OGB-6F or to 800 nm for excitation of SBFI in GC spines and dendrites, and the second laser
579  was set to 750 nm for uncaging of caged glutamate. The two laser lines were directly coupled
580 into the pathway of the microscope with a polarization cube (PBS102, Thorlabs Inc, Newton,
581 NJ, USA) and two motorized mirrors. As caged compound we used DNI-caged glutamate
582  (DNI; Femtonics). DNI was used in 1 mM concentration in a closed perfusion circuit with a
583  total volume of 12 ml. Caged compounds were washed in for at least 10 minutes before
584  starting measurements. The uncaging laser was switched using an electro-optical modulator
585  (Pockels cell model 350-80, Conoptics, Danbury, CT, USA). The emitted fluorescence was
586  split into a red and a green channel with a dichroic mirror.

587  Triggering of mitral cell reciprocal IPSCs

588  The region of interest on a proximal lateral mitral cell dendrite was moved to the center of the
589  scanning field. Four uncaging spots were placed in close apposition along the lateral mitral
590  cell dendrite in case of ‘blind’ uncaging or one spot was positioned near the region of interest
591  when YFP fluorescence of GABAergic cells in VGAT-Venus rats was used as an optical help
592  to identify potential synaptic contacts between mitral cell lateral dendrites and granule cell
593  spines.

594  The uncaging power was adjusted to the depth of the measured region of interest,
595  corresponding to a laser power of approximately 15 mW at the uncaging site (Sobczyk et al.,

596  2005). The uncaging beam was positioned at ~ 0.2 - 0.5 um distance from the mitral cell

25


https://doi.org/10.1101/440198

bioRxiv preprint doi: https://doi.org/10.1101/440198; this version posted October 10, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

597  dendrite/ potential site of synaptic MC — GC contact. The uncaging pulse duration was 1 ms.
598  The scanning position was readjusted if necessary before each measurement to account for
599  drift. The microscope was equipped with a 60x Nikon Fluor water immersion objective (NA
600  1.0; Nikon Instruments, Tokyo, Japan). The microscope was controlled by MES v.5.3190
601  software (Femtonics).

602  Uncaging stability

603  To test for the stability of uncaging evoked recurrent IPSCs in mitral cells, uncaging at a
604  dendritic region of interest was performed. If uncaging led to the repetitive occurrence of an
605  urI[PSC in the same time window, the stability measurement was continued by either uncaging
606 30 times in total with a frequency of 0.033 Hz or 5 times in a row with 0.033 Hz followed by
607  a 10 min break (to mimic the time for wash-in of pharmacological compounds) and another
608  round of uncaging (5x, 0.033Hz). ur[PSC amplitudes were taken from averages of the first 5 —
609 10 and the last 5 — 10 uncaging sweeps and statistically compared with each other.

610  Na' or Ca’" imaging of granule cell spines and simultaneous glutamate uncaging

611  For Na' imaging experiments, electrophysiology and imaging were performed as in (Ona-
612  Jodar et al., 2017), and for Ca®" imaging experiments as in (Bywalez et al., 2015). Two-
613  photon uncaging of glutamate was performed as described above and in (Bywalez et al.,
614  2015). Na" and Ca*" signals were imaged in line scanning mode with a temporal resolution of
615 ~ 1 ms. The scan position was checked and readjusted if necessary before each measurement
616  to account for drift.

617  Data analysis and statistics

618  Electrophysiological and imaging data were analysed with custom written macros in Igor pro
619  (Wavemetrics, Lake Oswego, OR, USA). Additional sIPSC and ur[PSC analysis was
620  performed using the Mini Analysis program (Synaptosoft, Decature, GA, USA) and Origin

621  (Northampton, MA, USA).
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622  Detection of urISPCs Due to the high spontaneous activity, in order to test for the presence of
623  asignal we performed first an area and event analysis of IPSC traces (see below and Fig. 1D;
624  if a signal was detected based on these analyses we went on to search for individual triggered
625 ur[PSCs by visual inspection of an overlay of the recorded traces. Individual IPSCs were
626  considered as uncaging-evoked when they repetitively occurred within the same time window
627 (3 £2 ms, n=31) after uncaging and had similar kinetics (indicating a similar location of the
628  respective input on the dendrite). Signal types ranged from single ur[PSC events to barrages
629  of ur[PSCs lasting tens to hundreds of ms. The time span of signals was measured in averaged
630  responses as the duration from the onset until the return to the baseline (Fig. S1D2).

631  The release probability was estimated based on 5 — 30 TPU samplings with a mean of 7.5
632  £1.7 stimulations (n = 31).

633  Area analysis The area was measured as the integrated activity above baseline for a 500 ms
634  pre-uncaging baseline window and for a post-uncaging window in individual traces to screen
635  for the presence of a signal (Fig. 1D). The 500 ms extent of the time windows was validated
636 by our measurements of averaged barrage duration (see Fig. S1D2).

637  Delta (A) area values were calculated by subtracting the area of a 500 ms pre-uncaging
638  baseline window (‘pre’) from a 500 ms post-uncaging window (‘post’), to isolate the amount
639  of uncaging-evoked inhibitory activity from spontaneous activity. If this procedure was
640  applied to averaged traces and the result was negative, the A area value was set to zero (i.e. no
641  uncaging-evoked activity). While this procedure might still generate false positives due to
642  spontaneous bursts of activity in the post-uncaging window, it also prevents a spurious
643  cancelling of activity during averaging across experiments. A area values for pharmacological
644  conditions were normalized to control A area in order to assess the net effect of drugs on
645  uncaging-evoked inhibitory activity (Fig. 2D, 3D, 4D).

646  Event analysis Within the individual recorded traces, the peak time points of individual IPSCs

647  were analysed. Peak search parameters in MiniAnalysis were adjusted in order to detect
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648  potentially all IPSCs within a trace. For detailed spontaneous IPSC amplitude analysis, IPSCs
649  were sorted manually after the automated peak search and discarded if the amplitude
650  exceeded less than 5 pA and/or the amplitude onset was not detected properly. Event counts
651 were averaged for the 500 ms pre-uncaging and the 500 ms post-uncaging windows,

652  respectively.

653  Evaluation of effects of pharmacological agents For determining drug effects, the averaged
654  ur[PSC amplitudes were scaled by the ratio of number of responses to total number of trials,
655  both in control and drug condition, in order to account also for changes in release probability.
656  If no single responses/urIPSCs could be detected anymore in the presence of TTX, CTX or
657 APV according to the criteria described above, we measured the mean amplitude of V., above
658  baseline in the averaged response at the time point of the maximal response amplitude in
659  control condition. If this value was below 0, the response size was set to 0 pA. If the value
660  was larger than 0, we interpreted it as average drug response amplitude including failures and
661  thus did not scale it. This conservative method prevents false negatives due to lacking

662  sensitivity in individual trials in the presence of the drug.

663  Detection of spontaneous activity Spontaneous IPSCs were recorded prior to wash-in of DNI,
664  in the presence of DNI and in the presence of each pharmacological compound. For each
665  condition, data were analysed for a total duration of 20 s of recordings.

666  Analysis of recurrent IPSPs For each recording, the amplitude was measured as the maximal

667  negative deflection of the membrane potential from baseline, the half duration of decay T/, as
668  the time between the time point of the maximal amplitude and its decay to half the maximal
669  value and the total duration as the time span between the onset of the hyperpolarization below
670  baseline and return to baseline. Values for all 5 recordings in one condition were averaged.

671  Statistical tests Data were analysed with non-parametric paired (Wilcoxon matched pairs) or

672  unpaired (Mann-Whitney-U) tests and expressed as mean + SD.

673
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939  Figure 1. TPU-induced glutamatergic activation of GC spines triggers GABA release
940  detected as ur[PSCs in MCs.

941 (A) Experimental setting showing somatic whole cell voltage clamp recording from MC filled with
942 Alexa 594 (red, 50 uM) and TPU of DNI-caged glutamate (DNI; blue star, 1 mM) at GC spines in
943  VGAT-Venus rats (GCs green).

944  (B) Summary of effects of DNI (red) on spontaneous activity. Left: sSIPSC amplitude and frequency (n
945 = 14 MCs); Right: recordings from example experiment. sIPSCs are gone in the presence of
946  bicuculline (BCC, orange, 50 uM).

947  (C) Left: Representative experiment showing individual ur[PSC amplitudes over time. Inset:
948  Averaged urlPSC in the first (black, n = 3 ur[PSCs) and last ten minutes (grey, n = 3 ur[PSCs). Right:
949  Comparison of averaged normalized urlPSC amplitudes separated by 10 min interval (n = 7).

950 (D) Left: Example of consecutive uncaging traces showing urlPSC responses (black) and failures
951  (grey). Inset: Integrals (grey) of 500 ms time windows pre and post uncaging. Middle: Area
952  (integrated activity) in pre and post uncaging integrals in experiments where triggered ur[PSCs were
953  detected (n = 27). Right: Comparison between the number of pre and post uncaging IPSC events in the
954  same data set (n = 27).

955  (E) Properties of first triggered urlPSCs. Left: Distribution of ur[PSC amplitudes (n = 32, V,, = +10
956  mV). Middle: Distribution of release probabilities of GABA after TPU (n = 44). Right: Distribution of
957  urlPSC latencies from TPU onset (n = 36).

958 Levels of significance (also in other figures): n.s., not significant, *: P < 0.05, **: P < 0.01, ***: P <
959  0.001
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Figure S1. Secondary figure for Figure 1
Ad Fig. 1A: Location of uncaging sites. (A1) Cumulative data showing TPU distance from MC soma
along lateral dendrites (n = 27). (A2) Correlation between urlPSC amplitudes and the site of TPU (n =
20).

Ad Fig. 1B: DNI significantly decreases sIPSC amplitude and leaves sIPSC kinetics unaffected. (B1)
Representative events and summary plots showing the comparison of sIPSC parameters (amplitude,
rise time, decay time, area) between control and in the presence of DNI (red, n = 14). (B2) Normalized
frequency showing the effect of bicuculline (orange) on control (DNI) sIPSC activity (n = 6).

Ad Fig. 1C: (C1) The urIPSC is mediated by GABA, receptors. Normalized ur[PSC amplitudes;
signals are gone in the presence of bicuculline (n = 7)

Ad Fig. 1D: (D1) Absolute changes in area (integrated activity) and event numbers between ,pre’
interval and ,post’ interval (delta = ,post’ — ,pre’). (D2) Quantification of extent of late/asynchronous
activity: Duration of urlPSC barrages after TPU (n = 26); inset: examples for short average urlPSC
(black) and long-lasting average urlPSC barrage (grey).

Ad Fig. 1E: (E1) Latency: Example of one of the three late first ur[PSC recordings (> 50 ms).
Representative traces with magnifying inset showing late triggered urIPSCs (individual traces: grey,
average: red)
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Figure 2. The urlPSC is reduced by Na, blockade (TTX, 500nM).

(A, B) Representative experiments showing a patch-clamped mitral cell (Alexa594 50 uM, red), the
uncaging site(s) along a lateral dendrite (blue star) and below the corresponding uncaging traces with
individual traces shown in grey, average control traces in red and average TTX traces indicated in blue
(A: VGAT-Venus rat, B: Wistar rat).

(C) Left: Magnified illustration of traces in A (for control individual traces with ur[PSC responses and
their average, for TTX only average, color coding as above). Right: Cumulative normalized data
showing the strong reduction of ur[PSC amplitude during Na, blockade with TTX (n = 12). Diamonds
indicate the experiments with no detectable response in the presence of the drug.

(D) Comparison of normalized delta IPSC area between control and in the presence of TTX (see
Methods, n = 10).

norm urlPSC avg ampl
o
l

norm A urlPSC area
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993
994  Figure S2: Secondary figure for Figure 2
995  Sodium channel blockade by TTX strongly attenuates spontaneous IPSC activity.
996  (A) Representative example of sIPSC traces in control (red), in the presence of TTX (blue) and
997  additional application of bicuculline (orange).
998  (B) sIPSC frequency comparison beween control and additional presence of TTX (left, n = 10),
999  between TTX and extra bicuculline added (+BCC, n = 10).
1000  (C) Cumulative plot of normalized amplitudes illustrating the lack of an effect of Na, blockade on
1001  spontaneous IPSC amplitudes (n =9).
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Figure 3.

Blockade of high voltage activated Ca*" channels by ®-conotoxin MVIIC (CTX, 1

uM) causes a prominent reduction of ur[PSC amplitudes.

(A, B) Two representative experiments in brain slices from VGAT-Venus rat with the corresponding
MC (red), the site of TPU (blue star) and the uncaging traces according to the condition (individual
traces : grey, average control: red, average CTX: green).

(C) Left: Magnified illustration of traces in B (for control individual traces with ur[PSC responses and
their average, for CTX only average, color coding as above). Right: Summary of effects of CTX on
average normalized ur[PSC amplitude (n = 8). Diamonds indicate the experiments with no detectable
response in the presence of the drug.

(D) Comparison of delta urIPSC areas normalized to control versus in the presence of CTX (n=9).
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Figure S3. Secondary figure for Figure 3

Spontaneous IPSC activity is lowered in the presence of CTX.

(A) Example traces showing the decreasing effect of CTX (green) and bicuculline application (BCC,
orange) on sIPSCs.

(B) Normalized summary plots of the inhibitory effect of CTX (n = 7) and additional bicuculline (+

BCC, n=7) on sIPSC frequency.
(C) Cumulative plot of normalized amplitudes showing no effect of CTX on sIPSC amplitudes (n = 7).
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Figure 4. NMDAR blockade with D-APV (25 uM) results in a strong reduction of ur[PSC
amplitudes and also reduces rI[PSPs following mitral cell APs.

(A, B) Shown are two representative uncaging experiments with the corresponding MC (red), the site
of TPU (blue star) and the uncaging traces according to the condition (individual traces : grey, average
control: red, average APV: dark grey; VGAT-Venus rat).

(C) Left: Magnified illustration of traces in A (for control individual traces with urI[PSC responses and
their average, for APV only average, color coding as above). Right: Summary of effects of APV on
average normalized ur[PSC amplitude (n = 10). Diamonds indicate the experiments with no detectable
response in the presence of the drug.

(D) Comparison of delta urIPSC integrals between control versus in the presence of APV (n = 10).

(E) Left: Representative example of mitral cell AP evoked by somatic current injection in control
conditions (black trace) and in the presence of APV (grey trace). Inset: Magnified recurrent IPSPs.
Right: Summary of effects of APV on average normalized rIPSP amplitude (n = 11 MCs).

(F) Summary of effects of APV on normalized rIPSP half durations t1/2 (n = 11).
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1043  Figure S4. Secondary figure for Figure 4

1044  NMDAR blockade by APV strongly depresses spontaneous IPSC activity.

1045  (A) Representative example of sIPSC traces in control (red), in the presence of D-APV (25
1046  uM, dark grey) and additional application of bicuculline (+BCC, orange).

1047  (B) sIPSC frequency comparison beween control and additional presence of D-APV (left, n =
1048  9), between D-APV and extra bicuculline added (n = 8).

1049  (C) Cumulative plot of normalized sIPSC amplitudes illustrating the effect of NMDAR
1050  blockade on spontaneous activity (n = 9).

1051 (D) Representative example of additional effect of GABAA receptor blockade with BCC on
1052 rIPSP in the presence of APV (after 25 min of wash-in).

42


https://doi.org/10.1101/440198

bioRxiv preprint doi: https://doi.org/10.1101/440198; this version posted October 10, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 5 A Ca?* imaging C Na* imaging
100 uM OGB-6F 1 mM SBFI
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1053
1054

1055  Figure S.

1056  Imaging of TPU-evoked Ca®" or Na* entry into GC spines with low exogenous buffering (100
1057 M OGB-6F or 1 mM SBFI) reveals sluggish decay of A[Ca*"] and plateau in A[Na'].

1058 (A, C) Top: Representative examples of individual spines. Blue stars denote uncaging
1059  locations. Middle: Respective averaged fluorescence transients (AF/F)rpu within the above
1060  spines (S, red) and the adjacent dendrite (D, black). Bottom: (AF/F)rpu transients averaged
1061  across experiments (Ca*" imaging: n = 11 spines, Na' imaging: n = 13 spines) with the same
1062  time axis, spine response in red and dendrite response in grey. The dotted red trace in the Ca*"
1063  imaging graph represents the averaged response to a backpropragating somatically evoked AP
1064 (n=28).

1065 (B, D) Cumulative plots of (AF/F)tpu amplitudes in dendrite and spine pairs and of half
1066  durations 112 of (AF/F) tpu within the spine heads (mostly not detectable in the dendrites).
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