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Summary of effects of calcium chelation and
disruption of NO signalling on plasticity induced by
intracellular tetanization

Figure 8 shows the mean changes of EPSP amplitude
following intracellular tetanization wunder control

C. M. Lee and others
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conditions, intracellular calcium chelation with EGTA
application, and disruption of NO signalling by L-NAME
and carboxy-PTIO application. Under conditions of both
calcium chelation and NO signalling disruption, changes
of EPSP amplitude were of smaller magnitude compared
to control, and were induced less frequently than in

Figure 6. Induction of synaptic plasticity by intracellular tetanization requires a rise of intracellular

[Ca?"]

A, changes of EPSP amplitude following intracellular tetanization plotted against initial PPR for experiments
with 10 mm EGTA in the recording pipette (red symbols). Note that the magnitude of EPSP changes in EGTA
experiments was reduced compared to control. EPSP amplitude changes were correlated with initial paired-pulse
ratio (r = 0.504, *P < 0.05, n = 20). B and C, time course of EPSP amplitude changes in the inputs with initial PPR
above or below 0.898 (median for control experiments). D and E, EPSP amplitude changes following intracellular
tetanization plotted against changes of PPR (D, r = 0.502, *P < 0.05, n = 20) and changes of CV=2 (E, r = 0.323,
n.s., n = 20). In A-E, red symbols show results of experiments with EGTA, and light grey symbols show control

data from Fig. 4 for comparison.
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control conditions. Variance of EPSP amplitude in either
condition was significantly lower than in control (P < 0.05
for both comparisons). Significant decrease of plasticity
under either condition shows that in control conditions
EPSP amplitude changes were indeed due to activation
of plasticity mechanisms by intracellular tetanization
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rather than to instability of responses. Further, there
was a general shift of plasticity towards depression
(Fig. 8). The clearest evidence of this change was the
impairment of the induction of potentiation. Potentiation
was induced in fewer cases (4 out of 20, or 20% in EGTA
experiments, and 5 out of 29, or 17.2% in experiments
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Figure 7. Dependence of EPSP amplitude changes induced by intracellular tetanization on initial
release conditions, and presynaptic changes, are abolished by application of L-NAME and carboxy-PTIO
A, changes of EPSP amplitude following intracellular tetanization plotted against initial PPR for experiments with
20 puM L-NAME and 20 pm carboxy-PTIO (C-PTIO) in the extracellular medium (red symbols). Under these conditions,
the dependence of EPSP amplitude changes on initial paired-pulse ratio was abolished (r = 0.200, n = 29). B and
C, time course of EPSP amplitude changes in the inputs with initial PPR above or below 0.898. D and E, EPSP
amplitude changes following intracellular tetanization in the presence of L-NAME and C-PTIO were not correlated
with either changes of PPR (D, r = 0.221, n.s., n = 29) or changes of CV=2 (E, r = 0.338, n.s., n = 28). In A-E, red
symbols show results of experiments with 20 uM L-NAME and 20 um carboxy-PTIO, and light grey symbols show

control data from Fig. 4 for comparison.
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with disrupted NO signalling, compared to 21 out of 76,
or 27.6% in control) and was of a smaller magnitude
(1222 £4.1% in EGTA experiments, 135.3 +7.8% in
experiments with disrupted NO signalling, compared
to 168.1 +11.0% in control). Impairment of induction
of long-term potentiation is further illustrated by the
absence of net changes in inputs with initially high PPR
(99.0 £ 6.1% in EGTA experiments, and 98.3 + 6.7% in
experiments with disrupted NO signalling), which in
control showed net potentiation (117.3 £9.2%). The
proportion of inputs exhibiting depression was also lower
(35% in EGTA experiments, 24.1% in experiments with
disrupted NO signalling, compared to 42.1% in control).
Respectively, higher proportions of inputs did not change
after intracellular tetanization in EGTA experiments
(45%) and experiments with disrupted NO signalling
(58.6%) compared to control (30.3%).

Plasticity of all-or-none synaptic responses

In addition to the 76 regular inputs, the effect of
intracellular tetanization was also studied in 24 inputs
(24%) exhibiting all-or-none responses. All-or-none
responses are characterized by a clearly bimodal amplitude
distribution with peaks representing release failures and
successful responses clearly separated (Figs 1, 9 and 10).
The successful responses have large amplitude and a low
variability (see Volgushev et al. 1995 and Stratford et al.
1996 for all-or-none responses in the visual cortex). For an
all-or-none synapse, the number of successful responses
and release failures can be counted unambiguously,
allowing for direct measurement of the release probability,
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as a proportion of successful responses, and synaptic
potency, which is the amplitude of successful responses. If
plasticity is induced at these synapses, presynaptic changes
would be expected to change the failure rate, while post-
synaptic changes would be expected to change synaptic
potency.

An example of an all-or-none synapse that underwent
LTP is shown in Fig. 9. Following tetanization, the failure
rate decreased significantly from 0.512 t0 0.005 (P < 0.001,
Pearson’s x* test), but there was no change of the potency
of that synapse. Averaged traces of successive responses
before and after the tetanization are essentially identical,
showing no difference in amplitude or kinetics. Thus, this
synapse provides compelling evidence for a purely pre-
synaptic mechanism of plasticity induced by intracellular
tetanization.

At some all-or-none synapses, plasticity induced by
intracellular tetanization may be mediated by both pre-
synaptic and postsynaptic mechanisms. This is illustrated
in Fig. 10 by an example of an all-or-none synapse that
underwent LTD. Following tetanization, the number of
response failures increased significantly, and thus the
probability of release decreased from 0.951 to 0.728
(P <0.001).

The mean amplitude of successful responses also
decreased significantly, from 1.216 £0.189 mV (n = 39)
in control to 0.91 4= 0.242 (n = 149) after the tetanization
(P <0.05). Thus, LTD at this synapse was due to
a combination of both presynaptic and postsynaptic
changes.

Summary data for all 24 all-or-none synaptic inputs
show that changes of the average EPSP amplitudes,
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Figure 8. Summary of EPSP amplitude changes under control conditions, EGTA in the intracellular
solution, and bath application of L-NAME and carboxy-PTIO

For each condition, averaged changes of all inputs are shown by white bars, averaged changes of inputs with initial
PPR < 0.898 are shown by light grey bars, and averaged changes of inputs with initial PPR > 0.898 are shown
by dark grey bars. Under control conditions, EPSP amplitude changes at inputs with initial PPR > 0.898 were
significantly higher than EPSP amplitude changes at inputs with initial PPR < 0.898 (P < 0.05, n = 38). Variance of
the EPSP amplitude changes was significantly higher in control experiments than in EGTA experiments (P < 0.05),
and in experiments with .-NAME and carboxy-PTIO application (P < 0.05).
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calculated including both successful responses and
failures, were strongly negatively correlated with the
change in the failure rate (Fig. 11 A, r =-0.944, P < 0.001).
Depressed synapses generally showed an increase in the
failure rate, while in potentiated synapses the failure
rate decreased. This strong correlation provides clear
evidence for involvement of presynaptic mechanisms
in plastic changes induced by intracellular tetanization
at all-or-none synapses. In contrast, postsynaptic
mechanisms contributed little to plastic changes at
all-or-none synapses, because average EPSP amplitude
changes at these synapses were not significantly correlated
with amplitude changes of successful responses (Fig. 115,
r=0.027, P=0.91).

Data collected from all-or-none synapses provide
further support for the notion that plasticity induced by
intracellular tetanization depends on the initial release
probability at the presynaptic terminal. Changes of
average EPSP amplitudes were correlated with initial
failure rates (Fig. 11C, r = 0.519, P < 0.01). Furthermore,
initial failure rates were correlated with changes of the
failure rate after the tetanization (r =-0.519, P < 0.01).

Heterosynaptic plasticity in auditory cortex

2265

Thus, the induction of plastic changes at all-or-none
synapses was correlated with the initial release probability,
and expression of plasticity at these synapses was pre-
dominantly presynaptic, with little contribution from
postsynaptic mechanisms.

Discussion

Our results demonstrate the following. (1) Long-term
plasticity can be induced in layer 2/3 pyramidal cells in
rat auditory cortex by a purely postsynaptic challenge,
intracellular tetanization. Induction of plasticity by intra-
cellular tetanization required a rise of intracellular [Ca**].
(2) Direction of the plastic change, potentiation or
depression, was correlated with the initial paired-pulse
ratio at the synapse. (3) Plastic changes induced by
intracellular tetanization involved both pre- and post-
synaptic mechanisms. (4) Presynaptic components of
plastic changes were abolished in experiments with
blockade of NO synthesis and spread, indicating the
involvement of NO signalling.
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Figure 9. Plasticity of all-or-none responses: example of a potentiation by purely presynaptic

mechanisms

A, superposition of individual responses (black traces) during pre-tetanic (blue bar above the response
amplitude time course) and post-tetanic (red bar above the time course) intervals. Blue and red traces show
averaged responses only (failures excluded). An overlay of averaged responses (on the right) shows that
neither the amplitude nor kinetics of responses change after the tetanization. Time course of EPSP amplitude
changes. The vertical bar indicates the timing of intracellular tetanization. B, histogram of response amplitudes
before tetanization. Probability of release P, =0.512, n =41, mean successful response amplitude (synaptic
potency) A; = 2.485 + 0.057 mV. C, histogram of response amplitudes after tetanization: P, = 0.995, n = 202,

Ar=2.497 £0.014 mV.
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Long-term plasticity in auditory cortex can be
induced by a purely postsynaptic challenge

Several lines of evidence indicate that long-term plasticity
can be induced by a purely postsynaptic challenge
without presynaptic stimulation. Photolytic release of
caged calcium inside the cell (Neveu & Zucker, 1996)
or intracellular tetanization of the postsynaptic cell
had been shown to induce long-term plasticity in the
hippocampus (Kuhnt & Voronin, 1994) and in the
visual cortex (Volgushev et al. 1994, 2000a). Results of
the present study add several important components
to understanding heterosynaptic plasticity. Induction of
plasticity by intracellular tetanization in neurons from
auditory cortex shows that this type of plasticity is a
general phenomenon in the sensory cortex, not restricted
to a specific region. Plasticity induced by intracellular
tetanization was triggered by a rise of intracellular
calcium concentration, since chelation of intracellular
calcium dramatically impaired the induction. Analysis of
all-or-none responses provided clear evidence for pre-
synaptic mechanisms involved in plasticity maintenance.
Presynaptic changes induced by a purely postsynaptic
induction protocol imply retrograde signalling. Indeed,
disruption of NO signalling led to a dramatic decrease
of plasticity. Finally, disruption of NO signalling also

A
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abolished the dependence of the direction of plasticity on
initial release probability, indicating that in neurons of the
auditory cortex this relationship may rely on presynaptic
mechanisms and requires retrograde signalling.

The proportion of inputs which underwent LTP, LTD,
or did not change after intracellular tetanization was
comparable in the visual cortex (Volgushev et al. 2000)
and in the present study in the auditory cortex (42%, 33%
and 25% in the visual cortex and 28%, 42% and 30% in the
auditory cortex). Also the magnitude of the LTP and LTD
induced by intracellular tetanization in the auditory cortex
neurons (168 +11.0% and 63 4 3.4%) was comparable
to magnitudes of plastic changes reported for visual
cortex neurons (192 +16% and 52 +4.7%). A similar
range of EPSP potentiation (158 & 7%) was reported
in auditory cortex neurons after pairing (Buonomano,
1999). Also LTP and LTD of the field potentials induced
in the auditory cortex by tetanic stimulation had similar
magnitudes. Tetanic stimulation applied to layer 4 or layer
6induced a 184 £ 10% and 151 4 8% potentiation of field
potentials in layer 2/3 (Kudoh & Shibuki, 1994; Watanabe
et al. 2007). Low frequency stimulation in layer6 or
local tetanic stimulation in supragranular layers induced
a depression of field potential responses to 79 &= 1% and
75 % 1% of the baseline (Kudoh et al. 2002; Watanabe et al.
2007).
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Figure 10. Plasticity of all-or-none responses: example of a depression due to a combination of pre-

synaptic and postsynaptic changes

A, superposition of individual responses (black traces) during pre-tetanic (blue bar above the response amplitude
time course) and post-tetanic (red bar above the time course) intervals. Blue and red traces show averaged responses
(excluding failures). The overlay of average trace of responses before tetanization (blue trace) and after tetanization
(red trace) depicts depression of responses following tetanization. Note that amplitude of successful responses
changes. The vertical bar indicates the timing of intracellular tetanization. B, histogram of EPSP amplitudes before

tetanization. P, =
EPSP amplitudes after tetanization. P, =

0.951, n =41, mean successful response amplitude A, = 1.216 & 0.189 mV. C, histogram of
0.775,n =202, Ar =

0.911 £0.242 mV.
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Taken together, these results indicate that the ability
of purely postsynaptic challenges to induce plasticity is a
general property of pyramidal neurons in both visual and
auditory cortical areas. Moreover, these results suggest that
plasticity may occur not only at the synapses which were
active during the induction (homosynaptic plasticity), but
also at synapses which were not active during the induction
(heterosynaptic plasticity). This form of heterosynaptic
plasticity at non-active synapses is different from a
‘canonical’ form, which accompanies input-specific LTP
or LTD, but has an opposite sign and is distance dependent,
with its magnitude decaying with increasing distance from
the tetanized synapses (Lynch et al. 1977; White et al. 1990;
Royer & Paré, 2003). Induction of plasticity with intra-
cellular tetanization indicates the existence of plasticity
mechanisms which may be activated at any distance from
the stimulation site, and thus may potentially affect any
synapse at a cell. It should be noted that cell firing
during intracellular tetanization is well within the range
of activity observed in vivo during visual stimulation (e.g.
Volgushev et al. 2003) or pairing of afferent tetanization
protocols that are used to induce homosynaptic plasticity
(see Fig. 4 and related text in Chistiakova & Volgushev,
2009).
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A possible signal which may trigger cell-wide
heterosynaptic plasticity is an increase of intracellular
calcium concentration caused by backpropagating action
potentials. Indeed, once initiated at the axon initial
segment, action potentials backpropagate in all dendrites
that possess a sufficient density of voltage-gated sodium
channels to support active propagation (Stuart &
Sakmann, 1994; Stuart et al. 1997). Consistent with this
hypothesis, our results show that chelation of intracellular
calcium by including 10 mM EGTA in the recording pipette
led to dramatic impairment of plasticity: both frequency of
occurrence and the magnitude of EPSP amplitude changes
following intracellular tetanization were reduced. One
consequence of the independence of plasticity from the
distance to stimulation site is that effects of several strong
stimulations sequentially applied at different locations can
sum up to reach the threshold for induction of this form
of plasticity. Notably, not all synapses underwent plastic
changes. A substantial proportion of inputs, 30% in the
present study and 25% in the visual cortex (Volgushev et al.
2000a) did not change. Although the possibility that some
other stimulation protocols may induce plasticity at these
synapses cannot be excluded, it is tempting to speculate
that these inputs may represent a stable, non-plastic
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Figure 11. Plastic changes at all-or-none synapses correlate with changes of the failure rate but not

synaptic potency

A and B, correlation of changes of the average EPSP amplitude calculated including both successive responses
and failures, with changes of the failure rate (A, r =-0.944, ***P < 0.001, n = 24) and changes of the synaptic
potency, calculated as averaged amplitude of successful responses (B, r = 0.027, n.s., n = 22). C, correlation of
tetanization-induced changes of the average EPSP amplitude with failure rate before the tetanization (r = 0.519,

**P < 0.01, n = 24).
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fraction of synapses required for stable memory storage
(Fusi et al. 2005).

What determines the direction of synaptic plasticity?

Studies of associative synaptic plasticity have emphasized
the role of covariance of activity between the presynaptic
and postsynaptic cells (for reviews, see Buonomano
& Merzenich, 1998; Malenka & Nicoll, 1999; Holthoff
et al. 2006; Caporale & Dan, 2008; Feldman, 2009).
The covariance hypothesis, an extension of Hebbian
rules of associative plasticity, predicts that the direction
of plasticity is related to the covariance of presynaptic
and postsynaptic activity. In the current study, synaptic
plasticity was induced by intracellular tetanization of
the postsynaptic cell, without stimulation of afferents
during the induction. Some inputs were potentiated, some
depressed and some did not change after intracellular
tetanization. Since in some cells potentiation of one input
but depression of the other occurred simultaneously, the
direction of plasticity might depend on the properties
of each specific synapse rather than being controlled
cell-wide. In neurons of the visual cortex, the direction and
magnitude of plasticity following intracellular tetanization
were correlated to initial PPR: inputs with initially high
PPR having a tendency to be potentiated while inputs
with initially low PPR having a tendency to be depressed
(Volgushev et al. 1997, 2000a). Interestingly, similar
dependence of the plasticity direction on the PPR was
recently reported for pairing protocols. In a study of
plasticity at monosynaptically connected pairs of layer 2/3
pyramids, Hardingham et al. (2007) found that pairing
induced potentiation at synaptic connections with initially
low release probability and high PPR, but depression at
synapses with initially high release probability and low
PPR. Saez & Friedlander (2009) replicated this result for
monosynaptically connected neurons in layer 4: changes
of synaptic strength were positively correlated with initial
PPR and initial failure rate. Lu et al. (2007) report
that excitatory connections between pyramidal neurons
and low-threshold spiking interneurons in somatosensory
cortex express high PPR and were potentiated after pairing
pre- and postsynaptic activation. In contrast, synapses
between the same pyramidal neurons and fast-spiking
interneurons expressed low PPR and were depressed after
the same pairing protocol. Thus, initial release probability
at a synapse might be one of the factors determining
the direction of plastic changes, or at least one of the
indicators of susceptibility of a synapse for potentiation or
depression. Consistent with these findings, the direction
and magnitude of plasticity induced by intracellular
tetanization in auditory cortex neurons was also correlated
to initial PPR.

C. M. Lee and others
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In this study, we have revealed a high proportion of
all-or-none synaptic responses (24%). Their properties
were very similar to the all-or-none responses described
in the visual cortex, but the proportion was higher
(about 10% in the visual cortex, Volgushev ef al. 1995).
The direction and magnitude of plasticity at all-or-none
synapses was correlated with the initial failure rate. Both
PPR and failure rate provide estimates of the probability
of vesicle release. Thus, the tendency of intracellular
tetanization to induce LTP at synapses with an initially
low probability of release, and LTD at synapses with an
initially high probability of release was observed for both
regular EPSPs and all-or-none synaptic responses.

Plasticity induced by intracellular tetanization depends
on the rise of intracellular calcium concentration. The
amplitude and kinetics of the rise of intracellular calcium
could be one further factor determining direction of
plasticity: lower levels of calcium rise leading to depression
and higher levels to potentiation (Lisman, 1989; Neveu
& Zucker, 1996). Results of experiments with EGTA are
consistent with this notion. Indeed, partial chelation of
intracellular calcium with EGTA shifted the plasticity
balance towards depression.

Because plasticity requires an increase of intracellular
calcium, it is possible that inputs that remained stable
following intracellular tetanization may represent distal
synapses at which local calcium fluxes are reduced due
to failure of backpropagating action potentials. However,
we did not find a significant relation between EPSP rising
slope, which is indicative of the distance of stimulated
synapse to the soma, and the direction and magnitude
of plastic changes induced by intracellular tetanization.
It should be noted that variability of EPSP slopes in our
sample was much lower than in recent papers that were
aimed at studying the distance dependence of plasticity
and used specific stimulation techniques to stimulate
synapses at variable dendritic locations (Froemke et al
2005; Gordon et al. 2006; Letzkus et al. 2006; Sjostrom
& Haiusser, 2006). The similarity of EPSP slopes in our
sample indicates that the distances of stimulated synapses
from the soma were more homogeneous. Many EPSPs
which did not change after intracellular tetanization
had similar rising slopes to those expressing plasticity,
suggesting that they were located at similar distances from
the soma. This makes it unlikely that failure to induce
plasticity at about 30% of inputs in this study was due to
the failure of backpropagating action potentials to reach
only those synapses.

Pre- and postsynaptic mechanisms of synaptic
plasticity in auditory cortex

One possible reason why the direction of plastic
changes depended on properties of the presynapse is
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that mechanisms of plasticity expression were at least
partially presynaptic. Indeed, ample evidence indicates
the involvement of presynaptic mechanisms in ITP and
LTD in somatosensory and visual cortex (e.g. Markram
& Tsodyks, 1996; Volgushev et al. 2000a; Sjostrom et al.
2003; Hardingham et al. 2007). In the auditory cortex,
pairing-induced LTP was associated with changes of
paired-pulse ratio, suggesting the involvement of pre-
synaptic mechanisms (Buonomano, 1999). Our results
show that presynaptic mechanisms are involved in
heterosynaptic LTP and LTD in auditory cortex neurons.
EPSP amplitude changes were correlated with changes
of CV™2 and inversely correlated with changes of the
PPR. Since CV~? is proportional to release probability
and PPR is inversely proportional to release probability,
these correlations indicate that LTP was associated with
an increase, and LTD with a decrease, of the release
probability.

The separation of involvement of presynaptic and post-
synaptic mechanisms in expression of LTP and LTD is most
clear in experiments with all-or-none synapses. At these
synapses failures can be unambiguously distinguished
from successful responses, thus allowing the direct
measurement of both the failure rate and the amplitude
of successful responses. The direction and magnitude of
changes of the averaged EPSP (including both responses
and failures) was strongly correlated with changes of the
failure rate. In many cases, changes of the average EPSP
amplitude were not accompanied by any change of the
amplitude or kinetics of successful responses. These cases
provide clear evidence for the possibility of purely pre-
synaptic mechanisms of plasticity induced by intracellular
tetanization in auditory cortex neurons. In some cases,
both the failure rate and the amplitude of successful
responses changed. Such cases indicate the involvement
of both pre- and postsynaptic mechanisms in plasticity.
Presynaptic changes do not exclude the possibility of post-
synaptic changes at the same synapse; rather, they may
accompany postsynaptic changes.

Because induction of plasticity was postsynaptic, the
evidence of presynaptic changes suggests the involvement
of a retrograde messenger. Results of experiments
involving the blockade of NO production by an inhibitor
of NO-synthase, L-NAME, and blockade of NO spread
in the extracellular space by a scavenger, carboxy-PTIO,
allow us to draw several conclusions. Blocking NO
signalling abolished the correlation between changes
of EPSP amplitude on the one hand and changes of
PPR and and CV~? on the other, suggesting that NO
signallingisinvolved in the biochemical pathwayleading to
presynaptic changes following intracellular tetanization.
Reduction of the magnitude of plastic changes in
experiments with disrupted NO signalling indicates that
part of the EPSP amplitude changes in control were
mediated by presynaptic mechanisms. At the same time,

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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changes of EPSP amplitude after intracellular tetanization
that still occurred in experiments with disrupted NO
signalling should have been mediated by postsynaptic
mechanisms. This latter conclusion is supported by the
absence of correlation between the magnitude of EPSP
amplitude changes and changes of release indices PPR and
CV~2. Finally, blocking NO signalling also abolished the
dependence of the direction of plasticity on initial release
probability, indicating that in neurons of the auditory
cortex this relationship requires retrograde signalling.

A role for heterosynaptic plasticity?

A learning system in which synapses change according
to Hebbian-type rules has two major drawbacks: it is
prone to runaway dynamics due to a positive feed-
back intrinsic to the Hebbian learning rule, and it lacks
mechanisms of synaptic competition which are necessary
for synapse selection (Miller, 1996). These problems can
be solved by precisely balancing local learning rules for
potentiation and depression (e.g. White et al. 1990; Song
et al. 2000; Song & Abbott, 2001; Sjostrom et al. 2001;
Royer & Paré, 2003). However, a cell-wide mechanism,
such as normalization which conserves the total synaptic
weight of all synapses at a neuron provides a more robust
solution. Normalization of synaptic weights is widely used
in theoretical studies since the early models of visual
map development (von der Malsburg, 1973). Several
reports show that in the visual cortex, the direction and
magnitude of synaptic plasticity depend on the initial
properties of synapses: synapses with initially low release
are more susceptible for potentiation, while synapses with
an initially high release probability have a tendency to be
depressed or do not change (Volgushev et al. 1997, 2000a;
Hardingham et al. 2007; Sdez & Friedlander, 2009). Here
we demonstrate that also in auditory cortex, induction
of plasticity by purely postsynaptic challenge depends
on the initial properties of synapses. Furthermore, intra-
cellular tetanization induces potentiation and depression
at different synapses in a balanced way, so that the net sum
of synaptic weights across all synapses remains preserved.
This suggests that this cell-wide mechanism for synaptic
weight normalization (Chistiakova & Volgushev, 2009) is
not an exclusive feature of visual cortex, but extends to
auditory cortex.
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