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Burst-Induced Anti-Hebbian Depression Acts through
Short-Term Synaptic Dynamics to Cancel Redundant
Sensory Signals

Erik Harvey-Girard,' John Lewis,? and Leonard Maler!
'Department of Cellular and Molecular Medicine, Faculty of Medicine, University of Ottawa, Ottawa, Ontario K1H 8M5, Canada, and 2Department of
Biology, Faculty of Science, University of Ottawa, Ottawa, Ontario KIN 6N5, Canada

Weakly electric fish can enhance the detection and localization of important signals such as those of prey in part by cancellation of
redundant spatially diffuse electric signals due to, e.g., their tail bending. The cancellation mechanism is based on descending input,
conveyed by parallel fibers emanating from cerebellar granule cells, that produces a negative image of the global low-frequency signals in
pyramidal cells within the first-order electrosensory region, the electrosensory lateral line lobe (ELL). Here we demonstrate that the
parallel fiber synaptic input to ELL pyramidal cell undergoes long-term depression (LTD) whenever both parallel fiber afferents and their
target cells are stimulated to produce paired burst discharges. Paired large bursts (4-4) induce robust LTD over pre-post delays of up to
%50 ms, whereas smaller bursts (2-2) induce weaker LTD. Single spikes (either presynaptic or postsynaptic) paired with bursts did not
induce LTD. Tetanic presynaptic stimulation was also ineffective in inducing LTD. Thus, we have demonstrated a form of anti-Hebbian
LTD that depends on the temporal correlation of burst discharge. We then demonstrated that the burst-induced LTD is postsynaptic and
requires the NR2B subunit of the NMDA receptor, elevation of postsynaptic Ca>*, and activation of CAMKIIS. A model incorporating
local inhibitory circuitry and previously identified short-term presynaptic potentiation of the parallel fiber synapses further suggests that
the combination of burst-induced LTD, presynaptic potentiation, and local inhibition may be sufficient to explain the generation of the

negative image and cancellation of redundant sensory input by ELL pyramidal cells.

Introduction

It is generally believed that long-lasting changes in synaptic effi-
cacy are an essential cellular component underlying activity-
dependent adaptive modification of neuronal function. A causal
link between synaptic plasticity and altered systems level neural
processing has, however, been difficult to establish. We describe
here a form of anti-Hebbian long-term depression (LTD) in a
feedback circuit of the medullary electrosensory nucleus [elec-
trosensory lateral line lobe (ELL)] of the weakly electric fish
Apteronotus leptorhynchus. This form of LTD requires specific
temporal correlations of presynaptic and postsynaptic spike
bursts. Based on the coding properties of bursts in this sensory
system, we hypothesize that LTD in the ELL feedback pathway,
together with local circuit short-term synaptic dynamics, imple-
ments a mechanism that adaptively cancels spatially redundant
low-frequency electrosensory signals.

A. leptorhynchus emits a high-frequency (species range: ~600—
1000 Hz) electric organ discharge (EOD) that is sensed by elec-
troreceptors distributed over its body surface (Carr et al,
1982). P-units respond to amplitude modulations (AMs) of
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the EOD caused by objects such as prey or by interfering EODs
of conspecifics (Maler, 2007). As the fish moves past prey, spa-
tially localized low-frequency AMs are induced and these guide
the fish precisely toward the prey target (Nelson and Maciver,
1999). Tail movements and interaction of fish with similar EOD
frequencies also induce AMs whose frequency range overlaps that
induced by prey (Bastian, 1996a).

In vivo studies (Bastian, 1996a, 1998b) have shown that acti-
vation of ELL pyramidal cells by correlated sensory stimulation of
their receptive fields (RFs) and electrical or natural stimulation of
their indirect feedback input [dorsal molecular layer (DML) PFs]
leads to short-term anti-Hebbian depression of the feedback in-
put. This depression is believed to be part of the cellular basis of a
mechanism that cancels spatially redundant low-frequency elec-
trosensory signals (Bastian et al., 2004). These studies did not
address either the required precision of the correlated input and
feedback signals or the possible importance of their temporal
ordering. In the ELL of mormyrid fish (an unrelated family of
electric fish) a precisely ordered relation between presynaptic
input and postsynaptic spiking is essential for such cancellation
(Bell et al., 1997; Han et al., 2000).

Anti-Hebbian depression depends on Ca®" influx (Bastian,
1998b). One possible source of Ca** is NMDARs expressed by ELL
pyramidal cells (Bottai et al., 1997; Berman et al., 2001), especially
NR2B-containing NMDARs (Harvey-Girard et al., 2007).

We therefore investigated both the temporal dynamics of the
anti-Hebbian cancellation mechanism and its cellular basis in an
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in vitro ELL preparation. We tested the effects of correlated dis-
charge of pyramidal cells and PFs and found that specific burst
patterns were able to induce LTD of pyramidal cell EPSPs evoked
by PF stimulation. We also found that this form of LTD re-
quires NMDARs (NR1/NR2B subunits) located on dendritic
spines of ELL pyramidal cells, elevation of postsynaptic Ca*™
levels, and activation of CaMKIIf. We propose that this LTD
is the cellular basis of long-lasting negative image formation in
the apteronotid ELL.

Materials and Methods

ELL slice preparation

ELL slices were prepared as previously described (Berman et al., 1997;
Berman and Maler, 1998b,c). Briefly, fish were anesthetized with 0.2%
3-aminobenzoic ethyl ester (MS-222; Sigma) in oxygenated water. The
ELL was removed, and slices of 350 wm in its transverse plane were
prepared on a vibratome while the ELL was immersed in ice-cold artifi-
cial CSF (ACSF) containing the following (in mm): 124 NaCl, 3 KCl, 0.75
KH,PO,, 2 CaCl,, 1.5 MgSO,, 24 NaHCOs, and 10 p-glucose containing
1 mm kynurenic acid. Slices were maintained in an interface chamber in
ACSF at room temperature for 30 min to 1 h before recording. All protocols
were approved by the University of Ottawa Animal Care Committee.

Stimulation and recording

Intracellular recordings were made using sharp microelectrodes (80—150
MQ) filled with 3 M KAc with tips placed in the pyramidal cell layer of the
ELL centrolateral segment (CLS) (Maler, 2007); we chose the CLS since it
has been the focus of numerous in vivo studies related to plasticity of
feedback connections (Bastian, 1995, 1996a,b, 1998a; Chacron et al.,
2003; Bastian et al., 2004). Intracellular recordings were amplified and
filtered (DC-1 kHz, Axoclamp-2B; Molecular Devices), digitized at 5
kHz (ITC-16; Instrutech), and acquired using Pulse Control (In-
strutech) and Igor Pro (Wavemetrics) software running on a Macin-
tosh G3 computer (Apple).

Parallel fibers (PFs) in the DML of the ELL (Maler, 2007) were stimu-
lated through a stimulus isolation unit (100 us pulses, 100 mV; Digi-
timer) using a gold-coated tungsten microelectrode (0.8—1.2 MW;
FHC). In all protocols described below, parallel fibers were stimulated
every 4 s to avoid the induction of presynaptic potentiation (Oswald et
al., 2002; Lewis and Maler, 2004). One hundred presynaptic stimulus
pulses were delivered as controls while postsynaptic responses were re-
corded. Injection of intracellular current (pulses of 1.5 nA for 1 ms) was
used to evoke postsynaptic action potentials. Then, 110 pre—post paired
stimulations were delivered at 0.25 Hz with both the number of stimuli
and their relative timing varied as described below. This was followed by
stimulation of the presynaptic PFs (360 times) to test for changes of the
synaptic response. We quantified the synaptic responses by measuring
the peak amplitude from baseline. The baseline was taken as the mean
membrane potential over a 50 ms window recorded just previous to
stimulus onset.

We tried different types of pre—post pairing stimulation protocols
(Morrison et al., 2008). First, we tested standard spike timing-dependent
plasticity protocols (named here 1-1 protocols) with delays from —100 to
+100 ms (presynaptic stimulation time — postsynaptic spike time). We
then tested presynaptic bursts paired with postsynaptic bursts. We deliv-
ered presynaptic and postsynaptic bursts containing four 100 ws pulses at
100 Hz (referred to as 4-4 protocols). We varied the delay between the
“preburst” and the “postburst” from —100 ms (i.e., post 100 ms before
pre) to +100 ms (i.e., post 100 ms after pre) from the starting spikes
within each burst. We also tested other pairing protocols at varying de-
lays, as one presynaptic and four postsynaptic stimulations (1-4), four
presynaptic coupled to one presynaptic stimulation (4-1), and two pre-
synaptic paired with two postsynaptic stimulations (2-2).

Throughout control and test stimulations, a paired-pulse facilitation
(PPF) protocol with a delay of 20 ms between pulses was performed every
tenth stimulation to assess possible changes of presynaptic efficacy. At
the end of the plasticity protocol band-limited Gaussian white noise
current (0—60 Hz) was injected (Oswald et al., 2004). Coherence of the
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evoked spike train and noise stimulus was used to determine whether
recording was from a basilar pyramidal (E cell) or a nonbasilar pyramidal
cell (I cell); in the CLS, E cells are high pass, whereas I cells are low pass
(Ellis et al., 2007; Mehaffey et al., 2008). Twenty-three cells were identi-
fied by their filtering properties as E cells (Bastian et al., 2004; Ellis et al.,
2007), 11 were identified as I cells, and 5 remained unidentified (data not
shown). No differences were seen among the cell classes for any of the
protocols, so the data were pooled across cell types.

Previous in vivo experiments showed that redundant electrosensory
signals are cancelled by ELL pyramidal cells with a process involving
synaptic depression of their indirect feedback inputs (DML PFs)
(Bastian, 1996a, 1998a). We reproduced in vitro these in vivo experiments
in the following way: (1) a single PF test pulse was delivered at 1 Hz while
EPSPs were recorded (repeated 30 times); (2) while we continued to
deliver the test pulse as before, a tetanic train of six PF stimulations (15
ms ISI) was delivered 250 ms after the test pulse (repeated 120 times); (3)
stimulation continued as before [test pulse as in (2) plus tetanic train]
except that during the tetanic train a negative current was injected for 100
ms to hyperpolarize the cell (repeated 60 times); and (4) finally, the same
protocol as in (2) was repeated (60 times). During these experiments,
pyramidal cell firing rate was monitored for comparison with in vivo
firing rate as previously reported for this protocol (Bastian, 1998a).

Drug applications

NMDA receptors containing the NR2B subunit are expressed in ELL
pyramidal cells and are the major contributor to the PF-evoked EPSPs
(Berman et al., 1997, 2001; Harvey-Girard and Dunn, 2003; Harvey-
Girard et al., 2007). We therefore bath applied ifenprodil (30 um), an
antagonist of NR2B-containing NMDA receptors, to assess the involve-
ment of NMDA-Rs containing this subunit in the induction of synaptic
plasticity. Our previous work has demonstrated that the apteronotid
NR2B subunit contains the ifenprodil binding site (Harvey-Girard and
Dunn, 2003).

ELL pyramidal cells express high levels of CaMKIIb (Maler and
Hincke, 1999); we therefore bath applied the CaMKII antagonists KN-62
(3.3 uMm) (Wang and Maler, 1998) and KN-93 (3.3 um), as well as KN-92
(3.3 um) as a negative control (Valverde et al., 2005; Hansel et al., 2006),
to assess the possible contribution of this kinase to the induction of the
synaptic plasticity we observed. During our experiments, KN-92 and
KN-93, but not KN-62, increased cell excitability and spontaneous spik-
ing. We therefore hyperpolarized the cells during recording to reduce the
number of spontaneous spikes and eliminated any remaining spikes be-
fore data analysis. The increased excitability is presumably due to the
extracellular block of wide range of voltage-gated K ™ channels by KN-92
and KN-93 (Rezazadeh et al., 2006). KN-62 did not increase cell excit-
ability and therefore gave cleaner results.

Bastian (1998a) has demonstrated that postsynaptic Ca™ is required
for the in vivo induction of plasticity in ELL pyramidal cells. We therefore
also assessed the role of postsynaptic Ca" in the induction of synaptic
plasticity in vitro by including BAPTA (50 mm) in the recording pipette.

Effects of the drug applications on the evoked EPSPs were monitored
for 20 min before starting the pairing protocol.

Modeling the interactions of long-term depression with short-term
plasticity and inhibition

To assess the functional implications of decreasing postsynaptic strength
on the long time scales associated with LTD, we consider how the net
parallel fiber inputs change in the context of negative image generation
during sinusoidal spatially global stimulus presentation (Bastian, 1995;
Nelson and Paulin, 1995; Bastian et al., 2004). The parallel fiber inputs
consist of a direct excitatory component and a disynaptic inhibitory
component. Previous studies have developed an experimentally based
model of the dynamics underlying these inputs (Lewis and Maler, 2002a,
2004; Lewis et al., 2007). This original model described excitation in
terms of the presynaptic dynamics as well as inhibition. Here, we con-
sider the effects of changing the postsynaptic excitatory conductance. A
basic description of the model is provided in the following sections; the
details, along with the motivation and associated data, can be found in
previous studies (Lewis and Maler, 2002a, 2004; Lewis et al., 2007).
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We consider a conductance-based single-neuron (leaky integrate-and-
fire) model (Dayan and Abbott, 2001). In addition to aleak conductance, the
neuron receives both excitatory and inhibitory inputs as follows:

dv(t)
dt

= go(vu - V(t)) + Isyn(v(t))t) + Lo (1)

Liyn(V(0,1) = Gex()(Vee = V(1) + Ginp () (Vin = V(©)), (2)

and
dGe(t) Gex(1)
dt a Texc
dGinh(t) _ Ginh(t) (3)
dt Tinh ’
with threshold Vi, .., = —65 mV; reset V., = —70 mV; leak conduc-
tance g, = 100 uS; leak reversal potential V,, = —70 mV; constant current
input, I ;. = 0.4 nA; excitatory and inhibitory reversal potentials V. = 0
mV and V,;, = —80 mV; and excitatory and inhibitory time constants
Texe = 5 ms and 7,,;, = 10 ms. The total synaptic conductance G, and

Ginp, (and hence total synaptic current, Ij,,,) are due to the combined
effects of 120 independent excitatory inputs and 120 independent inhib-
itory inputs, respectively.

The presynaptic excitatory inputs also exhibit short-term facilitation
(F) and depression (D) and are modeled using the following standard
approach (Dayan and Abbott, 2001; Lewis et al., 2007):

dF;(1) _F, - Fi(t)
d ~  TM

F

and F(t*) > F(t*) + € and F(r)—1

if F(r)>1
dD(r) 1-Dy1)

dt ™

D

where ¥ is the time of a spike in parallel fiber j and ¥ is the time just
before, F, equals 0.05, AF equals 0.23, and the facilitation and depression
time constants are 7, = 79 ms and 7, = 83 ms. Note that while all 120
inputs are described by the same parameters, they are independent in
their firing times (Poisson spike trains); F;and D; describe the facilitation
and depression levels for input fiber j.

The dynamics of G, and G, are described by Equation 3, except
when a presynaptic input spike arrives, at which time they are updated
using the following instantaneous update rules:

Excitatory update rule: G (t*) = G..(t*)

gexc * *
50 BUDDED, (5)

Inhibitory update rule: Gi,(#*) — Gy (£7*) + 120

(6)

Excitatory update rule. When an excitatory input j fires at a time t*, G,
is increased by a discrete amount (Eq. 5) and then decays back to zero
with time constant 7., (Eq. 3). This update is performed every time any

exc
of the 120 excitatory inputs fire, using the values of F; and D; just before
their own updates (denoted by time £¥); thus, the product ED; deter-
mines the presynaptic strength. The mean rate of firing in each of the
excitatory inputs is denoted by r,, and G, is the excitatory postsynaptic
conductance (G, = 400 uS, unless otherwise stated).

Inhibitory update rule. The method for updating G,;, mimics sponta-
neous synaptic activity and asynchronous inputs due to disynaptic inhi-
bition. In this case, when an inhibitory input j fires at a time **
(independent of excitatory input times t*), G;;, is increased by a constant
amount (Eq. 6). Following the update, G;,;, decays back to zero with time
constant 7, (Eq. 3). The inhibitory postsynaptic conductance is given

inh
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by G,,;, = 520 uS. The dynamics of disynaptic inhibition are accounted
for by setting the mean firing rate r; of each of the 120 inhibitory inputs
(independent Poisson spike trains) to be proportional to r,. This rela-
tionship is calculated explicitly in previous studies and is well described
as follows as long as changes in r, are slower than ~2 Hz:

In(r,/53)\*
r; = 0.47exp| — 6 /| (7)

Both excitatory and inhibitory inputs exhibit random Poisson firing ac-
tivity with mean rates r, and r;, respectively.

We simulate the experimental conditions involved in the generation of
a negative image by a sinusoidal rate modulation of the parallel fibers
(Lewis et al., 2007). In doing so, we assume that a sinusoidal spatially
global sensory input is represented accurately in the parallel fiber activity
(Bastian et al., 2004). A negative image results when the pyramidal cell
activity (variations in membrane potential or spike output) is out of
phase with the input modulation. We quantify the neural responses in
terms of the phase histogram and the vector strength (Bastian et al., 2004;
Lewis et al., 2007). All simulations used an Euler integration method
(time step = 0.2 ms) and were implemented in Igor Pro (Wavemetrics).

Results

Electroreceptors respond to the low-frequency AMs of the EOD
caused by objects such as prey and this sensory input guides the
fish precisely toward the prey target (Maler, 2007). Tail bending
induces AMs that overlap in frequency content with those in-
duced by prey (Bastian, 1996a). The difference between these
classes of signals is that the tail-bending-induced AMs affect elec-
troreceptors over the entire body surface (a global signal),
whereas those induced by prey are spatially localized.

While P-units respond well to tail-movement-associated AMs,
their central targets, ELL pyramidal cells, do not (Bastian, 1996a).
This lack of response is due to an adaptive mechanism that generates
a negative image of a global sensory input to cancel it (Bastian,
1996b, 1998a). Adaptive cancellation is due to PF feedback as well as
proprioceptive descending input to the apical dendrites of pyramidal
cells (Bastian, 1995; Chacron et al., 2003; Bastian et al., 2004); these
PFs emanate from a caudal mass of cerebellar granule cells [eminen-
tia granularis posterior (EGp)] (Sas and Maler, 1987).

This work raised an apparent paradox. Tetanic stimulation of
PFs in vivo (Bastian, 1996b, 1998a) induces depression of the
evoked EPSPs in pyramidal cells, but they recover rapidly and do
not show LTD. However, pyramidal cells fail to respond to a
low-frequency global amplitude modulation (Bastian et al.,
2004) or to tail bending (Bastian, 1996a). Blockade of the EGp
feedback within ELL reinstates the cells’ response (Bastian et al.,
2004), suggesting that the cancellation signal is very long lasting
and is therefore presumably generated by long-term plasticity.
We therefore investigated both the temporal dynamics of the
anti-Hebbian cancellation mechanism and its cellular basis in an
in vitro ELL preparation in order to determine whether long-
lasting LTD can be elicited, and whether such depression might be
capable of explaining the long-lasting cancellation observed in vivo.

Temporal spike patterning and synaptic depression of
PF—pyramidal cell synapses

In this section, we explore the temporal stimulation patterns re-
quired to induce LTD at PF synapses onto ELL pyramidal cells.
Given earlier work on mormyrid electric fish (Bell et al., 1997;
Han et al., 2000), we first examined the effect of a classic spike
timing-dependent plasticity protocol. As described below, this pro-
tocol failed to induce any form of plasticity. Given our previous work
demonstrating the role of spike bursts in encoding low-frequency
electrosensory signals (Oswald et al., 2004, 2007; Ellis et al., 2007;
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Figure1.  Absence of spike timing-dependent-plasticity in ELL pyramidal cells with single-pulse paired stimulation. 4, Schema
showing the ELL brain slice with recording and stimulation arrangement. Stimulation with a bipolar electrode (S) of PFs (the
indirect feedback pathway) was done every 4 s. A sharp electrode (R) recorded EPSPs in somata of superficial or intermediate
pyramidal cells in the CLS. Aff, Afferent inputs; LS, lateral segment; MS: medial segment; StF: stratum fibrosum. B, Trace average
(100 traces) illustrating a single-pulse-evoked EPSP and the lack of a strong IPSP. Inset, Black arrow points to the clear separation
between the stimulus artifact and EPSP onset (1.5-2 ms) and the white arrow points to the EPSP peak at a latency of 5—7 ms with
respect to stimulus onset. ¢, Normalized stimulus artifact amplitude during STDP protocol to demonstrate its stability throughout
the entire experimental protocol. D, EPSP averages before (gray) and after (black) single-pulse pairing. E, Normalized EPSP peak
amplitude averages during STDP protocol at a delay (At,) of +10 ms (n = 5). F, Summary of the effects of varying the delay
between presynaptic and postsynaptic stimulation. All time points are normalized (to the first EPSP) and are the mean EPSP
amplitude of five cells, except == 100 ms, which has only n = 2. Delay times are as follows: =5, =10, +20, =30, and =100 ms.
Error bars show the SDin C, E, and F.

Mebhaffey et al., 2008; Marsat et al., 2009), we then used a variety
of presynaptic and postsynaptic burst-pairing protocols in order
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Absence of spike timing-dependent
plasticity at feedback synapses to
pyramidal cells

EPSPs from ELL pyramidal cells were re-
corded by sharp electrode while DML PFs
were electrically stimulated (once/4 s) (Fig.
1A). Such a low stimulus frequency was re-
quired to avoid short-term presynaptic po-
tentiation at these synapses (Lewis and
Maler, 2004). Stimulus artifact (decayed
within 1.5-2 ms) and evoked EPSP (peak
~5-7 ms) were well separated and easy to
distinguish (Fig. 1B). Furthermore, the
stimulus electrode was gold coated and the
stimulus artifact was monitored (Fig. 1C) to
ensure long-term stimulation stability. Ex-
perimental cases showing >5% change in
the stimulus artifact were discarded.

EPSPs evoked by low-frequency PF
stimulation (1/4 s) were stable for the 100
prepairing control stimuli (Fig. 1D,E) and
the prepairing stimulation shown in subse-
quent figures; this stability was observed to
persist for up to 90 min of unpaired stim-
ulation (n = 2, data not shown). We
paired single presynaptic stimuli and
postsynaptic spikes (110 pairings; 1.5 nA
pulse for 1 ms) at delays ranging from 0 to
+100 ms. Cells were slightly hyperpolar-
ized so as to limit spiking to that evoked by
intracellular current injection and not PF
stimulation. EPSP failures were not seen.
We never observed any consistent change
in either the early (AMPA and NMDA
receptor-mediated) or late (NMDA-R-
mediated) phases of the evoked EPSP
(Fig. 1E) (Berman et al., 1997, 2001;
Harvey-Girard et al., 2007). Peak values
of the postpairing EPSPs were, for all
pairing intervals, nearly identical to those
observed during prepairing stimulation
(Fig. 1F) (postpairing:prepairing ratio =
0.994 =+ 0.043). This conclusion held for
neurons exhibiting both low (I cells)- and
high (E cells)-frequency tuning.

Parallel fibers exhibit robust PPF
(Bastian, 1998a; Lewis and Maler, 2004). No
statistically significant changes in PPF were
observed (prepairing: 1.959 * 0.715; post-
pairing: 2.405 * 1.442; n = 13; t test, p <
0.01) suggesting that this stimulation proto-
col did not induce presynaptic potentiation
(Lewis and Maler, 2004) that might mask a
postsynaptic depression. We conclude that,
unlike the case for the mormyrid ELL, the
indirect feedback input to ELL pyramidal
cells of A. leptorhynchus do not exhibit clas-
sic STDP involving singles spikes in the pre-
synaptic and postsynaptic neurons.

to determine which, if any, might be capable of inducing long-  Burst-induced anti-Hebbian long-term depression
term synaptic plasticity. In addition, we also investigated whether =~ ELL pyramidal cells burst in response to depolarizing current
the induced plasticity was specific to the stimulated synapses. injection; the bursts are induced by depolarizing spike afterpo-
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tentials (DAPs) that, in turn, are due to somatic spikes back-
propagating into their apical dendrites (Turner et al., 1994,
1996). In the centrolateral ELL and centromedial segments
(CMS) bursts code for low-frequency prey-like sensory signals,
whereas isolated spikes can encode high-frequency global
communication-like signals (Oswald et al., 2004, 2007; Ellis et al.,
2007; Mehaffey et al., 2008; Marsat et al., 2009). Further, low-
frequency input to a pyramidal cell’s RF induces bursting (Chacron
and Bastian, 2008; Marsat et al., 2009). Cancellation of this signal
requires low-frequency spatially diffuse (global) activation of the
pyramidal cell’s nonclassic RF (Chacron et al., 2003), and this is
conveyed by the indirect cerebellar (EGp) PF feedback pathway
to their apical dendrites (Bastian et al., 2004). The spiking pattern
of the EGp granule cells to such stimulation is unknown; patch
recordings from mammalian cerebellar granule cells demon-
strate that they can burst in response to sensory stimulation
(D’Angelo et al., 2001; Chadderton et al., 2004; Rancz et al,,
2007). We therefore investigated whether burst discharge was
required to induce synaptic plasticity of the indirect PF feedback
pathway. Spike intervals within a burst are typically <10 ms
(Turner et al., 1994; Oswald et al., 2007); we chose interspike
intervals of 10 ms to fit Oswald’s ISI upper limit for burst defini-
tion ms (Oswald et al., 2007).

High-frequency stimulation of PFs evoke long-lasting com-
pound EPSPs whose late phase is NMDAR dependent (Berman et
al., 1997, 2001; Harvey-Girard et al., 2007). In many systems such
activation of NMDARSs is sufficient to induce long-term plasticity
(Andersen et al., 2006). We therefore first verified that presynap-
tic bursts (four pulse bursts at 100 Hz with 4 s between bursts)
alone were unable to induce synaptic plasticity depression or
potentiation (n = 2; ratio of poststimulation to prestimulation
EPSP amplitude was 0.981 * 0.139) (Fig. 2A). We next investi-
gated whether STDP protocols, but using bursts instead of iso-
lated spikes, might induce plasticity. Four pulse bursts were
delivered both presynaptically and postsynaptically (100 Hz:
ISI = 10 ms) at various pairing delays.

Figure 2, B and C, displays a recording of one cell stimulated
with a burst-pairing protocol at Atf; = —25 ms. As shown in
Figure 2C, Aty (delay time between bursts) was defined as the
time between the first spike of the presynaptic and postsynaptic
bursts. EPSP amplitude is strongly reduced after burst-pairing
(Fig. 2B). Burst-induced depression was long-lasting and re-
mained stable for up to 90 min after the burst-pairing protocol
(data not shown). As shown by the time window for burst-
induced depression in Figure 2 D, we performed burst-pairing at
Aty ranging from —100 to +100 ms. It should be noted that for
Aty = *25 ms there is an overlap of 5 ms between presynaptic
and postsynaptic stimulus trains, whereas for Aty = *£50 ms they
are separated by 20 ms. Circles show mean normalized EPSP
amplitude after burst-pairing and the error bars display their SDs
(Fig. 2 D) (32 cells total from —50 to +50 ms, and n = 4 for =100
ms). Overall, strong burst-induced depression was expressed in
DML synapses of pyramidal cells at delay times ranging from —50
to +50 ms (overall average for values ranging from —50 to +50
ms was 0.763 * 0.163). The lack of plasticity at pairing intervals
of =100 ms clearly demonstrates that neither low-frequency pre-
synaptic burst stimulation nor postsynaptic burst spiking are, by
themselves, capable of inducing LTD in the PF feedback pathway.
It should be noted that tetanic stimulation (unpaired with
postsynaptic spiking) of DML parallel fibers does induce
postsynaptic depression in vivo (Bastian, 1998a), whereas low-
frequency stimulation of these fibers in vitro induces a presynap-
tic enhancement (Lewis and Maler, 2004). However, both these
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Figure 2.  Burst-induced long-term depression in ELL pyramidal cells. A, Normalized EPSP
peak amplitude averages during control of only presynaptic burst stimulation (4 pulses at 100
Hz) (4-0; n = 2). B, EPSP averages before burst pairing (4 presynaptic and 4 postsynaptic
stimulations; gray) and after pairing (black). ¢, Normalized EPSP peak amplitude averages
during pairing protocol at a delay (Atg) of —25ms (n = 5). Aty is defined as the time delay
between first pulse of both presynaptic and postsynaptic stimulations. D, The effect of varying
Atg. Alltime points are normalized EPSP amplitude averages of five to seven cells, except =100
ms, which has n = 4. Error bars show the SDin 4, C, and D.

forms of synaptic plasticity were relatively short lasting (~2 and
20 min, respectively).

Burst-induced depression was displayed by both E- and I-type
pyramidal cells; its time window was always symmetrical and it
was always depressing. Therefore, whereas burst-induced depres-
sion does require a precise temporal correlation of patterned
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Figure 3.  Absence of LTD when pairing burst and single stimulations. A, EPSP averages

before (gray) and after (dashed black) burst pairing for 4-1 (4 presynaptic stimulations and 1
postsynapticstimulation) at adelay (Atg) of 0ms. B, Normalized EPSP peak amplitude averages
during pairing protocol at a delay (Atg) of 0ms (n = 15) for 4-1 (4 presynaptic stimulations and
1 postsynaptic stimulation) and 1-4 (1 presynaptic stimulation and 4 postsynaptic stimula-
tions). Aty is defined as the time between first pulse of both presynaptic and postsynaptic
stimulations. Error bars show the SD.

spikes, it is a symmetric plasticity rule and therefore different
from the classic temporally asymmetric STDP of the mormyrid
ELL (Bell et al., 1997).

During pairing protocols, we also tested PPF every tenth stim-
ulation during the prepairing controls and postpairing tests to
determine whether burst-induced depression might be associ-
ated with changes in presynaptic efficacy (Manabe et al., 1993;
Han et al., 2000; Lewis and Maler, 2004) in the PF feedback path-
way. During STDP protocols, PPF ratios are 1.959 = 0.715 and
2.405 * 1.442 for controls and postpairing tests, respectively,
whereas during burst-induced depression (*£50 ms), PPF ratios
are 1.951 + 0.823 and 2.213 * 0.695, respectively (STDP n = 15;
burst-induced depression n = 17). These values are not signifi-
cantly different, suggesting that presynaptic strength is not al-
tered after depression induced by coupled bursts.

Presynaptic and postsynaptic bursts are required for anti-Hebbian
long-term depression

To determine what is the minimal requirement for burst-induced
LTD, we performed other pairing protocols. Fig. 3A displays the
EPSP traces obtained in one cell stimulated with a presynaptic
burst of four spikes coupled to a single postsynaptic action po-
tential (4-1; At; = 0 ms). A presynaptic burst paired with a single
postsynaptic spike (4-1) and postsynaptic burst paired with a
single presynaptic stimulation (1-4) gave similar results in a pre-
liminary analysis. We therefore decided to pool the results ob-
tained for further analysis. Overall, no synaptic changes
(normalized EPSP average is 0.999 * 0.065, n = 15) (Fig. 3B)
were seen with any coupling delay (At of —20, 0, +50 ms) with
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Figure4. Weak depressioninduced by shortbursts. A, EPSP averages before (gray) and after
(black) burst pairing for 2-2 (2 presynaptic and 2 postsynaptic stimulations) at a delay of +5
ms. B, Normalized EPSP peak amplitude averages during pairing protocol at a delay (Atg) of
+5ms (n = 5). At s defined as the time between first pulse of both presynaptic and postsyn-
aptic stimulations. €, The effect of varying At,. All time points are normalized EPSP amplitude
averages of five cells. Delay times are as follows: 0, =5, 10, 20, and =40 ms. Error bars
show the SDin Band C.

4-1 or 1-4 pairing protocols. These results demonstrate that
burst—induced LTD requires paired bursts of both presynaptic
and postsynaptic neurons. PPF did not change during 4-1 and 1-4
protocols (before pairing: 1.613 = 0.381; after pairing: 1.5751 =
0.3039, n = 10) suggesting a lack of presynaptic potentiation
(Lewis and Maler, 2004) that might mask a postsynaptic depres-
sion. These results demonstrate that single postsynaptic action
potential or single presynaptic stimulation are insufficient to in-
duce LTD even if they are coupled to a burst of four spikes. Paired
presynaptic and postsynaptic bursts are required to induce syn-
aptic depression.

We also tested whether pairing doublets (2-2), the smallest
possible bursts, could induce depression (Fig. 4A). Coupled pre-
synaptic and postsynaptic doublets were not effective at inducing
synaptic depression at delays larger than =10 ms (Fig. 4C). At
these large time delays and At of 0 ms, EPSP amplitude remained
unchanged (overall normalized EPSP average 0.992 * 0.168).
However, paired presynaptic and postsynaptic doublets appeared
to slightly decrease the EPSP amplitude at very short time delay
At (0.905 = 0.129 at —5 ms and 0.817 = 0.053 at +5 ms) (Fig.
4B,C) (n = 5 at any time delay). PPF during the prepairing
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controls and the postpairing tests re-
mained stable during all the different con-
ditions (larger time delays and 0 ms:
prepairing PPF 2.07 * 0.327 and post-
pairing 1.922 * 0.278, n = 15; for time
delays of £5 ms: 2.413 = 0.183 and post-
pairing PPF 2.287 * 0.180, n = 6). The sta-
bility of PPF suggests that the presynaptic
strength is not changed after burst-induced
depression. These results show that the syn-
aptic depression caused by paired doublets
is very weak at best and will operate only
over a very narrow (=5 ms) delay window.

Burst-induced depression is site specific C
In many systems, including the mormyrid
ELL, synaptic plasticity has been shown to
be specific to the stimulation site (Han et
al., 2000; Bi and Poo, 2001). To determine
whether burst-induced depression is also
site specific we used two stimulating elec-
trodes in the DML separated by at least
150 wm (Fig. 5A) and alternately stimu-
lated each of them (alternating stimula-
tion every two seconds; every 4 s at each
individual site). We then delivered paired
stimulation with a 4-4 protocol (At =
+25 ms) at the S1 site while the S2 site re-
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mained unpaired, getting only presynaptic
stimulation. The paired S1 site EPSPs after
pairing were 0.783 = 0.140 of the prepaired
value (Fig. 5B1,C), whereas the S2 site EPSPs
(normalized to the mean of the control
stimulation) were 1.015 * 0.114 (n = 3)
(Fig. 5B2,C). In two cases we were able to
then apply the paired stimulation proto-
col at the S2 site. The S2 normalized
EPSPs underwent a similar level of de-
pression after pairing (0.820 = 0.114),
whereas the S1 EPSPs were unchanged,
i.e., they remained depressed (data not
shown). These data clearly demonstrate

Normalized EPSP Amplitude

04— S2

that burst-induced depression is specific
to the site of paired stimulation. 0

Burst stimulation of hyperpolarized
cells does not induce potentiation or
reverse burst-induced depression

in vitro

In several systems (Jorntell and Ekerot,
2002; Fujino and Oertel, 2003; Fino et al.,
2005), including ELL of mormyrid fish
(Han et al.,2000), STDP and/or LTP/LTD is
easily reversible depending on the stimulus
pattern. In apteronotid ELL pyramidal cells,
in vivo electrical stimulation of parallel fibers paired with stimulation
of the cell's RF with naturalistic sensory input induced reversible
short-term plasticity (Bastian, 1996, 1998). Specifically, parallel fiber
stimulation trains associated with RF input that inhibited pyramidal
cellsinduced an increase in ELL pyramidal cell firing rate response to
PF stimulation that lasted ~30 s. Conversely, PF stimulation trains
paired with RF excitation decreased their firing rate response to PF
stimulation alone (Bastian, 1998). We reasoned that, during in vitro

Figure 5.
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10 15 20 25 30 35

Time (min)

Site specificity of burst-induced LTD. A, Schema showing ELL and recording/stimulation conformation. The stimula-
tion electrodes (S1and S2) stimulated the PFs at two sites separated by 150 wm. Stimuli were alternately delivered at S1and 52
sites every 2s (or 4 sat each site). A sharp electrode (R) recorded somatic EPSPs in the (LS. Aff, Afferent inputs; LS, lateral segment;
MS, medial segment; StF, stratum fibrosum. BT, EPSP averages before (gray) and after (black) burst pairing for stimulations at site
S1.B2, EPSP averages before (gray) and after (black) burst pairing for stimulations at site S2. €, Normalized EPSP peak amplitude
averaged during burst-pairing protocol at stimulation site S1 (burst-pairing stimulation time delay, Aty = -+ 25 ms) and site 2
(blank bar shows absence of pairing).

recordings of ELL pyramidal cells, RE-evoked excitation and inhibi-
tion were equivalent to depolarization and hyperpolarization, re-
spectively (Bastian et al., 2004; Oswald et al., 2004, 2007). We
therefore hyperpolarized ELL pyramidal cells while stimulating with
presynaptic bursts to see whether we could induce potentiation. Hy-
perpolarization paired with presynaptic bursts did not affect synaptic
strength (0.988 * 0.082, n = 5) (Fig. 6A).

Because burst-induced LTD is symmetrical, we could not use a
reversed stimulus pairing (Han et al., 2000) to reverse the synaptic
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Figure6. Hyperpolarization does not reverse burst-induced depression. 4, Presynaptic burst
stimulation paired with postsynaptic hyperpolarization does not induce potentiation. Normal-
ized EPSP peak amplitude following a protocol consisting of presynaptic stimulation (4 spikes,
100 Hz) paired with postsynaptic hyperpolarization (current injection of —0.5 nA for 50 ms;
n = 4).B, C,Presynaptic burst stimulation paired with postsynaptic hyperpolarization does not
reverse burst-pairing-induced LTD. B, EPSP averages (n = 5) before burst pairing (solid black
line), after burst pairing (dashed line), and after subsequent pairing of postsynaptic hyperpo-
larization and presynaptic bursts (gray line). ¢, Normalized EPSP peak amplitude during pairing
protocol. One hundred presynaptic single-pulse stimulations were delivered every 4 s and con-
trol EPSP amplitudes were measured. Then, 110 burst-pairing stimulations (not shown: 4
postsynapticspikes paired with 4 presynaptic spikes; 100 Hzand ata delay, Atg, of —25ms; see
left inset) were given followed by 100 presynaptic stimulations (every 4). Finally, a current of
—0.5 nA was injected in the postsynaptic cell to prevent action potential firing (50 ms) while
stimulating with a presynaptic burst (not shown: 4 spikes at 100 Hz, 10 ms after hyperpolariza-
tion starts; repeated 110 times; see right inset) followed by 100 single-pulse presynaptic stim-
ulations (every 4s). In €, error bars show the SD.

depression. We therefore attempted reversing LTD by pairing hy-
perpolarization and presynaptic burst stimulation (Fig. 6 B,C) . Ini-
tially, burst-induced LTD was obtained as previously shown (time
delay Aty = —25 ms), and showed a strong reduction in EPSP am-
plitude (Fig. 6 B, dashed trace, C) (0.687 = 0.048). Afterward, pair-
ing hyperpolarization (50 ms pulse current injection of —0.5 nA: this
was to prevent spiking) and presynaptic bursts (four stimuli at 100
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Hz) did not induce any recovery of the EPSP amplitude (Fig. 6B,
gray trace, C) (0.641 = 0.043). These results demonstrate that po-
tentiation or de-depression of DML synaptic input to ELL pyrami-
dal cells cannot be induced by pairing hyperpolarization and
presynaptic bursts. However, we cannot exclude the possibility
that, given the lack of knowledge of the natural firing patterns of
the cerebellar granule cells providing ELL feedback, we have not
yet found the proper protocol to induce potentiation or de-
depression at these synapses.

Molecular basis for burst-induced depression

In the subsequent three sections, we explore the cellular require-
ments for the burst-induced depression described above. Specif-
ically we focus on (1) the previously identified requirement for
increases in postsynaptic Ca®" levels for depression of PF synap-
tic input to pyramidal cells (Bastian, 1998b), (2) the role of the
strongly expressed NR1/NR2B NMDA receptor (Harvey-Girard
etal.,2007), and (3) the role of the CaMKII previously shown to
be present in ELL pyramidal cells (Maler and Hincke, 1999).

Postsynaptic calcium influx is required
for burst-induced depression
Postsynaptic calcium influx is required for induction of long-
term potentiation and long-term depression induced by stimula-
tion trains or spike timing-dependent plasticity (Bliss and
Collingridge, 1993; Yang et al., 1999; Han et al., 2000; Lisman et
al., 2002; Collingridge et al., 2004; Dan and Poo, 2006). In apter-
onotid fish, postsynaptic calcium influx at PF synapses of ELL
pyramidal cells is necessary for in vivo induction short-term syn-
aptic depression (Bastian, 1998b). We therefore used intracellu-
lar application of BAPTA, a Ca*™ chelating agent, to evaluate the
possible role of postsynaptic Ca*" in burst-induced depression.
After 20 min of BAPTA application in the recording electrode,
the peak amplitude of the EPSPs remained unchanged (0.993 =
0.131 mV; n = 4) (Fig. 7A). During a 4-4 protocol (delay of —25
ms or +25 ms; n = 3 for each condition), BAPTA application
completely blocked the induction of depression (Fig. 7B2,C),
whereas controls show strong depression (Fig. 7B1). The normal-
ized EPSP amplitude average with BAPTA was 1.003 = 0.040
after pre—post burst pairing, whereas the control normalized
EPSP amplitude was 0.746 = 0.169 (ANOVA, Tukey HSD test,
p <0.01). These results demonstrate that elevation of postsynap-
tic Ca®" in pyramidal cells during paired bursts is required for
burst-induced LTD. These results also show that postsynaptic
Ca** elevation is required whatever the sign of the pairing delay:
both presynaptic bursts preceding or following postsynaptic
bursts require postsynaptic Ca”>* for the induction of LTD by
paired bursts.

NR2B-containing NMDARSs are required for induction

of depression by paired bursts

Postsynaptic calcium influx through NMDARs mediates LTP
and LTD induction during unpaired presynaptic stimulation
(Platenik et al., 2000; Shouval et al., 2002; Castellani et al., 2005)
and during STDP in mammals (Caporale and Dan, 2008) and
mormyrid fish (Han et al., 2000). NMDARSs are tetramers made
of two mandatory NR1 subunits and two NR2 subunits (A-D)
that determine many electrophysiological properties and signal-
ing protein interactions (Dingledine et al., 1999; Yamakura and
Shimoji, 1999). Recent data using pharmacological or genetic
approaches suggest that the bidirectionality of synaptic plasticity
might be due to subpopulations of NMDARs: NR2A-containing
NMDARs have been hypothesized to be required for LTP induc-
tion, and NR2B-containing NMDARs for the induction of LTD
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(Liu et al., 2004; Massey et al., 2004; Kim
et al., 2005; Weitlauf et al., 2005; Li et al.,
2007). However, because of the low spec-
ificity of the NR2A antagonist, these hy-
potheses remain controversial (Berberich
et al., 2005; Weitlauf et al., 2005).

In apteronotid ELL, we have shown that
NMDA receptors and the NR1 subunit
are strongly expressed in DML and asso-
ciated with the spines of pyramidal cell
apical dendrites (Maler and Monaghan,
1991; Berman et al., 2001). As might
therefore be expected, a large component
of the feedback-evoked EPSPs of ELL
pyramidal cells is blocked by the general
NMDAR antagonists CPP and APV
(Berman et al., 1997; Berman and Maler,
1998a). Furthermore, NR2B subunit
mRNA transcripts are highly expressed in
superficial and intermediate pyramidal
cells and NR2B-containing NMDARs are
predominant in PF feedback input EPSPs
(Harvey-Girard et al., 2007). Finally,
apteronotid NR2B contains the ifen-
prodil binding site (Harvey-Girard and
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Dunn, 2003) and ifenprodil, a specific
antagonist against NR2B-containing 0
NMDARSs, blocks apteronotid NR2B-
containing NMDARs with similar affin-
ity as in mammals (Harvey-Girard and
Dunn, 2003).

We therefore used ifenprodil to deter-
mine whether NR2B containing NMDARs
were required for burst-induced depression.
Twenty-minute bath application of ifen-
prodil strongly reduced both early and late
phases of the EPSPs evoked by parallel fiber
stimulation, as expected from our previous experiments (Berman
and Maler, 1998a; Harvey-Girard et al., 2007) (Fig. 8A). Ifenprodil
completely blocked the induction of the long-term depression (n =
11, 4-4 pairing protocol, =25 ms) (Fig. 8 B2), whereas control exper-
iments showed strong depression (Fig. 8 BI). Figure 8C displays a
stimulation protocol at pre—post delay of —25 ms during ifen-
prodil application showing that ifenprodil completely blocked
burst-induced LTD. Depression induced by a 4-4 protocol with
pre—post delay of +25 ms was also blocked by ifenprodil (data
not shown); we therefore pooled both sets of data. Normalized
change of EPSP amplitude average during ifenprodil application
was 1.024 * 0.068, whereas normalized EPSP amplitude average
of controls was 0.774 = 0.031 (Fig. 8C) (ANOVA, Tukey HSD
test, p < 0.01). These data showed that NR2B-containing
NMDARSs are necessary for induction of long-term depression in
the PF feedback pathway of ELL pyramidal cells. In light of the
BAPTA results, we propose that NR2B-containing NMDARs act
by increasing Ca** influx, which then acts as the trigger for burst-
induced LTD.

Figure7.

Postsynaptic CaMKII is required for burst-induced depression

In mammals, depending on its dynamics, calcium influx through
NMDARSs can induce activation of Ca**/calmodulin-dependent
protein kinase IT (CaMKII). CaMKII is considered as a molecular
switch that can lead to LTP (Graupner and Brunel, 2007) by
controlling signaling processes such as AMPA receptor surface
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Application of postsynaptic BAPTA prevents burst-pairing-induced LTD. A, Effect of BAPTA application (50 mm) in the
recording pipette. EPSP averages before (gray) and after 20 min (black). BAPTA does not affect the baseline EPSP. BT, EPSP
averages before (gray) and after (black) burst pairing for control (no BAPTA, n = 6). B2, EPSP averages before (gray) and after
(black) burst pairing with BAPTA application (n = 6). Note that BAPTA blocks induction of LTD by burst pairing. ¢, Normalized EPSP
peak amplitude averaged during burst-pairing protocol with BAPTA at pairing stimulation time delay, Aty = — 25 ms. Calibration
bars in A are used also in B7 and B2.

expression (Lisman and Zhabotinsky, 2001; Lisman et al., 2002).
CaMKII binds directly to NMDAR NR2B subunit at synapses
enhancing its ability to remain activated during LTP (Strack and
Colbran, 1998; Leonard et al., 1999; Bayer et al., 2001).

In the apteronotid ELL, two isoforms of CaMKII are ex-
pressed: CaMKIIa and CaMKIIB. CaMKlle« is restricted to pre-
synaptic terminals of the direct feedback pathway to the proximal
apical dendrites of pyramidal cells (ventral molecular layer,
VML), whereas CaMKII is enriched in soma and apical den-
drites (both proximal and distal, VML and DML) of pyramidal
cells (Maler and Hincke, 1999). Posttetanic potentiation (PTP) in
the direct feedback pathway is blocked by extracellular applica-
tion of KN62, a CaMKII antagonist, whereas intracellular appli-
cation of KN62 or a CaMKII inhibitory peptide had no effect,
showing the effect of presynaptic CaMKIl« of the direct feedback
pathway (Wang and Maler, 1998). However, PTP (presynaptic)
of the PF feedback pathway in the DML was not affected by
extracellular application of KN62 (Wang and Maler, 1998) con-
sistent with the lack of CaMKIl« in these fibers.

We therefore investigated whether NMDAR-induced Ca**
elevation might induce long-term depression by activating
postsynaptic CaMKII in pyramidal cells. Twenty-minute bath
application of KN-62 (3.3 um) did not change EPSP amplitude
and shape (Fig. 9A). In presence of KN-62, a 4-4 burst pairing
stimulation (n = 5, Af; = —25 ms) was not able to induce de-
pression for 24 min after pairing (ratio of prestimulation to post-
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the NMDA receptor component of the
EPSP suggests that burst-induced depres-
sion is a self-limiting process since it will
lead to decreasing Ca*" influx and therefore
reduced depression (Bastian et al., 2004).

Ifenprodil

An in vivo synaptic depression stimulus
protocol does not induce long-term
depression in vitro

Bastian (1995) initially demonstrated that
the electrosensory input induced by tail
bending (A. leptorhynchus) evoked a
strong response in electroreceptors but
failed to modulate the discharge of ELL
pyramidal cells. Bastian therefore con-
cluded that there existed a mechanism
(negative image) within the ELL that can-
celed this spatially redundant (global)
low-frequency input. The cancellation
was always present upon first presentation
of a tail-bending stimulus, and the nega-
tive image was therefore a long-lasting
phenomenon [see also Bastian et al.
(2004) for a similar result]. Bastian and
coworkers subsequently performed a
lengthy series of experiments in vivo to in-
vestigate how such long-lasting cancella-
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Figure8.  Application of ifenprodil blocks burst-induced depression. A, EPSP averages before (gray) and after (black) 20 min of
ifenprodil bath application. Note reduction of both early and late phases of the baseline EPSP consistent with previous reports on
the preponderance of NR1/NR2B receptors associated with the PF feedback pathway. B1, EPSP averages before (gray) and after
(black) burst pairing for control. B2, EPSP averages before (gray) and after (black) burst pairing during ifenprodil application. Note
thatifenprodil blocks induction of LTD by burst pairing. ¢, Normalized EPSP peak amplitude averaged during burst-pairing protocol
with ifenprodil at pairing time delay, At; = —25 ms. Error bars show the SD in €. Calibration bars in A are used also in B7 and B2.

stimulation EPSP amplitude = 1.022 * 0.253) (Fig. 9B,E).
Similar results were obtained at +25 ms time delay (n = 3;
1.014 * 0.182; data not shown). Similar results were obtained at
both positive and negative pairing delays with another CaMKII
antagonist, KN-93 (3.3 um, n = 5; ratio = 0.989 * 0.192). Burst-
induced LTD was, however, still present after application of the
negative control isomer, KN-92 (3.3 um) (Fig. 9D, F) (n = 3).On
average, control (depressed) normalized EPSP amplitudes were
0.774 = 0.031, whereas KN-62 and KN-93 (data combined) nor-
malized EPSPs were 1.070 * 0.088 (Fig. 9G) (n = 13; data were
significantly different, ANOVA, Tukey HSD test, p < 0.01) and
KN-92 normalized amplitudes were 0.833 = 0.010 (Fig. 9G)
(KN-92 and CaMKII antagonist results were significantly different,
ANOVA, Tukey HSD test, p << 0.05). These results demonstrate that
CaMKIIB is an essential intermediate between activation of
NMDAR (NR2B subunit)-dependent Ca*" influx and induction of
depression by paired bursts.

Paired bursts induce LTD of both the early (primarily AMPA
receptor-mediated) and late (primarily NMDA receptor-mediated)
phases of the PF-evoked EPSP (Fig. 2A) (Berman et al., 1997;
Harvey-Girard et al., 2007). However, our data do not allow us to
determine whether the depression of the NMDA receptor compo-
nent is direct or due to a primary reduction of the AMPA receptor-
mediated EPSP and a secondary effect due to the voltage sensitivity
of the NMDA receptor component. In either case the reduction of

30 35 tion might be induced in ELL pyramidal

cells. Bastian was able to demonstrate syn-
aptic depression of the pyramidal cell in-
direct feedback inputs (DML PFs) that
was induced by postsynaptic Ca*>" influx
via NMDA receptors and required PF fir-
ing (not bursting) correlated with pyra-
midal cell activity (not bursting). The
induced depression was hypothesized to
part of the cancellation mechanism. How-
ever, the induced in vivo synaptic depres-
sion decayed in ~30 s (Bastian, 1996a, 1998a). As mentioned
above, subsequent experiments revealed the specific role of pyra-
midal cell spike bursting in encoding low-frequency signals
(Oswald et al., 2004); burst stimulation had not been used by
Bastian. One legitimate question is therefore to ask whether the
brief induced depression seen in vivo by Bastian (no burst stim-
ulation) can be elicited in an in vitro preparation and whether it is
long-lasting as is the burst-induced LTD we have demonstrated
in vitro. This is a control experiment in the sense that (1) if we
were to induce LTD with the Bastian protocol, it would imply
that bursting was not essential for anti-Hebbian depression; and
(2) some (unknown) difference between in vivo and in vitro con-
ditions was responsible for the short- versus long-lasting depres-
sion, respectively. If this control experiment produced a negative
result—the Bastian stimulation protocol was not able to induce
LTD—it would strengthen our contention that burst stimulation
pairing was part of the cellular substrate of the cancellation (neg-
ative image) observed in vivo (see below).

We therefore reproduced Bastian’s in vivo experiment in our
slice preparation (Fig. 10) (n = 5). First, a single PF test pulse was
delivered at 1 Hz while EPSPs were recorded (repeated 30 times)
(Fig. 10A1). Second, while continuing to deliver the test pulse, a
tetanic train of seven PF stimuli (15 ms ISI) was delivered 250 ms
after each test pulse (repeated 120 times) (Fig. 10A2,A3). Third,
stimuli were similar as before (test pulse plus tetanic train) except
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that during the tetanic train negative cur-
rent was injected for 100 ms to hyperpo-
larize the cell (repeated 60 times) (Fig.
10A4) (black bar displays current injec-
tion). Finally, the stimulus protocol
without hyperpolarization was repeated
(60 times) (Fig. 10A5) (similar to Fig.
10A2,A3). Figure 10C displays average
EPSPs of the test stimulations taken at dif-
ferent stages of the protocol (Fig. 10D),
whereas Fig. 10 E shows the normalized in-
stantaneous firing rate during the tetanic
train: the colors in panel C match the trace
colors in panels A1-A5 and the bar colors in
panels D and E.

Initially, when we started applying the
tetanic train a fast increase in EPSP ampli-
tude was seen (Fig. 10D, green) (1.373 =
0.023 After this initial peak, EPSP ampli-
tude quickly decreased almost to baseline
and slowly enhanced until it reached a
slightly enhanced plateau (Fig. 10D, red)
(1.233 £ 0.065). This EPSP amplitude en-
hancement is most likely the presynaptic
potentiation of PF inputs that happens at
this stimulus frequency range (1 Hz and
more) (Bastian et al., 2004; Lewis and
Maler, 2004). Hyperpolarizing the cell
had no effect on the EPSP amplitude (Fig.
10D, black) (1.272 = 0.058). Stopping
currentinjection had no effect as well (Fig.
10D, gray) (1.285 = 0.070). Bastian’s pro-
tocol (in vivo) induces only short-term
depression (decays in 30 s)(Bastian,
1996a, 1998a). Applying the in vivo proto-
col used by Bastian to an in vitro slice
preparation does not induce LTD. We hy-
pothesize that the failure of the Bastian
protocol to induce LTD either in vivo or in
vitro is due to the lack of reliable pairing of
presynaptic and postsynaptic bursts. We
cannot explain the lack of even short-term
synaptic depression during in vitro stimu-
lation with the Bastian protocol, although
it may in part be related to a greater in
vitro induction of PF presynaptic potenti-
ation compared with short-term postsyn-
aptic depression.

We also recorded the evoked firing rate
during tetanic stimulations. At the begin-
ning, all neurons were complete silent
(Fig. 10 E, blue bar). During the initial te-
tanic train applications, the neuron firing
rate increased to a maximum. To better
visualize the time dependence of tetanic
stimulation-evoked firing rate, we first
normalized the firing rate responses, for

each cell, by dividing the firing rate response to each tetanus by
the firing rate response to the initial tetanus; this results in a
unit-free ratio that is then averaged over all the cells. Inspection of
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G, Normalized EPSP peak amplitude averaged after burst-induced depression for control (n = 14; light gray), for the two CaMKI|
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in E-G.*p < 0.05; **p < 0.01.

the normalized firing rates (Fig. 10 D) revealed that there was an

initial peak response for the first four presentations (green bar;
this was observed for each cell; data not shown) followed by a

decline to a steady state. We therefore took our firing rate esti-
mates over the initial four presentations and during the steady
states after the various perturbations.

The normalized average firing rate of the first four presenta-
tions was 0.973 = 0.270 (Fig. 10E, green) (the normalized firing
rate of response to the initial train was set to 1 for each cell, which
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Figure 10.  An in vivo stimulus protocol with tetanic stimulation but no burst pairing

(Bastian, 1998a) does not induce LTD in vitro. A, Examples of recorded traces during stimulus
protocol. EPSP elicited by a single test stimulation (A7). EPSP elicited by test stimulation fol-
lowed by presynaptic tetanic train (7 spikes; 15 ms ISI) at the beginning (42) and at the end (43)
of the tetanic train application. A4, EPSP elicited by a single test stimulation followed by pre-
synaptic tetanic train coupled to negative current injection to hyperpolarize the cell. A5, EPSP
elicited by test stimulation followed by presynaptic tetanic train. B, Normalized EPSP peak
amplitude averaged during pairing protocol at the different protocol stages (n = 5). €, EPSP
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represented ~6 spikes during the initial train). The initial peak
firing rate decayed and reached a plateau within 30 s (0.247 =
0.192 from 121 to 150 s) (Fig. 10E, red). Negative current injec-
tion further reduced firing rate (0.121 * 0.127; 181-210 s) (Fig.
10E, black). When the injected current was removed, the firing
rate bounced back to the plateau value it had reached previously
(0.270 = 0.210; 241-270 s) (Fig. 10 E, gray) and therefore was far
lower than the spiking response to the initial tetani. These results
appear to be contradictory: tetanic stimulation of PFs induces an
increase of their evoked EPSP in pyramidal cells (likely presyn-
aptic) butalso reduces the pyramidal cell firing rate in response to
the same PF stimulation. We hypothesize that the firing rate re-
duction is due to stimulation of alocal ELL interneuron—the vml
cell (Maler, 1979). The vml interneuron is GABAergic, syn-
apses mainly on the proximal apical dendrite of pyramidal
cells (Fig. 11A) (Maler and Mugnaini, 1994) and uses GABA-A
receptors (Berman and Maler, 1998b,c). Mehaffey et al. (2005)
have shown that mimicking vml cell activation (via activation of
GABA-A receptors on pyramidal cell proximal apical dendrites) re-
duces the pyramidal cell firing rate response (gain) to positive cur-
rent injection. This effect was in turn demonstrated to be due to viml
cell-induced shunting of backpropagating action potentials. Further
experimental work will be required to determine the interaction be-
tween paired burst-induced LTD and these complicated network
interactions.

The work of Berman and Maler (1998c¢) has demonstrated
that the PF stimulation evoked disynaptic IPSPs that entirely
overlapped the evoked monosynaptic EPSPs and so could not be
directly seen in isolation (Fig. 1B). The paired burst-induced
LTD that we have described above might therefore be interpreted
as due to one of the following: (1) a direct decrease of the PF-
evoked EPSP amplitude, (2) an increase of the disynaptic
GABA-A IPSP leading to a reduction of the overlapping EPSP, or
(3) a combination of these effects. We are not able to experimen-
tally investigate possible long-term potentiation of the PF-evoked
disynaptic inhibition (because it overlaps the EPSP). However,
we note that the NMDA receptors required for LTD induction
are located on the spines of the pyramidal cell’s apical dendrites
(Berman et al., 2001); in contrast the GABAergic synapses are
located on the dendritic shafts (Maler et al., 1981; Maler and
Mugnaini, 1994). The most parsimonious hypothesis is therefore
that burst-pairing-induced LTD is due to the NMDA receptor
(NR2B subunit)-induced Ca®" influx acting locally within the
dendritic spine to cause a decrease in the evoked EPSP. We can-
notand do not wish to exclude the possibility that LTD might also
caused in part by an enhancement of disynaptic IPSPs as sug-
gested by Bastian’s in vivo experiments (this was a short-term
enhancement and not fully characterized) (Bastian, 1998a). Since
we could not directly investigate the latter possibilities [(2) and
(3)] we decided to use modeling to determine whether the sim-
plest hypothesis—burst-pairing-induced LTD is due to the re-
duction of PF-evoked EPSP amplitude—is capable of accounting

<«

averages during pairing protocol at the different protocol stages. D, Normalized EPSP peak
amplitude averaged during pairing protocol at the different protocol stages (n = 5). Note that
this protocol induces modest enhancement of the evoked EPSP and not depression. E, Normal-
ized firing rate of recorded cells averaged during pairing protocol at the different stages of the
protocol (n = 5). Colors of traces and bars match everywhere. Blue, EPSP elicited by control test
stimulation (A7, B—E); green, at the beginning of tetanic train stimulation application (42,
B-E); red, at the end of tetanic train stimulation application (A3, B-E); black: during tetanic
train coupled to negative current injection (A4, B—E); gray, tetanic stimulation application done
at the end of the protocol (45, B—E). Error bars show the SDin B, D, and E.



6164 - ). Neurosci., April 28, 2010 - 30(17):6152—- 6169

A Local circuitry B Model
PF +
N
+
. PF\STP LTD
a
A o_-o \/\

vml

bd

aff

Cc /@odulation

control level of excitation 25% reduction in excitation

mean PF rate 15Hz

250 250
200 200
150 150
100 100
50 - 50
0 0

0 90 180 270 360

phase (deg)
mean PF rate 25Hz

spike count
spike count

o

9 180 270 3
phase (deg)

(2]
o

control level of excitation

250 250
200 200
150 150
100 100
50 - 50
0 0

0 90 180 270 360

phase (deg)

25% reduction in excitation

spike count
spike count

0 E)
phase (deg)

180 270 3

(2]
o

1.0 1.0
< - co?trol - < —O— PF mean rate 25Hz
D 08 —O— 25% lower excitation D 0.8 —A— PF mean rate 15Hz
c ' c
2 os : £° £ os
» : ]
5 04 : 5 0.4
© 3]
0.2 o 02
2 2
0.0 ! 0.0
I I I I I 1 I I I I 1
5 10 15 20 25 30 0.6 0.8 1.0 1.2 14

mean PF rate (Hz) relative level of excitation

Figure 11. Interactions between postsynaptic depression, short-term plasticity, and disynaptic inhibition determine the
strength of the negativeimage. A, Schematicillustration of ELL intrinsic feedback circuitry showing a superficial pyramidal cell with
its basilar dendrite (bd) receiving electrosensory afferent inputs (aff). The indirect feedback pathway coming from EGp via PFs
projects to apical dendrites of pyramidal cells (ad) and two types of GABAergic inhibitory interneurons: stellate cells (st) and vml
cells (vml). Stellate cells project to distal apical dendrites, whereas vml cells project mainly to proximal apical dendrites of pyra-
midal cells. B, Schematic illustration of the simplified model of feedback to an ELL pyramidal cell. The pyramidal cell receives
low-frequency sinusoidal input via its basilar dendrite. This input is also fed back to the cell’s apical dendrites via PFs. The model
simplifies the feedback inhibition by incorporating only one inhibitory interneuron and ignoring the distinction between the
stellate and vml cells. The PF to pyramidal cell synapses show short-term plasticity (STP); when the strength of the PF to pyramidal
cell synapses is reduced by LTD, the STP causes the inhibitory component to dominate and the response of the pyramidal cell to
feedback input becomes inverted and therefore forms a negative image that can cancel the sensory input. €, Effect of depressing
postsynaptic excitation on model neuron responses to PF frequency modulation (1 Hz; inset; simulated 1 Hz PF firing rate modu-
lation) at two different mean rates, 15 Hz (top) and 25 Hz (bottom). It is assumed here that these neurons are receiving a direct
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for the in vivo cancellation of spatially re-
dundant low-frequency input. As discussed
below our modeling results reveal that the
simplest hypothesis (LTD of EPSPs) is suffi-
cient to account for the in vivo results al-
though they cannot, of course, exclude a
role for potentiation of inhibition. We note
that this conclusion is identical to that
reached for the cancellation mechanism de-
scribed in the mormyrid ELL (Han et al.,
2000). Anti-Hebbian depression of PF syn-
aptic input (demonstrated in vitro) is suffi-
cient to account for the cancellation seen in
vivo (Roberts and Bell, 2000). However, a
theoretical analysis also demonstrated that
the potentiation of associated inhibitory in-
put (not experimentally shown) made the
cancellation more robust—cancellation
was induced more rapidly and was able to
work over a wider range of signal intensities
(Roberts, 2000).

Interaction of postsynaptic depression,
short-term plasticity, and

disynaptic inhibition

Cancellation of alow-frequency global in-
put to an E cell requires a reduction of PF

<«

electrosensory input (via P-units) in phase with the PF rate
modulation; see supplemental Figures 1 and 2, available at
www.jneurosci.org as supplemental material, for an analysis
of the effects of conduction and synaptic delays in the feed-
back pathway. Responses are quantified with phase histo-
grams (spike times during the modulation cycle). Left panels
show responses for a control level of excitation ( g,,. = 400
S) (Lewis etal., 2007) and right panels show changes result-
ing from the decreased excitation ( g, = 300 w.S) that might
be expected following burst-induced depression. Note that lo-
cal inhibitory circuitry associated with the PF feedback inverts
the phase of the PF firing rate modulation so that it can now act
as a negative image for the electrosensory input. D, Effect of
mean PF rate and relative level of excitation on the vector
strength of the model neuron responses. We illustrate aver-
ages over five simulated trials (with SEM indicated). Left panel
shows vector strength for two different levels of excitatory
conductance (as in B; g,,. = 400 wS, square symbols and
oy = 300 S, circle symbols); dotted line shows the PF rate
at which there is a shift to a negative image (pyramidal cell
firing rate response 180° out of phase with the electrosensory
input). Note that vector strength (amplitude of negative im-
age) increases with mean PF firing rate and that it is always
greater for lower levels of postsynaptic conductance (puta-
tively due to burst-induced depression). Right panel shows
vector strength as a function of relative level of excitatory con-
ductance (a value of 1 corresponds to g, = 400 wS) for two
different mean PF rates, 15 Hz (square symbols) and 25 Hz
(round symbols). Note again that vector strength (amplitude
of negative image) increases with decreasing strength of PF-
evoked excitation (putatively due to burst-induced depres-
sion) and that it is always greater for higher mean PF firing
rates. Thus, the burst-induced depression of PF input to pyra-
midal cells can produce a strong negative image; furthermore,
the strength of this cancellation signal can be sensitively reg-
ulated by the mean PF firing rate.
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excitatory input (and therefore a shift to net disynaptic inhibition)
during the positive phase of the input signal (the opposite is true for
an I cell but, for simplicity, we consider only the E cell here). We
hypothesize that paired burst-induced LTD is responsible for this
effect. Cancellation of the negative phase of the input signal
would appear to require potentiation of PF feedback excitation to
counteract the signal-evoked decrease in the pyramidal cell dis-
charge rate (Bastian, 1996a,b; Bastian et al., 2004); this suggests
that pairing PF stimulation with a hyperpolarization of a (non-
spiking) pyramidal cell should induce potentiation of the PF-
evoked EPSP. In vivo experiments have shown that, whereas such
pairing can relieve the depression caused by tetanic stimulation
of PFs, it does not induce potentiation above the baseline EPSP
(Bastian, 1998a). Application of intracellular BAPTA blocks the
initial depression as well as the partial recovery due to hyperpo-
larization (Bastian, 1998b) and does not therefore imply an inde-
pendent potentiation mechanism. Low-frequency stimulation of
PFs induces a presynaptically mediated enhancement (Lewis and
Maler, 2004); however, this potentiation is relatively short lasting
(~20 min). Further this enhancement does not require PF burst-
ing and so cannot be a direct inverse of the LTD we have de-
scribed. We have shown (see above, Burst stimulation of
hyperpolarized cells) that pairing postsynaptic hyperpolarization
with burst stimulation does not induce potentiation. It would
therefore seem that the indirect feedback pathway cannot com-
pletely cancel the entire low-frequency global AM.

The depression of PF input to pyramidal cells does, however,
not occur in isolation: PF input to pyramidal cells exhibit short-
term plasticity (primarily facilitation) (Lewis and Maler, 2002a,
2004) and also evoked disynaptic inhibition of pyramidal cells via
local interneurons (Bastian, 1993; Maler and Mugnaini, 1994;
Berman and Maler, 1998a; Lewis and Maler, 2002b). The effect of
burst-induced LTD of PF-evoked EPSPs is thus filtered by the local
short-term dynamics of PF afferents and inhibition; we therefore
explored whether LTD alone might account for the cancellation of
both phases of global low-frequency signals (Lewis et al., 2007).

In this section, we adopt a previous modeling approach (Lewis
etal,, 2007) to explore the role of burst-induced LTD in negative
image generation. This previous study has shown how negative
image generation can occur through a shift in balance between
excitation and inhibition. In this case, the dynamics were attrib-
uted to presynaptic mechanisms (Lewis et al., 2007). Here, we
show that similar shifts can occur through changes in excitatory
postsynaptic conductance of a magnitude similar to that ob-
served during burst-induced LTD. We use a simplified version of
the disynaptic inhibitory circuitry (Fig. 11A, B) and do not take
into account more complex effects related to pyramidal cell dy-
namics (see above) (Mehaffey et al., 2005).

The model previously developed was based on experimental
data from the CMS. We therefore first confirmed that the existing
model of short-term plasticity of PF input was also appropriate
for CLS. Random stimulation of PF input to pyramidal cells was
performed as previously described (Lewis and Maler, 2004); the
previous model was able to successfully predict the resulting se-
quence of EPSPs (n = 2 cells; fitting errors 10 and 8%, with F, =
0.17 and 0.18, respectively; data not shown). The model of Lewis
and Maler (2004) therefore carries over to CLS. This is an ex-
pected result given that the model involves only PFs and local
interneurons; the same PF population innervates all ELL maps
(Sas and Maler, 1987) and the same interneurons are present in
the molecular layer of these maps. We also confirmed that short-
term plasticity did not change after induction of LTD (n = 2 cells;
fitting errors 6 and 11%, with F, = 0.19 and 0.18, respectively;
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data not shown); this is consistent with the presynaptic expres-
sion of short-term plasticity and the postsynaptic expression of
LTD (see above). With these preliminary results in hand, we
could now use the model of Lewis et al. (2007) to examine possi-
ble interactions of PF short-term plasticity and local inhibition
induction with postsynaptic LTD.

The PF inputs to the model neuron are driven by a sinusoidal
rate modulation (%5 Hz) with mean rates of 15 Hz and 25 Hz
(schematically shown, Fig. 8 B, top panel); this is meant to mimic
the response of EGp granule cells to the firing rate modulation of
deep pyramidal cells evoked by natural sinusoidal stimuli (Bastian et
al., 2004). In the control condition (postsynaptic excitatory con-
ductance, G, = 400 uS), two different postsynaptic firing re-
sponses are shown in the phase histograms depending on the
mean PF rate (Fig. 8 B, left panels). For PF mean rate of 15 Hz,
very little modulation in the neural response occurs, whereas for
a PF mean rate of 25 Hz, a negative image (i.e., out-of-phase
response) is observed. This dependence on mean PF rate is a
result of the presynaptic effects described previously (Lewis et al.,
2007). In addition to these effects however, even relatively small
decreases in G, (mimicking the LTD described in previous sec-
tions) can also exert an influence on the neural response, either
creating a negative image or strengthening it, depending on the
initial state (Fig. 8 B, right panels). This is not due to a specific
choice of model parameters. Figure 8C, left, shows the vector
strength at various PF mean firing rates (the dotted vertical line
indicates the approximate PF rate at which the shift to a negative
image occurs) for the control and depressed condition. Although
a postsynaptic depression has little effect for low PF rates when
inhibition is minimal, for higher PF rates, it always enhances the
negative image (increased vector strength). Similarly, increases in
vector strength (negative image only) are found for various levels
of depression (i.e., relative levels of excitation where 1.0 is the
control) (Fig. 8C, right panel). Therefore, when the depression
induced by feedback is embedded in the ELL local circuitry to-
gether with the experimentally observed short-term synaptic dy-
namics, it appears sufficient to account for the cancellation of
both negative and positive phases of a global low-frequency sig-
nal. The key feature responsible for this result appears to be the
frequency dependence of excitatory—inhibitory balance, which is
determined by the short-term presynaptic enhancement of PF
synaptic transmission as well as by the postsynaptic conductance
(Lewis and Maler, 2002a, 2004; Lewis et al., 2007).

We hypothesize that the combination of paired burst-induced
LTD together with local circuit dynamics are sufficient to account
for the physiologically observed long-term cancellation of spa-
tially redundant (predictable) signals. However, our model was
run in open-loop mode and with sinusoidal modulations of PF
firing rate. During in vivo stimulation closed loop conditions
apply with attendant feedback delays due to conduction and syn-
aptic delays. Furthermore, pyramidal cells of the CLS can also
cancel the low-frequency component (<20 Hz) of global random
amplitude modulations (Chacron et al., 2003; Bastian et al., 2004;
Krahe et al., 2008); in this case the phases of the different fre-
quency components are randomized. Additional in vivo experi-
ments and more detailed modeling will be required to validate
our proposed link between cellular and local network dynamics
and the ability of the large scale ELL feedback network to adap-
tively cancel low-frequency input.

Discussion
A. leptorhynchus uses its electric sense for prey capture and navi-
gation (Nelson and Maciver, 1999; Cowan and Fortune, 2007;
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Snyder et al., 2007) by detecting the spatially localized low-
frequency AMs of their electric field (electric images) caused by
the presence of objects (Nelson and Maciver, 1999; Maclver et al.,
2001; Snyder et al., 2007). AMs in the same frequency range can
also be caused by spatially diffuse (global) signals due to tail bend-
ing (Bastian, 1996a) or conspecifics with similar EOD frequencies
(Maler, 2007). These global signals interfere with prey detection
and this species has evolved mechanisms to eliminate such inter-
ference. In particular, a subset of CLS pyramidal cells [superficial
and intermediate pyramidal cells (SPCs)] are tuned to low-
frequency local AMs (prey-like signals) but filter out such signals
when they are presented globally (Chacron et al., 2003; Bastian et
al., 2004)—these cells cancel spatially redundant low-frequency
input yet respond to local input with the same frequency content.
This cancellation is achieved by an adaptive filter that learns the
correlation between simultaneous input to an SPC’s RF and its
nonclassic surround (Chacron et al., 2003); this learning process
generates a negative image of the signal that summates and can-
cels the sensory input (Bastian et al., 2004). The adaptive filter is
implemented by an indirect descending pathway (feedback and
proprioceptive afferents) (Sas and Maler, 1987; Bastian, 1996a) to
the ELL whose final stage consists of parallel fibers emanating
from the EGp (Bastian et al., 2004).

We have demonstrated that, in the most plastic map of the
ELL (CLS) (Krahe etal., 2008), pairing large bursts of presynaptic
and postsynaptic spikes (4-4) within a £50 ms time window
induces anti-Hebbian LTD. Pairing presynaptic and postsynaptic
doublets (2-2) caused a small synaptic depression with a narrow
time window (5 ms). Presynaptic or postsynaptic bursts alone, as
well as paired spikes (1-1) or paired single spikes and bursts (1-4,
4-1), do not induce synaptic depression. We hypothesize that
burst-induced depression underlies the adaptive cancellation of
redundant low-frequency electrosensory input. The requirement
for postsynaptic bursts provides a direct link with natural spike
patterns that occur during adaptive cancellation. Spike bursts in
the CLS and CMS code specifically for low-frequency signals
(Oswald et al., 2004) (Marsat et al., 2009). Burst discharge is
initiated by the depolarizing afterpotentials (DAPs) that follow
back-propagation of spikes up the SPC’s apical dendritic tree
Section (Turner et al., 2002); bursts are therefore also associated
with depolarization of the dendritic targets of PF feedback.
Global (but not local) signals activate the PFs (Chacron et al.,
2003; Bastian et al., 2004) and can therefore evoke EPSPs on the
apical dendrites in temporal proximity to their depolarization by
back-propagating spikes. We propose that the temporal correla-
tion of dendritic depolarization (bursts-low-frequency signals)
and PF discharge (global signals) causes LTD. Single spikes can
encode both low and high-frequency AMs (Oswald et al., 2004)
and high-frequency global AMs can occur during electrocommu-
nication behavior (Benda et al., 2006). The lack of anti-Hebbian
LTD after single-spike pairings may therefore be a cellular mech-
anism that permits CLS SPCs to maintain responsiveness to com-
munication signals. This suggests a threshold-type mechanism
underlies burst-induced LTD and differentiates it from recent exten-
sions of classic STDP models (Pfister and Gerstner, 2006; Morrison
et al., 2008). In these models, multiple spikes essentially add-up ac-
cording to a STDP-rule that is based on single paired spikes. In
burst-induced LTD, it appears that there is a nonlinear effect. The
involvement of Ca** and CaMKII suggests that this nonlinear
threshold is mediated by a molecular switch [see following discus-
sion and Oswald et al. (2002) and Tanaka and Augustine (2008)].

Paired bursts cause only LTD of the PF-evoked EPSPs. In
contrast, cancellation of low-frequency input requires a negative
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image. At the cellular level, we can equate the negative image as a
hyperpolarization (inhibition) during the positive (excitatory)
phase of the stimulus and depolarization (possibly potentiated
PF-evoked EPSPs) during its negative phase. However, a reversal
of sign, from depolarization to hyperpolarization (EPSPs to
IPSPs) does not occur after our burst-pairing protocols, and we
were not able to induce potentiation of PF-evoked EPSPs. The in
vitro burst-pairing-induced anti-Hebbian LTD demonstrated in
this paper therefore cannot, by itself, account for the negative
image cancellation mechanism observed in vivo.

We propose that short-term PF plasticity and local inhibitory
circuitry provide the link between PF burst-induced LTD and
adaptive cancellation (negative image formation). Parallel fibers
exhibit both facilitation and PKA-dependent short-term en-
hancement (Lewis and Maler, 2002a, 2004); however, high-
frequency (>16 Hz) stimulation of PFs strongly activates local
GABAergic interneurons (Maler and Mugnaini, 1994) that con-
vert the enhanced presynaptic transmission into effective
postsynaptic inhibition (Lewis and Maler, 2002a). Lewis et al.
(2007), using a realistic model of the network and synaptic dy-
namics, already demonstrated that it could invert the phase of PF
rate-modulated discharge. Here we demonstrate (Fig. 11) that
weak LTD (25% EPSP reduction) can indeed generate a strong
negative image when incorporated into the model network.
These results suggest that the combination of burst-induced
LTD, presynaptic potentiation, and local inhibition may be suf-
ficient to explain the generation of the negative image and can-
cellation of redundant sensory input by ELL pyramidal cells. A
more detailed computational analysis will be required to incor-
porate realistic feedback delays into this model.

Burst-induced depression requires activation of the NR2B
subunit of the NMDAR, which is the most abundant NMDAR of
SPCs and responsible for most of the PF-evoked EPSP (Harvey-
Girard et al., 2007). An elevation of postsynaptic Ca** and acti-
vation of CaMKIIB are also required for burst-induced LTD.
These cellular events are clearly consistent with the temporal se-
quence of the presynaptic bursts preceding the postsynaptic ones.
The requirement for presynaptic bursts is likely due to (1) PF
presynaptic facilitation that increases EPSP amplitude over suc-
cessive pulses (Lewis and Maler, 2001) and (2) the strong long-
lasting (>50 ms) NMDAR component evoked by tetanic
stimulation of PFs (Berman et al., 2001). We have no direct evi-
dence that EGp granule cells respond to low-frequency input
with spike bursts but such burst responses were reported for
mammalian granule cells (D’Angelo et al., 2001; Chadderton et
al., 2004; Rancz et al., 2007). Subsequent postsynaptic bursts
might be required because of the voltage dependence of the PF-
evoked EPSPs (Berman et al., 2001). We hypothesize that a four
spike postsynaptic burst will produce a large postsynaptic depo-
larization via summating backpropagating spikes. Together these
events should result in a strong activation of the NMDAR
(Harvey-Girard et al., 2007) leading to a large Ca*" influx and
subsequent activation of CaMKIIB. The downstream cascades
that translate CaMKIIf activation (and any additional NR2B/
Ca?" -activated processes) into LTD are unknown though, since
LTD is rapidly induced, these cascades presumably act locally
within the stimulated dendritic branch and/or spine.

It is difficult, at present, to understand how postsynaptic
bursts preceding presynaptic ones can mediate LTD since there is
no obvious mechanism by which coincident postsynaptic depo-
larization can occur. However, one possibility could be that CLS
SPCs possess dendritic voltage-gated Ca** channels that are ac-
tivated by backpropagating spike bursts (R. Turner, personal
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communication). A second possibility could come from the com-
plex dynamics of Mg>" unblock of NMDARs (Vargas-Caballero
and Robinson, 2003, 2004; Clarke and Johnson, 2008). The slow
Mg>* unblock could keep NMDARs in an “openable” state dur-
ing a long period after a postsynaptic burst, until the presynaptic
burst releases glutamate to allow Ca*™ influx through NMDARS.
Furthermore, both possibilities of Ca?" influx could also cause
release of Ca®" from intracellular stores [ryanodine receptors
(Zupanc et al., 1992)]; this extended Ca** transient might allow
for an overlap with subsequent presynaptic inputs.

Mormyrid fish have independently evolved an active electric
sense and must also cancel predictable sensory input to better
detect salient signals (Bell et al., 1997, 2008; Sawtell et al., 2007).
One type of neuron in the mormyrid ELL shows synaptic depres-
sion via an anti-Hebbian STDP rule (Han et al., 2000), which
involves NMDARSs, dendritic spiking, and Ca*™ influx (Bell et al.,
1999, 2008; Han et al., 2000; Sawtell et al., 2007). In mormyrids,
the depression could be reversed by unpaired stimulation (Bell et
al., 1997; Han et al., 2000), which was not possible in apteron-
otids. We assume that the different learning rules for mormyrid
(STDP) and apteronotid (correlative burst depression) are the
consequence of both the nature of the sensory input—regular
sampling with a sinusoidal EOD (apteronotid) versus discrete
sampling at irregular EOD intervals (mormyrid), as well as the
availability of temporally exact predictive signal (corollary dis-
charge) in mormyrids but not apteronotid.

The dorsal cochlear nucleus (DCN) and ELL (apteronotid and
mormyrid) are cerebellum-like structures and share many ana-
tomical and physiological similarities (Bell et al., 2008; Tzouno-
poulos and Kraus, 2009). DCN and ELL may face similar
processing problems: it has been proposed that DCN might filter
outirrelevant proprioceptive induced changes in acoustic signals
and/or redundant signals related to respiration or self-voca-
lization (Tzounopoulos and Kraus, 2009). DCN fusiform cells
receive cochlear auditory afferent inputs (basal dendrites) and
excitatory and inhibitory feedback inputs from PFs (Tzounopou-
los and Kraus, 2009). At the PF synapses, fusiform cells show a
Hebbian STDP rule, whereas local inhibitory interneurons use an
anti-Hebbian rule (Tzounopoulos et al., 2004). However, it is not
yet possible to determine the signals conveyed by the PF inputs to
DCN neurons, and consequently difficult to compare the com-
putational effects of the various plasticity rules on processing in
DCN versus ELL (gymnotid or mormyrid).

More-detailed theoretical analyses will be required to connect
electrosensory and auditory system-level constraints to the DCN/
ELL differences in cellular plasticity rules. Such analyses might also
shed light on the more general relation between diverse underlying
cellular mechanisms and the functional effects of different LTD rules
on information transfer in neural networks (Egger et al., 1999;
Phares et al., 2003; Birtoli and Ulrich, 2004; Tzounopoulos et al.,
2004, 2007; Letzkus et al., 2006; Caporale and Dan, 2008).
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