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Abstract

Long-term potentiation (LTP) and long-term depression (LTD) of transmitter release
probability (Pr) are thought to be triggered by the activation of glutamate receptors. Here,
we demonstrate that glutamate release at CA3-CAl synapses is in fact inhibitory and
unnecessary for increases in P.. Instead, at active presynaptic terminals, postsynaptic
depolarization alone can increase P, by promoting the release of nitric oxide from
neuronal dendrites in a manner dependent on L-type voltage-gated Ca%* channels. The
release of glutamate, in contrast, decreases P, by activating presynaptic NMDA receptors
(NMDAR). Thus, net changes in Prare determined by the combined effect of both LTP-
promoting and LTD-promoting processes, that is, by the amount of glutamate release and
postsynaptic depolarization that accompany presynaptic activity, respectively. Neither of
these processes directly depends on the activation of postsynaptic NMDARs. We further
show that presynaptic changes can be captured by a simple learning rule, in which the role
of presynaptic plasticity is to ensure that the ability for a presynaptic terminal to release

glutamate is matched with its ability to predict postsynaptic spiking.
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Introduction

Learning and memory are thought to require synaptic plasticity, which refers to the
capacity for synaptic connections in the brain to change with experience. The most
frequently studied forms of synaptic plasticity are long-term potentiation (LTP) and long-
term depression (LTD), which involve long-lasting increases and decreases in synaptic
transmission. LTP and LTD can be expressed either postsynaptically, as changes in AMPA
receptor (AMPAR) number or presynaptically, as changes in glutamate release probability
(P,)¥®. Traditionally, postsynaptic NMDA receptor (NMDAR) activation is believed to be
important for both pre- and postsynaptic forms of plasticity>’. Postsynaptic changes, in
particular, have been causally and convincingly linked to NMDAR-dependent Ca?* influx
which, via the activation of postsynaptic Ca%*-sensitive kinases and phosphatases, triggers
changes in the number of synaptic AMPARs’. The link between NMDAR activation and
presynaptic plasticity, however, is less clear. In the case of presynaptic LTP induction, it is
traditionally thought that Ca?* influx through postsynaptic NMDARs triggers the synthesis
and release of a retrograde signal, most likely nitric oxide (NO), which in turn triggers
increases in P,®% (but other forms of presynaptic plasticity exist>!?). Although several
studies demonstrate that NMDAR blockade impairs presynaptic LTP'>, some groups
have found that presynaptic enhancement can be induced in the presence of NMDAR
antagonists!®20 (but see®?!). This form of plasticity relies on L-type voltage-gated Ca?*
channels (L-VGCCs)®*°, but may still depend on NO signalling®?2. These findings suggest
that presynaptic plasticity may not require either the activation of postsynaptic NMDARs
or NMDAR-dependent NO synthesis.

The role of glutamate signalling in presynaptic plasticity may also differ from its role in
postsynaptic plasticity. Glutamate release is inevitably necessary to drive the postsynaptic
depolarization required for both pre- and postsynaptic LTP. This function of glutamate,
however, is not site-specific, since depolarization triggered by one synapse will spread to

another. The necessity for site-specific glutamate release in LTP induction, at least
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postsynaptically, is instead imposed by postsynaptic NMDARs?’. Consequently,
manipulations that enhance postsynaptic NMDAR signalling at the level of the single
synapse reliably augment the induction of postsynaptic LTP”232>, However, that NMDARs
may not to be necessary for the induction of presynaptic LTP*>?2, suggests that the role of
synapse-specific glutamate release in presynaptic plasticity may be different. Indeed, a
common finding across a number of studies is that high P, synapses are more likely to
show presynaptic depression whereas low P, synapses are more likely to show presynaptic
potentiation!262°. Moreover, glutamate release is known to activate presynaptic
NMDARs3, which can induce presynaptic LTD3'33, Thus enhanced glutamate release at a
presynaptic terminal, unlike at a dendritic spine, may not necessarily result in enhanced
potentiation, but instead promote depression. Several studies have also demonstrated
that presynaptic terminals initially releasing little or no glutamate are reliably potentiated
following tetanic stimulation!%!326-3034 How low P, synapses, including those that are
putatively silent, can undergo such activity-dependent potentiation raises questions as to

the necessity of synapse-specific glutamate release in presynaptic plasticity.

Here we re-examined the mechanisms underlying activity-dependent presynaptic changes
at CA3-CA1 hippocampal synapses, with a particular focus on understanding the role of
glutamate in presynaptic plasticity. We bidirectionally manipulated glutamatergic
signalling during synaptic activity and examined the resulting consequences on P:at single
synapses using Ca?* imaging. Remarkably we found that site-specific glutamatergic
signalling was unnecessary for the induction of presynaptic LTP. Instead, postsynaptic
depolarization alone could increase Prat active presynaptic terminals by promoting the
release of NO from neuronal dendrites in a manner dependent on L-VGCC activation. This
increase was both Hebbian, in that it required presynaptic activity to precede postsynaptic
depolarization, and site-specific, in that it did not spread to inactive terminals. Glutamate
release, in contrast, promoted decreases in P, by activating presynaptic NMDARs. Our
findings support a simple learning rule [AP,=n(Pgepo-Pgiu)], in which net changes in P, (AP)

at a presynaptic terminal depend on the probability of glutamate release (Pgu) and the
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probability of strong postsynaptic depolarization (Pgepol) that accompanies presynaptic
activity. The learning rule incorporates both LTP- and LTD- promoting processes into a
unified framework, and is capable of predicting changes in Pr across a number of

experimental conditions.
Results

High frequency presynaptic activity inhibits presynaptic LTP and promotes presynaptic
LTD

We were interested in understanding the mechanisms underlying activity-dependent
presynaptic changes at CA3-CA1 synapses, with a particular focus on understanding the
role glutamate plays in presynaptic plasticity. We started by examining how manipulating
glutamatergic signalling at synapses would affect activity-driven changes in presynaptic
function. We recorded excitatory postsynaptic potentials (EPSPs) in CA1l neurons in
hippocampal slice cultures. Cells were recorded using patch electrodes (4-8MQ) and EPSPs
were evoked by Schaffer-collateral stimulation. Baseline EPSP recordings were kept short
(< 5 minutes) to minimize dilution of postsynaptic factors that are necessary for LTP
induction. Following baseline recording, we induced LTP by pairing presynaptic stimulation
with postsynaptic depolarization (Figure 1A). Pairings were causal, in that presynaptic
stimuli preceded postsynaptic spiking by 7-10ms. A single pairing was repeated 60 times
at 5Hz. For postsynaptic depolarization, we injected current of sufficient amplitude to
generate 3-6 postsynaptic spikes over a 50-60ms time course, with the first spike starting
7-10ms following the start of current injection. Spikes often tended to broaden over the
time course of injection. The resulting waveform resembled a complex spike (Figure 1A),
which is known to efficiently drive LTP in vitro®3® and has been recorded in the
hippocampus in vivo3®4°, We found that this pairing protocol produced robust and
reliable LTP (fold AEPSPgiope: 1.8810.24; n=6 cells; vs 1.0: p<0.05; Figure 1B,C), which had a
presynaptic component of expression, as assessed by a decrease in the paired pulse ratio

(PPR) (APPR: -0.3940.15; n=6 cells; vs 0: p<0.05; Figure 1D).


https://doi.org/10.1101/099515
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/099515; this version posted April 11, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

We next examined the effects of elevating glutamatergic signalling during LTP induction
on presynaptic plasticity. Under physiological conditions, elevated glutamate signalling
arises from increased presynaptic activity. We therefore repeated our LTP experiments,
but during induction, in the place of single presynaptic pulses, we delivered short, high
frequency bursts of presynaptic stimuli to drive more glutamate release. The burst
consisted of two pulses, delivered 5ms apart, and resembled high-frequency bursting
activity recorded in CA3 neurons in vivo*. We found that this protocol produced
significantly less LTP compared to single pulse pairings (fold AEPSPsope: 1.3610.13; n=6
cells; vs. single pulse pairings: p<0.05), and was accompanied by no significant changes in
PPR (APPR: 0.004£0.04; n=6 cells; vs 0: p=0.84; vs. single pulse pairings: p<0.01; Figure 1D),
suggesting that LTP was likely to be exclusively expressed postsynaptically. These findings
suggest that high frequency presynaptic activity can inhibit the induction of presynaptic
LTP.

We repeated our experiments, but during LTP induction, we omitted postsynaptic
depolarization (unpaired stimulation). When single presynaptic pulses were delivered (60
pulses at 5 Hz) during induction, we observed no significant change in EPSP (fold
AEPSPgiope: 0.93+0.10; n=5 cells; vs 1.0: p=0.62; Figure 1E,F) or PPR (fold APPR: 0.01+0.09;
n=5 cells; vs 0: p=0.81; Figure 1F). However, when high frequency bursts were delivered
during induction, we observed a robust decrease in the EPSP (fold AEPSPgiope: 0.42+0.08;
n=8 cells; vs. single pairing: p<0.01; Figure 1E,F) and an increase in PPR (fold APPR:
0.36+0.04; n=8 cells; vs. single pulse pairing: p<0.01; Figure 1G), suggesting that we had
induced LTD with a presynaptic component of expression. Collectively, these findings
show that high frequency presynaptic stimulation not only inhibited the induction of

presynaptic LTP, but also promoted the induction of presynaptic LTD.
Glutamate photolysis inhibits presynaptic LTP and promotes presynaptic LTD

We next tested whether the effects of high frequency presynaptic stimulation on

presynaptic plasticity were in fact due to the presynaptic terminal releasing more
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glutamate, as opposed to other effects, such as an increased Ca?* influx in the presynaptic
terminal. To do so, we used glutamate uncaging instead of high-frequency presynaptic
stimulation to elevate glutamate release at synapses during LTP induction. Glutamate
uncaging was restricted to single synapses. Activity-dependent changes in presynaptic
function (i.e. P;) at these synapses was assessed by imaging postsynaptic Ca®
transients!342. This technique relies on the fact that at most CA3-CA1 synapses, single
quanta of glutamate, through AMPAR-mediated depolarization, generates sufficient Ca%*
influx from NMDAR and voltage-gated Ca?* channels (VGCCs) to be detected by Ca?*-
sensitive dyes*3%, Consequently, the proportion of trials in which single presynaptic
stimuli generate postsynaptic Ca®* transients can be used to calculate P, at single
synapses**. Notably, estimates of P, measured at resting membrane potential are resilient
to reductions or enhancements in postsynaptic Ca?* influx (Supplemental Figure 1,

Supplemental Figure 8A-C).

CA1 pyramidal neurons were loaded with the Ca?* sensitive dye Oregon Green BAPTA-1,
and a fluorescently-labelled glass electrode was used to stimulate Schaffer-collaterals in
the vicinity of the imaged dendrite (Figure 2A). Dendritic spines were sequentially scanned
in order to identify those that were responsive to stimulation. To increase the likelihood of
visually identifying responsive synapses, especially those with low basal release
probabilities, we delivered two presynaptic stimuli, 70ms apart, to transiently increase P,
(Figure 2B). When a synapse was found that responded to stimulation, it always
responded in an all-or-none manner, with Ca?* transients largely restricted to the spine
head. As expected, Ca®* transients were also more likely to be elicited by the second of the
two presynaptic stimuli because of the effects of short-term plasticity. Prwas calculated as
the proportion of trials in which the first of the two presynaptic stimuli generated a
fluorescent increase in the spine head; the second of the two presynaptic stimuli was

ignored.
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Because of the additional time required to calculate Py, cells were recorded from using
sharp microelectrodes (80-120MQ) to minimize the dilution of postsynaptic contents.
Following baseline measurements of P, we induced LTP as before, by delivering 60
individual presynaptic stimuli at 5Hz, each paired with postsynaptic depolarization
Consistent with our electrophysiological results, this protocol evoked an increase in P,
(APr: 0.1940.03; n=13 spines; vs. 0: p<0.01; Figure 2B,D,F) and a long-lasting potentiation
of the recorded EPSP (fold AEPSPsiope: 1.97£0.13; n=12 cells; vs 1.0: p<0.01 Figure 2G,l).
We then repeated the experiment but this time, during LTP induction, each presynaptic
stimulus was paired with photolysis of caged glutamate at the synapse. We adjusted the
laser power to ensure that photolysis mimicked the fluorescent changes elicited by
uniquantal glutamate release evoked by single presynaptic stimuli (AF/F; photolysis vs.
stimulation: 0.38+0.08 vs. 0.431+0.09; n=12 spines; p=0.72; Figure 2A). Remarkably, under
these conditions, increases in Prat the target synapse were effectively abolished (AP;: -
0.02+0.03; n=12 spines; photolysis vs. control: p<0.01; Figure2B,D,F). This demonstrates
that, consistent with our hypothesis, elevated glutamatergic signalling at synapses
inhibited the induction of presynaptic LTP. Notably, in uncaging experiments, LTP
induction resulted in a similar enhancement of the EPSP as in control experiments (fold
AEPSPgiope: 2.0610.20; n=11 cells; photolysis vs. control: p=0.48; Figure 2G,l), suggesting
that the failure for the imaged synapse to support LTP could not be attributed to the
failure of the recorded cell or slice to support LTP. In five experiments, LTP induction was
repeated for a second time at the same synapse, in the absence of caged glutamate, but
with photolytic laser exposure; under these conditions, the expected increase in Prwas
observed (APr: 0.18+0.02; n=5 spines; vs. control: p=0.75; post-photolysis control in Figure
2D). Increases in Prwere also observed in a subset of control experiments, in which LTP
induction was conducted in the presence of caged glutamate, but in the absence of
photolytic laser exposure (AP,: 0.21+0.08; n=3 spines; vs. control: p=0.57). These results
suggest that the inhibitory effect of photolysis on P was due to glutamate release, as

opposed to non-specific effects of uncaging.
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We also examined the effects of glutamate photolysis delivered in the absence of
postsynaptic depolarization (unpaired stimulation). Delivery of 60 presynaptic stimuli at 5
Hz, as before, had no effect on the recorded EPSP (fold AEPSPsjope: 1.03+0.10; n=9 spines;
vs 1.0: p=0.94; Figure 2H,I), consistent with our previous result, and produced no changes
in Prat the majority of synapses imaged (Figure 2C,E,F). We did, however, notice that
synapses with initially high release probabilities (P>0.5), showed a modest decrease in P,
following unpaired stimulation (Figure 2E); this decrease was not likely to be detected by
electrophysiological recordings because high P, synapses comprise an estimated <10% of
synapses in our preparation®?. Remarkably, when we coupled each presynaptic stimulus
with glutamate photolysis, we now observed decreases in P, at all imaged synapses,
regardless of their initial P, (AP, photolysis vs. control: -0.33£0.08 vs. -0.12+0.06; n=9,10
spines p<0.05; Figure 2C,E,F). These findings suggest that elevated glutamate release at a
synapse had an inhibitory effect on P.. Notably, this inhibitory effect occurred regardless
of the level of postsynaptic depolarization that accompanied presynaptic activity. P:
changes induced by paired or unpaired stimulation were always more negative compared

to controls when glutamate signalling was augmented.
Presynaptic LTP can be induced in complete glutamate receptor blockade

Given that augmenting glutamatergic signalling inhibited the induction of presynaptic LTP,
we asked if glutamate release was required at all for driving increases in Prduring paired
stimulation. Glutamate release is inevitably necessary to drive the postsynaptic spiking
required for LTP, and all major classes of glutamate receptors including, AMPARs, Kainate
receptors (KARs), NMDARs, and metabotropic receptors (mGIuRs) can contribute to
membrane depolarization*®*>*’. However, if driving depolarization is the only function of
glutamate the induction of presynaptic LTP, then we should be able to trigger presynaptic
LTP in complete glutamate receptor blockade provided that, during induction, we replace
the depolarizing-effects of glutamate with somatic current injection. If, however,

glutamate release is additionally necessary for some form of synapse-specific signalling, as
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in the case of postsynaptic LTP, then the induction of presynaptic LTP should not be

possible in complete glutamate receptor blockade.

To test this possibility we attempted to induce LTP at CA3-CA1 synapses in hippocampal
slices with all known glutamate receptors (AMPARs, KARs, NMDARs, and mGluRs)
pharmacologically inhibited (10uM NBQX, 100uM D-AP5, 0.5mM R,S-MCPG, 100uM
LY341495). Given the additional time requirements for these experiments, we recorded
from CA1 neurons using high-resistance patch electrodes (18-25MQ) to limit dilution of
postsynaptic factors. Following abolishment of the EPSP, synaptic activity was causally
paired as before with strong postsynaptic depolarization triggered by somatic current
injection (Figure 3A). The antagonist cocktail was washed out, and the EPSP was allowed
to recover. As expected, drug washout was never complete (Figure 3C,D) and so it was
necessary to compare the EPSP recorded from the pathway receiving paired stimulation to
a second, independent control pathway recorded simultaneously (Figure 3A,B). We found
that pairing induced a robust enhancement of the EPSP in the stimulated pathway (fold
AEPSPgiope; paired vs. control: 1.12+0.13vs. 0.71+0.12; n=7 cells; p<0.05; Figure 3B,D),
which lasted for the duration of the recording (up to 40-90 minutes post-pairing); this
enhancement was not seen when pairings were anti-causal, with presynaptic stimuli
following postsynaptic spiking (Supplemental Figure 2). Causal pairings resulted in a
1.72+0.21 fold potentiation, which we estimated by normalizing the fold change in the
EPSP of the paired pathway to that of the control pathway. Notably, EPSP recovery of the
control pathway was not significantly different from experiments in which drugs were
applied in the absence of paired stimulation (control vs. drugs-only: 0.71+0.12 vs.
0.54+0.11; n=7, 5 cells; p=0.59; Figure 3C,D), suggesting that LTP was restricted to only

synapses that were active during the pairing.

We next examined the locus of LTP expression. We found that LTP induction in glutamate
receptor blockade was accompanied by a significant increase in the coefficient of variation

parameter (CV2) (paired vs. control: 2.80 +0.79 vs. 0.89 +0.10; n=7 cells; p<0.05; Figure
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3E), and a significant decrease in PPR (paired vs. control APPR: -0.28+0.06 vs. 0.03+0.03;
n=6 cells; p<0.05; Figure 3F). Both of these changes are consistent with a presynaptic
component of LTP expression, and both were found only in the paired pathway suggesting
that LTP induction was site-specific. We also confirmed that similar site-specific
presynaptic enhancements in recorded EPSPs could be induced under glutamate receptor

blockade in acute hippocampal slices (Supplemental Figure 3 and 4).

Although several studies have demonstrated that NMDAR blockade alone impairs LTP
induction, even presynaptically', it is important to note that NMDARs, like all glutamate
receptors, are known to contribute to postsynaptic depolarization. The NMDARs are
particularly potent sources of depolarization especially given their role in dendritic
spiking**® and burst firing®°. Thus, it is possible that NMDAR blockade inhibits presynaptic
LTP expression by inhibiting postsynaptic depolarization. This is less likely to be an issue
when strong postsynaptic depolarization is driven via somatic current injection, as in our
experiment (Figure 3), than when depolarization is driven by presynaptic stimulation. To
test this, we induced LTP using standard 100Hz tetanic stimulation to drive postsynaptic
spiking (Supplemental Figure 5A,D). This form of LTP had a presynaptic component of
expression (Supplemental Figure 5E). As in previous studies, application of AP5 abolished
LTP induction (Supplemental Figure 5B). However, we found that if tetanic stimulation was
instead delivered while the postsynaptic cell was depolarized by 10mV (from -60mV to -
50mV) in order to augment postsynaptic spiking during tetanic stimulation, LTP induction
in AP5 was rescued, at least presynaptically (Supplemental Figure 5C-E). These findings
suggest that the importance of postsynaptic NMDAR signalling in presynaptic LTP
induction is to provide a source of depolarization rather than any necessary source of
synapse-specific signalling. These findings also underlie the importance of taking the level
of postsynaptic depolarization into account when LTP is induced following the blockade of

one or more glutamate receptor.
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Collectively, our findings suggest that the role of glutamate signalling (including
postsynaptic NMDAR signalling) in presynaptic LTP induction is to drive the postsynaptic
depolarization, meaning that physiologically, presynaptic potentiation may not actually
require any one presynaptic terminal to trigger glutamate release, provided that its
activity coincides with postsynaptic depolarization, which could be triggered by glutamate

release at other co-active synapses.
LTP induction in glutamate receptor blockade is associated with an increase in P,

We then returned to Ca?* imaging to determine whether we could directly observe
increases in Prat single synapses associated with the induction of LTP in full glutamate
receptor blockade (Figure 4). To minimise dialysis for these experiments during drug
wash-in, imaging was conducted in the absence of electrophysiological recordings on CA1
neurons that were pre-loaded with Ca?* indicator dye (see Methods). Following an initial
assessment of P, glutamate receptor antagonists (10uM NBQX, 50uM D-AP5, 0.5mM R,S-
MCPG, 100uM LY341495) were bath applied and the imaged cell was transiently patched
in order to drive postsynaptic depolarization during paired stimulation. Consistent with
electrophysiological findings, causal pairing of pre- and postsynaptic depolarization
produced robust and reliable increases in P, (AP;: 0.40+0.06; n=7 spines; vs 0: p<0.01;
Figure 4A-C). No such changes were elicited by drug application in the absence of pairing
(APy: 0.04+0.04; n=7 spines; vs. causal pairing: p<0.05), or by either presynaptic
stimulation alone (AP,: -0.0310.03; n=7 spines; vs. causal pairing: p<0.01) or postsynaptic
stimulation alone (AP;: -0.01+0.04; n=6 spines; vs. causal pairing: p<0.01), or when
postsynaptic depolarization preceded, rather than followed, presynaptic stimulation
during pairing (AP;: -0.0240.06; n=6 spines; vs. causal pairing: p<0.01) (Figure 4B,C). The
induction of presynaptic LTP in the absence of glutamatergic signalling was therefore
Hebbian, requiring presynaptic activity to be causally paired with strong postsynaptic

depolarization.
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Postsynaptic depolarization increases P, by promoting dendritic release of NO in a

manner dependent on L-VGCCs

We next investigated the mechanism by which paired stimulation could trigger increases
in Prin the absence of glutamatergic signalling. The requirement for postsynaptic
depolarization in the induction of presynaptic potentiation suggests a need for a diffusible
retrograde messenger. Perhaps the most promising, albeit still controversial, retrograde
signal implicated in LTP induction is nitric oxide (NO)®. Although NO synthesis has
classically been associated with the activation of postsynaptic NMDARs?®, there is some
suggestion that Ca?* influx from L-type voltage-gated Ca?* channels (L-VGCCs), which have
previously been implicated in presynaptic LTP ¥1°, could trigger NO production?24%°0, |f
NO synthesis in neuronal dendrites can be triggered by L-VGCC activation, then NO
production could occur in a manner dependent on postsynaptic depolarization, but
independent of synapse-specific glutamatergic signalling. To test this, we first asked
whether presynaptic LTP, induced in glutamate receptor blockade, was dependent on L-
VGCC activation and NO signalling. Consistent with our hypothesis, we found that pairing-
induced increases in P, (AP:: 0.3410.04; n=10 spines; p<0.01) were reliably abolished by
bath application of the L-VGCC antagonist nitrendipine (20uM) (AP,: 0.04+0.04; n=6
spines; vs. blockade: p<0.01) and by the NO scavenger carboxy-PTIO (cPTIO), either bath
applied (50-100uM) (AP;: -0.02+0.04; n=7 spines; vs. blockade: p<0.01) or injected into the
postsynaptic neuron (5mM bolus-loaded) (AP,: -0.02+0.07; n=6 spines; vs. blockade:
p<0.05) (Figure 5A). The NO synthase inhibitor, L-NAME (100uM) also blocked presynaptic
enhancements in recorded EPSPs (Supplemental Figure 6). We confirmed our findings in
acute slices, and found that nitrendipine and cPTIO blocked presynaptic enhancements
induced under glutamate receptor blockade (Supplemental Figure 3 and 4), suggesting
that, as in cultured slices, presynaptic efficacy in acute slices was similarly regulated by NO

signalling.
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We then examined whether NO production depended on L-VGCC activation. We
transiently patched CA1 neurons in order to load them with the NO-sensitive dye, DAF-FM
(250uM bolus-loaded), and then measured fluorescent changes in the apical dendrites
prior to and following postsynaptic depolarization in glutamate receptor blockade. Given
the poor signal-to-noise ratio associated with DAF-FM imaging, we drove strong
postsynaptic depolarization by elevating extracellular K* to 45mM, as previously
described*®°%. Under these conditions, we observed increases in fluorescence in neuronal
dendrites (Figure 5B,C). These increases were dependent on NO synthesis as they could be
prevented by postsynaptic injection of cPTIO (AF/F; control vs. cPTIO: 0.38+0.04 vs. -
0.03%0.05; n=5 cells/condition; p<0.05) or bath application of the NO synthase (NOS)
inhibitor L-NAME (AF/F: 0.00+0.05; n=5 cells; vs. control: p<0.05). Importantly, fluorescent
increases were reliably abolished with nitrendipine (AF/F: -0.02+0.06; n=5 cells; vs.

control: p<0.05) (Figure 5B,C), suggesting that NO synthesis required L-VGCC activation.

We then attempted to image NO release in response to more physiologically-relevant
means of postsynaptic stimulation, such as the complex spikes we were using to induce
LTP. To do so we pre-loaded slices with 1,2-Diaminoanthraquinone (DAQ; 100ug/mL), a
NO-sensitive dye, as previously described®!. We then patched onto a single cell and
imaged the DAQ-associated changes in the cell after stimulating the cell with 600 complex
spikes delivered at 5Hz (Figure 9D). Stimulation was performed in complete glutamate
receptor blockade. This protocol took advantage of the fact that DAQ forms an insoluble
fluorescent precipitate upon reacting with NO, meaning that fluorescence would
accumulate with stimulation and not readily wash away>?. We found with 600 complex
spikes, the accumulated NO signal in the dendritic arbour was sufficiently large to detect
by our setup (Figure 9D,E). Notably, no signal was detected in the absence of any
stimulation (AF/F; stimulated vs. unstimulated: 2.97+0.48; vs 0.22+0.73; n=9,7 cells;
p<0.05), or when stimulation was delivered in the presence of nitrendipine (AF/F: -

0.14+40.65; n=7 cells; vs. control: p<0.05) or L-NAME (AF/F: 0.24+0.43; n=8 cells; vs.
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control: p<0.05). These findings suggest that postsynaptic depolarization alone can drive

NO release from neuronal dendrites in a L-VGCC dependent manner.
NO release induces increases in P, at active presynaptic terminals

Once NO is released, is it alone sufficient to induce LTP at active presynaptic terminals? To
address this, we examined whether increases in P, could be elicited when presynaptic
stimulation was paired with rapid photolytic release of NO (0.5-1mM RuNOCI3), in the
absence of postsynaptic depolarization. We used Ca?* imaging to determine basal P, at a
single synapse. We then paired 30-60 presynaptic stimuli, delivered at 5Hz in complete
glutamate receptor blockade, with brief photolysis of NO, which was directed targeted to
the spine head to emulate postsynaptic NO release. As with our standard LTP induction
protocol, pairing was causal, with each NO photolysis event timed to occur 7-10ms after
each presynaptic stimulus. Under these conditions, we found significant increases in P,
when assessed 30 minutes post-pairing (AP;: 0.29+0.07; n=10 spines; p<0.01; Figure 5F-
H). No such changes were produced when pairing occurred in the presence of bath-
applied cPTIO (AP.: 0.02+0.07; n=6 spines; vs. causal pairing: p<0.05; Figure 5G,H),
suggesting that LTP did not result from non-specific effects associated with photolysis.
Moreover, when presynaptic stimuli followed NO photolysis no significant change in P,
was observed (AP;: -0.01+0.04; n=8 spines; vs. causal pairing: p<0.01; Figure 5F-H),
suggesting that NO-mediated potentiation was Hebbian, requiring presynaptic activity to

precede, rather than follow, NO release.

Previously, the effects of NO have primarily been examined by recording EPSPs in acute
slices®. We therefore sought to confirm our findings using NO photolysis in a similar
preparation (Supplemental Figure 7). We loaded CA1 pyramidal neurons in acute slices
with caged NO (100uM RuNOClIs; bolus-loaded) while recording EPSPs in the presence of
AP5. Wide-field photolysis was triggered using a 1ms flash from a UV lamp. Causal pairings
of presynaptic activity with photolysis resulted in an enhancement of the EPSP and a

decrease in PPR. These increases were absent when pairings were anti-causal, or when
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pairings occurred in the presence of cPTIO, which instead resulted in a modest depression
of the EPSP. These findings confirm that NO can trigger presynaptic LTP provided that its

release it precedes rather than follows presynaptic activity.
Glutamate release decreases P, via activation of presynaptic NMDARs

Our findings suggest that a presynaptic terminal need not release glutamate in order to
become potentiated, provided that its activity precedes strong postsynaptic
depolarization. In fact, in our initial experiments we found that glutamate release, if
anything, inhibited presynaptic LTP and promoted presynaptic LTD (Figure 1,2). Theses
findings, however, were based on elevating glutamatergic signalling at the synapse either
by using high-frequency presynaptic bursts or glutamate photolysis. We therefore sought
to examine whether endogenous glutamate release also had a similar inhibitory effect on
P:. To do so we conducted single-spine Ca%* imaging experiments in control conditions and
under glutamate receptor blockade to examine how changes in P were affected by
glutamate signalling. Remarkably, we found that increases in P produced in glutamate
receptor blockade were significantly larger than that of controls (AP;; blockade vs. control:
0.34+0.04 vs. 0.18+0.02; n=10 spines; p<0.05; Figure 6A-C), suggesting that even
endogenously released glutamate impeded increases in Pr induced by paired stimulation.
We also examined the effects of glutamate receptor blockade on unpaired stimulation,
during which presynaptic stimuli were delivered alone. This protocol reliably induced
decreases in P, at synapses with high release probabilities (P,>0.5) under control
conditions. However, no such decreases were observed in glutamate receptor blockade
(AP blockade vs. control: 0.00+0.03 vs. -0.21+0.05; n=10, 9 spines; p<0.05; Figure 6D,E).
These findings suggest that endogenous glutamate release has an inhibitory effect on Py,
regardless of the level of postsynaptic depolarization. Across conditions, Pr changes were
always more positive compared to controls when glutamate signalling was blocked,

suggesting that endogenous glutamate release drives decreases in P..
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How might glutamate release exert an inhibitory effect on P,? We have previously
reported that presynaptic NMDARs are found at CA3-CA1 synapses; these receptors act as
reliable detectors for uniquantal glutamate release®, and have been implicated in
presynaptic LTD31335355 We therefore examined whether these receptors mediated the
inhibitory effects of glutamate observed on presynaptic function. Given the difficulties
associated with selectively blocking pre-, as opposed to post-, synaptic NMDARs, several
groups have investigated the role of presynaptic NMDARs in plasticity by comparing the
effects of bath application of 50uM D-AP5 or 20uM MK-801, which blocks both pre- and
postsynaptic NMDARs, with that of intracellular MK-801 (5mM bolus-loaded) application,
which selectively blocks postsynaptic NMDARs>>%, We sought to use a similar approach.
However, because MK-801 does not readily washout, and since postsynaptic NMDARs
greatly contribute to spine Ca?* influx**#4°°, we first examined whether the permanent
loss of postsynaptic NMDAR signalling affected our ability to measure P, using
postsynaptic Ca%* imaging. We found that at about 50% of synapses, NMDAR blockade
reduced, but did not entirely abolish synaptically-evoked Ca?* transients (Supplemental
Figure 8). The residual Ca®* transients were mediated by activation of voltage-gated Ca®*
channels (VGCCs) in response to AMPAR-mediated depolarization, and could be used to
accurately measure P (Supplemental Figure 8). Importantly, the average P: of these
synapses did not significantly differ from that of synapses lacking a residual Ca?* transient
in NMDAR blockade (AP;; AP5-sensitive vs. AP5-insensitive: 0.42+0.07 vs. 0.4740.11; n=8
spines/condition; p=0.67; Supplemental Figure 8BC). These findings suggest that, in
NMDAR receptor blockade, VGCC-dependent spine-Ca?* influx can be used as a means of
calculating P, at a sizeable and representative proportion of presynaptic terminals;
nonetheless the use of VGCC-dependent Ca?* transients presents an unavoidable selection

bias in our study.

Using VGCC-dependent spine Ca?* transients, we found that when both pre- and
postsynaptic NMDARs were blocked by bath application of either AP5 (n=9 spines) or MK-
801 (n=9 spines), paired stimulation triggered increases in P, (AP,: 0.34+0.03; n=18 spines)
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that were not significantly different from those produced in complete glutamate receptor
blockade (p>0.99), but that were greater than increases produced under control
conditions (p<0.01) (Figure 6A-C). Bath application of AP5 or MK-801, like glutamate
receptor blockade, also blocked decreases in Prproduced by unpaired stimulation (AP: -
0.02+0.02; n=17 spines; vs. control; p<0.05; vs. blockade: p>0.99; Figure 6D,E). To then
specifically block postsynaptic NMDARs, we bolus-loaded cells intracellularly with MK-801
(see Methods). This loading protocol minimized dilution of postsynaptic factors, and in
control experiments, abolished NMDAR-mediated EPSPs and spine Ca?* transients
(Supplemental Figure 9A-C). In contrast to bath application of AP5 or MK-801, we found
that with postsynatpic application of MK-801, increases in P, produced by paired
stimulation (AP,: 0.16+0.04; n=9 spines; vs. control: p>0.99; Figure 6A-C) and decreases in
Pr produced by unpaired stimulation (AP, -0.25+0.07; n=9 spines; vs. control: p>0.99;
Figure 6D,E) did not significantly differ from control conditions (p>0.99), and were
significantly different from changes in P, induced in glutamate receptor blockade (p<0.05)
and extracellular NMDAR blockade (p<0.05) . Collectively, these results suggest that pre-,
but not post-, synaptic NMDARs mediate the inhibitory effect of glutamate release on

changes in P; observed with both paired and unpaired stimulation.

The inhibitory effect of presynaptic NMDARs on Pr would also explain why glutamate
photolysis in our earlier experiments (Figure 2) inhibited presynaptic LTP and promoted
presynaptic LTD. To confirm this, we repeated photolysis experiments in the presence of
MK-801, either intracellularly or extracellularly applied, again to differentially block
presynaptic and postsynaptic NMDAR signalling (Figure 7). Consistent with our hypothesis,
we found that bath, but not intracellular, application of MK-801 rescued LTP induction,
despite the presence of uncaged glutamate at the synapse during postsynaptic
depolarization (APr; bath MK-801 vs. photolysis: 0.374£0.05; vs. -0.02+0.02 n=7, 12 spines;
p<0.01; intracellular MK-801: -0.02+0.04; n=7 spines; vs. photolysis: p>0.99; Figure 7A,B).
Incidentally, increases in P, were not only rescued by bath application of MK-801 but were

greater than in control conditions (AP;; control: 0.20£0.03; n=12 spines; vs. bath MK-801:
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p<0.01; Figure 7A,B). This is likely because bath application of MK-801, in addition to
blocking the inhibitory effects of caged glutamate, additionally blocked the inhibitory
effect of endogenous glutamate release that was present in control conditions (Figure
6B,C). As expected, bath, but not intracellular, application of MK-801 also prevented
photolysis-induced augmentation of LTD, in which stimuli were delivered in the absence of
postsynaptic depolarization (AP: bath MK-801 vs. photolysis: -0.02+0.03; vs. -0.29+0.06;
n=7,9 spines; p<0.01; intracellular MK-801: -0.28+0.08; n=7 spines; vs. photolysis: p>0.99;
Figure 7C,D). Bath MK-801 application additionally prevented LTD induction present at
high P. synapses under control condition (Figure 7C,D) again, likely by blocking the
inhibitory effects of endogenous glutamate release (Figure 6D,E). Collectively, these
findings suggest that activation of presynaptic NMDARs are necessary to drive decreases

in Py, regardless of the levels of postsynaptic depolarization.

Our results provide strong evidence that presynaptic NMDAR activation by glutamate
drives decreases in P.. We next sought to confirm these findings electrophysiologically
(Figure 8). EPSPs generated by Schaffer-collateral stimulation were recorded at baseline
and following paired stimulation to induce LTP. As with Ca?* imaging, experiments were
conducted under control conditions, following bath application of AP5 or MK-801, or
following postsynaptic application of 1ImM MK-801, which was included in the recording
electrode. We found that paired stimulation induced robust LTP in the presence of bath
applied AP5 or MK-801, which was not significantly different in magnitude than that
produced under control conditions (fold AEPSPsope; bath AP5/MK-801 vs. control:
1.9140.13 vs. 2.074+0.10; n=8,12 cells; p>0.99; Figure 8A,B). However, given that NMDAR
blockade is known to inhibit postsynaptic LTP, the entirety of the LTP induced under
NMDAR blockade was likely to be presynaptic in expression as compared to the mixed
pre- and postsynaptic expression of LTP that was likely to arise under control
conditions!®!8, This would suggest that the presynaptic component of LTP was actually
larger following the extracellular blockade of NMDARs. Indeed, LTP induced following bath

application of AP5 or MK-801 was associated with a much larger decrease in PPR than that
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induced under control conditions (APPR; bath AP5/MK-801 vs. control: -0.48+0.08 vs. -
0.24+0.03; n=8,12 cells; p<0.05; Figure 8C), consistent with the inhibitory role of

presynaptic NMDARs in presynaptic LTP.

Surprisingly, paired stimulation under conditions of postsynaptic NMDAR blockade with
intracellular application of MK-801 failed to induce LTP (Supplemental Figure 9D-F). This
was unexpected given 1) LTP induction was successful following complete blockade of
NMDARs by external application of MK-801 and 2) that we were able to obtain increases
in P, with paired stimulation following application of postsynaptic MK-801 in our Ca?
imaging experiments (Figure 6B,C). However, in our imaging experiments we were bolus-
loading MK-801 to allow for imaging to take place in the absence of chronic whole-cell
patch recordings. Bolus-loading entailed patching on to the cell with 5mM MK-801 in the
patch electrode for 60s before patching off again. The drug was then given approximately
20 minutes to diffuse and take effect prior to starting the experiment. In the current set of
electrophysiological experiments, MK-801 was instead constantly present at 1mM in the
recording electrode, and therefore would have been diffusing into the cell for 5 minutes at
the point of LTP induction. We reasoned that this protocol may have resulted in a higher
intracellular concentration of MK-801 as compared to bolus-loading. MK-801 is a highly
potent NMDAR antagonist with a K4 value in the low nanmolar range (approximately
37nM)®0, At high concentrations (> 100 pM), however, it can inhibit voltage-gated K* and
Ca?* channels®%2, We were therefore concerned that chronic patch loading of 1ImM MK-
801 may have disrupted L-VGCC function, which we had found to be necessary for
presynaptic LTP induction (Figure 5A-E). To test this possibility, we imaged L-VGCC-
mediated Ca?* influx in dendrites in response to back-propagating action potentials
(Supplemental Figure 9G-1). We found that 1mM patch loading of MK-801 for 5 minutes
reduced L-VGCC-mediated Ca?* influx by approximately 50%. Our bolus-loading procedure,
in contrast, produced no change in L-VGCC function despite effectively inhibiting NMDAR

function (Supplemental Figure 9A-C). Our findings suggest that there is a serious confound
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for loading high concentrations of MK-801 postsynaptically, particularly in LTP

experiments.

Based on our findings, we switched our MK-801 loading protocol to bolus-loading. Under
these conditions paired stimulation was able to successfully induce LTP (fold AEPSPsiope:
1.34+0.07; n=8 cells; p<0.01; Figure 8A,B). LTP induction was smaller in magnitude
compared with control conditions (p<0.01), though this is not surprising given that LTP
induction under conditions of NMDAR-blockade was likely to only have a presynaptic
component of expression, as compared to the mixed pre- and postsynaptic components of
expression induced under control conditions®!8, Notably, LTP induction in postsynaptic
NMDAR blockade was associated with a comparable decrease in PPR as seen in controls
(fold APPR: -0.19+0.04; n=8 cells; vs. control: p>0.99; Figure 8C), suggesting that the
presynaptic component of LTP did not differ in magnitude between the two conditions.
However, when compared to results obtained under extracellular blockade of NMDARs,
LTP induced in postsynaptic NMDAR blockade was of smaller magnitude (p<0.01), and
associated with smaller decreases in PPR (p<0.05). Consistent with our imaging
experiments, these findings suggest that pre-, but not post- synaptic NMDAR activation

reduces the magnitude of presynaptic LTP induced by paired stimulation.

We also examined the effects of presynaptic NMDARs on LTD induction induced by
unpaired stimulation. For unpaired stimulation, we used our high-frequency burst
protocol (Figure 1), since it produced robust depression in recorded EPSPs. We delivered
60 bursts of presynaptic stimuli (2 stimuli delivered 5ms apart) at 5Hz in the absence of
depolarization. This induced comparable levels of LTD across conditions, though LTD
induced following extracellular or postsynaptic NMDAR blockade (fold AEPSPsiope; bath
AP5/MK-801 vs. postsynaptic MK-801; 0.68+0.04 vs. 0.73+0.10; n=6,5 cells; p>0.99; Figure
8D,E) tended to be smaller than LTD produced under control conditions (fold AEPSPsjope:
0.42+0.08; n=8 cells; vs. bath AP5/MK-801; p=0.11; vs. postsynaptic MK-801: p<0.05).

Nonetheless, control LTD was associated with a comparable increase in PPR to that

20


https://doi.org/10.1101/099515
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/099515; this version posted April 11, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

induced under conditions of postsynaptic NMDAR blockade (APPR; control wvs.
postsynaptic MK-801: 0.36+0.04 vs. 0.34+0.07; n=8, 5 cells; p>0.99; Figure 8F). In contrast,
no PPR changes were observed following unpaired stimulation when NMDARs were
blocked by extracellularly (APPR: -0.0410.05; n=6 cells; vs. control: p<0.01; vs.
postsynaptic MK-801: p<0.01 Figure 8F). This suggests that our protocol produced LTD
with both pre- and postsynaptic components of expression, and that inhibition of
presynaptic NMDAR signalling abolished the presynaptic component of LTD. This is
consistent with our imaging experiments, and suggests that presynaptic NMDAR signalling
is necessary for the induction of presynaptic LTD. Collectively, our findings provide
electrophysiological support to our prior conclusion that presynaptic NMDARs drive
decreases in P;, independent of the levels of postsynaptic depolarization; across
conditions, changes in PPR were always more negative compared to controls when

presynaptic NMDAR signalling was inhibited.

Our results demonstrate that presynaptic LTD requires presynaptic NMDAR signalling.
Spike-timing dependent (STDP) LTD depends on presynaptic NMDAR activation, as well as
endocannabinoid signalling®®°°>. We therefore tested the role of endocannabinoids in the
induction of LTD generated by our unpaired stimulation protocol. We found that the
endocannabinoid antagonist AM-251 (2uM) failed to prevent decreases P, (Supplemental
Figure 10). We also found that presynaptic LTD could be induced even after 1 hour of
recording with normal patch electrodes (4-8MQ), suggesting that it was generally quite
resistant to prolonged dilution of postsynaptic factors. LTP, in contrast, failed to be
induced by paired stimulation after 10 minutes of recording with a standard patch
electrode (Supplemental Figure 11). Our findings suggest that the action of glutamate on
the presynaptic NMDAR is sufficient to drive decreases in P, and likely does not require

additional postsynaptic factors, such as endocannabinoid signalling.

A simple learning rule predicts activity-dependent changes in P,
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Our findings thus far suggest that changes in P;at active presynaptic termianls are driven
by two processes: 1) postsynaptic depolarization, which promotes increases in P,through
L-VGCC-dependent release of NO from neuronal dendrites, and 2) glutamate release,
which promotes decreases in P through presynaptic NMDAR activation (Figure 9A). We
have demonstrated that net changes in P, will depend on both processes. This suggests
that changes in Prat a presynaptic terminal are driven by a mismatch between 1) the
amount of postsynaptic depolarization and 2) the amount of glutamate release that
accompanies presynaptic activity. We therefore asked whether these two variables could
be incorporated into a mathematical framework that could predict changes in Pr (AP;) in
our data set. For ease of calculation, we chose to quantify both these variables in terms of
probabilities, that is, 1) the probability that presynaptic activity was accompanied by
strong postsynaptic depolarization (Pgepol) and 2) the probability that glutamate was
released at the synapse (Pgu). The simplest mathematical framework to model changes in
Pr would be: AP=n(Pdepol-Pgiu), Where net changes in Prare proportional to the relative
difference or mismatch between Pgepol and Pgu as defined by (Pgepo-Pgiu), multiplied by

some constant n, defined as the learning rate (Figure 9B).

We applied the learning rule AP=n(Pdepol-Pgiu) to our data set of imaged synapses across all
experimental conditions. As a reminder, to induce plasticity we had delivered 60
presynaptic stimuli at 5Hz, where each stimulus was either consistently paired or unpaired
with postsynaptic depolarization. For conditions with paired stimulation, we set Pgepoi to 1,
since depolarization was present for every presynaptic stimulus. However, for conditions
in which NO and L-VGCC signalling was inhibited, Pgepol Was set to 0, as the effects of
depolarization would be absent for every presynaptic stimulus. For all other conditions, in
which presynaptic stimuli were not paired with presynaptic stimulation, we set Pgepol to O.
We then determined values for Pgu. For experiments involving glutamate photolysis, Pgu
was set to 1, as glutamate was available for every presynaptic stimulus. For experiments in
which presynaptic NMDARs were inhibited, Pguwas set to 0, as the inhibitory effects of

glutamate were absent for every presynaptic stimulus. For all other conditions, Pgy had to
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be calculated for each synapse. Although Pg, will likely be proportional to the initial P, of a
synapse, it will not be equivalent to initial P, owing to short-term plasticity effects induced
during the 5Hz stimulation trainC. To obtain a more accurate estimate of Pgu, we
conducted an additional set of experiments, in which we used Ca?* imaging to examine
glutamate release at single synapses stimulated with 60 presynaptic pulses delivered at
5Hz (Supplemental Figure 12). We calculated Pg as the total number of glutamate release
events in the train divided by the number of pulses in the train (i.e. 60). When plotted
against initial P;, we obtained a linear relationship with which to relate Pguy to initial P,
(Pgu=0.475*initial P, + 0.2175; p<0.01; Supplemental Figure 12). We used this relationship
to estimate Pgy for synapses in the remainder of our data set. Finally, we determined the

learning rate n, which obtained the best fit of the model (n=0.35).

To assess the goodness of fit of our learning rule, we divided our data (n=216 synapses)
into 6 categories, depending on whether the effects of postsynaptic depolarization were
present or absent, whether glutamate photolysis was present or absent, and whether
presynaptic NMDAR blockade was present or absent. These 6 categories, along with the
learning rule’s predictions for AP, are shown in Figure 9C and are summarized in the table
below. For a detailed description of the experimental conditions included in each category

see the Methods section.

Table 1. Summary of experimental conditions and model parameters

No. | Effects present Pdepol | Pgiu | APr=n (Pdepol-Pgiu)
1 Paired stimulation + photolysis 1 1 0

2 | Paired stimulation 1 Pau” | N (1-Pgi)

3 Paired stimulation + preNMDAR blockade 1 0 +n

4 Unpaired stimulation + photolysis 0 1 -n

5 Unpaired stimulation 0 Pau” | -N (Pgu)

6 Unpaired stimulation + preNMDAR blockade | 0 0 0
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*Actual value will vary across synapses in this condition and is therefore represented as

the variable Pg..

For each category, we plotted initial P, against final P, for all synapses within the category,
and superimposed the learning rule’s predictions as a red trend line (Figure 9D). These
predictions were compared to lines of best fit (grey lines; Figure 9D) for the data in each
category. The lines of best fit took the form of simple linear equations [Final P, = m(Initial
Pr) + b; where m is the slope and b is the y-intercept], which were fit to the data using
standard linear regression. The learning rule consistently achieved a predictive power that
was comparable to that of the lines of best fit (Figure 9D,E), with the exception of
category 4. Synapses in this condition received glutamate photolysis during unpaired
stimulation and therefore underwent augmented depression. The model tended to
overestimate the amount of depression for synapses with a low initial P, and
underestimate the amount of depression for synapses with a high initial P;. Although the
goodness of fit (as measured by the Pearson correlation coefficient) was greater for the
lines of best fit (Figure 9D), our model only had 1 free parameter compared to a total of
12 free parameters used by the lines of best fit across all 6 conditions (2 free parameters
per line of best fit, the slope and the intercept). As a means of comparing which model
was superior for explaining the data given the number of parameters used in each model,
we calculated the Bayesian Information Criterion (BIC) associated with the learning rule
and the lines of best fit. The learning rule obtained a substantially better (i.e. lower) BIC
value than the lines of best fit (BlCiines of best fit— BlCiearning rule=34.97; a difference in BIC value
of greater than 10 is in favour of the model with the lower BIC value®3{{). This was also the
case when we combined categories having similar trends (category 1 and 6) to minimize
the free parameters used by the lines of best fit from 12 to 10 (BlCiines of best it — BIClearning
rule=24.25). Thus, the proposed learning rule represents a simple framework that is

capable of effectively predicting changes in Pracross a range of experimental conditions.

Discussion
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We have explored the mechanisms of presynaptic plasticity at CA3-CA1l synapses in
hippocampal slices. Based on our findings we present a unified framework of presynaptic
plasticity, which suggests that, at active presynaptic terminals, changes in Prare driven by
two processes: 1) postsynaptic depolarization, which promotes increases in P, through the
L-VGCC-dependent release of NO from neuronal dendrites (LTP-promoting process), and
2) glutamate release, which promotes decreases in P, through presynaptic NMDAR
activation (LTD-promoting process). Both processes operate together to tune presynaptic
function, with net changes in P depending on the strength of each process during
presynaptic activity. (Figure 9A,B). We also found that this model could be formalized as a
simple learning rule [AP:=n(P4epo-Pgiu)] that was able to accurately predict changes in P; in
our data given the probability that presynaptic activity was associated with strong
postsynaptic depolarization (P4epot) and the probability presynaptic activity was associated

with glutamate release (Pgiu).
Presynaptic LTP can occur in the absence of synapse-specific glutamate signalling

Importantly, the mechanism of plasticity proposed in this study enables presynaptic
terminals releasing little or no glutamate to become potentiated provided that their
activity is accompanied by strong postsynaptic depolarization. This feature of presynaptic
LTP may have important implications for plasticity. Most central synapses have low
glutamate release probabilities, with some synapses appearing to release no glutamate in
response to presynaptic stimulation®*8°, This is true for synapses recorded in both in vitro
preparations from young rodents and ex vivo preparations from adult rodents. In fact,
under electron microscopy, a significant portion of synapses (up to 35-50%) in the adult
rodent hippocampus have presynaptic zones lacking synaptic vesicles in their near
proximity (<170nm); these so-called “nascent zones” have been hypothesized to be
functionally silent®. Although the existence of bona fide presynaptically silent synapses
remains controversial®, the low release probabilities (average P, of approximately 0.2%7)

of central synapses suggests that it is possible that activity at a presynaptic terminal may
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not elicit glutamate release at the synapse, but may still coincide with strong postsynaptic
depolarization, driven by glutamate release at other co-active synapses. Under such
conditions the presynaptic mechanisms of plasticity elucidated in this study, could enable

the efficient induction of Hebbian potentiation presynaptically.

Our finding that presynaptic enhancements can occur without glutamatergic signalling at
the synapse raises the question as to why many studies show that LTP induction can be
abolished or impaired by blockade of one or more glutamate receptor subtypes>>%%%9, To
address this question, it is first important to recognize that not all LTP induction protocols
are associated with presynaptic enhancements®. This is because presynaptic LTP requires
higher levels of postsynaptic depolarization than postsynaptic LTP®1718, This likely reflects
the necessity of L-VGCC signalling in presynaptic potentiation'®?°, which have high voltage
activation thresholds®. Thus, successful induction of presynaptic LTP will depend on the
levels of postsynaptic depolarization achieved by a given stimulation protocol*®'8, which
in turn will be influenced by a variety of experimental factors, including the frequency and
intensity of stimulation. L-VGCCs also exhibit voltage-dependent inactivation during
extended periods of depolarization (>1s)’%71. As such, the use of pairing protocols, in
which the postsynaptic cell is voltage clamped at OmV for prolonged periods of time
(>10s) during presynaptic stimulation, are likely to be unsuitable for driving presynaptic

enhancements, despite being commonly used to drive postsynaptic enhancements ©.

Whether presynaptic enhancements are obtained in the first place will therefore depend
on the levels of postsynaptic depolarization achieved during LTP induction. Nonetheless,
even studies reporting presynaptic LTP also find that inhibition of glutamate receptors, in

1115 |t is however

particular NMDARs, abolish or reduce presynaptic enhancements
important to recognize that AMPARs, KARs, NMDARs, and mGluRs all have been shown to
contribute to postsynaptic depolarization®®*>47, Given that presynaptic changes rely on
the voltage-dependent release of NO, it is possible that blockade of any of these

glutamate receptor classes would abolish or reduce presynaptic LTP in an indirect way, by
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reducing postsynaptic depolarization and the activation of L-VGCCs. This may explain, in
part, why experimental manipulations that augment the levels of postsynaptic
depolarization reliably rescue LTP in AMPAR®72, NMDAR®417-1973-76 = and mGIuR
blockade’”’. Importantly, our LTP induction protocol used strong postsynaptic
depolarization, which was elicited by somatic current injection, and therefore
independent of synaptic activity. This circumvented the need for any glutamate receptor-
dependent depolarization during paired stimulation and enabled us to directly assess the
function of glutamate signalling in presynaptic LTP, independent of its effects on
postsynaptic depolarization. Based on these results, we would argue that the physiological
role of glutamate release in presynaptic potentiation is for driving postsynaptic spiking as
opposed to conveying a synapse-specific signal; this contrasts with the role of glutamate
release in postsynaptic plasticity, in which synapse-specific activation of postsynaptic

NMDARSs is necessary for LTP induction.

While our approach for inducing LTP resembles that of traditional STDP protocols, which
rely on NMDAR activation’®, there is are two key differences. Firstly, in our study,
postsynaptic depolarization took the form of complex spikes, which included a brief
period (7-10ms) depolarization before the first spike. This period of subthreshold
depolarization is known to facilitate the induction of LTP, possibly by inactivating voltage-
gated potassium channels within the dendrite, which otherwise impede action potential
backpropagation’84. Moreover, like complex spikes recorded in vivo®®, the spike trains
we triggered contained broadened action potentials, which likely reflect strong
depolarization in the dendrites®V33, Consequently, the postsynaptic waveforms used in our
study were likely to generate stronger levels of postsynaptic depolarization, and in a
manner independent of glutamate release and NMDAR activation, than those used in

STDP studies.

Secondly, our study differed from others in the method used to selectively block

postsynaptic NMDARs. Traditionally, postsynaptic NMDAR blockade is achieved by
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recording from neurons with a high concentration of MK-801 (0.5-1mM) in the patch
electrode3°*°5, The use of such high concentrations of drug, which is several orders of
magnitude greater than the Ky value with which MK-801 binds the NMDARs®Y, is likely
important for achieving a rapid and effective block of NMDARs in diffusionally isolated
compartments, such as narrow dendrites and spines distal from the soma. Lower
concentrations of intracellular MK-801 (1uM) have been successfully used to block
postsynaptic NMDAR, but presumably require a longer time to take effect®, and would
therefore not be conducive for plasticity experiments, in which the time of patch
recordings needs to be minimized to avoid dilution of postsynaptic factors. The use of high
concentrations of MK-801 during intracellular loading, however, comes at the potential
cost of off-target effects®™®2, Indeed, we found in our study that within 5 minutes of
patching on to a neuron with 1mM MK-801, L-VGCC Ca?* transients were reduced by
about 50%. Given the necessity of L-VGCCs in the induction of presynaptic LTP, the use of
high intracellular concentrations of MK-801 presents a serious confound in plasticity
experiments. In our study, we found that the ideal method of MK-801 was bolus-loading.
This entailed transiently patching the cell with a high concentration of MK-801 (5mM) for
a short period of time (60 seconds). After about 20 minutes the drug effectively abolished
NMDAR signalling at recorded synapses, which were within 100um of the soma, without
effecting L-VGCC Ca?* transients. The cell could then be re-patched with normal internal
solution if required. Using this protocol, paired stimulation reliably produced LTP, which
was otherwise abolished when 1mM of MK-801 was instead included in the patch pipette

from the start of recording.
Presynaptic LTP requires nitric oxide signalling

It has long been recognized that the induction of LTP at the presynaptic locus requires a
retrograde signal®®. The most promising candidate is NO2. The role of NO in LTP has been a
source of much controversy, and some studies have concluded that NO signalling is not

necessary in LTP induction®. However, given that NO is likely to be important for
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presynaptic strengthening, the effect of NO signalling on synaptic plasticity will depend on
whether presynaptic enhancements are obtained following LTP induction®. Indeed, studies
that actually confirm presynaptic changes following LTP induction, including our own,
consistently demonstrate that presynaptic enhancements depend on the synthesis and

release of NO in both acute and cultured hippocampal preparations87-89,

It has generally been assumed that NO synthesis is dependent on Ca?" influx from
postsynaptic NMDARs®; however, several studies have demonstrated that induction of
presynaptic LTP is possible in NMDAR blockade suggests that this signalling pathway is not
necessary for presynaptic potentiation!’?°. Consistent with this notion, in our
experiments, we found that specific blockade of postsynaptic NMDARs using intracellular
application of MK-801 had no effect on changes in Prinduced by paired stimulation.
Instead, we found an alternative pathway for NO synthesis that was crucial for presynaptic
strengthening, and that depended on strong postsynaptic depolarization and activation of
L-VGCCs; this is in keeping with findings from a recent study{Pigott, 2016 #8896}. The
differential importance of NO signalling mediated by NMDARs and L-VGCCs in presynaptic
LTP may result from differences in the magnitude, kinetics, and/or spatial extent of NO
signalling associated with the activation of each channel. Unfortunately, the poor
sensitivity of NO-indicator dyes makes this possibility difficult to investigate with currently

available tools.

It has previously been demonstrated that exogenous NO can potentiate synaptic
transmission, and that this potentiation is restricted to synapses that are active during NO
release®®!, Here, we extend these findings by showing that photolysis of NO at single
synapses can actually drive increases in Pr, and that this increase can occur in the absence
of glutamatergic signalling. Moreover, we demonstrate that the potentiating effects of NO
are not only restricted to active synapses, but specifically at synapses whose activity
precede, rather than follow, NO release; thus, the requirements of NO signalling are

consistent with those of Hebbian and spike-timing dependent plasticity’®. It is important
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to mention that some groups have found no effect of exogenous NO application on
synaptic plasticity®®. However, like glutamate, the effects of NO will depend on the
spatiotemporal dynamics of NO signalling and the pattern of concurrent synaptic activity,
which will likely vary across studies; therefore it is not surprising that NO application, like
that of glutamate, can potentiate, depress, or have no effect on synaptic input depending

on experimental conditions®.

Although our study has focussed on phasic NO signalling, it is important to mention that
LTP is additionally likely to require a tonic, low-level of NO signalling®. In our study, we
used cPTIO to scavenge NO. It should be noted that cPTIO reacts with NO with a low rate
constant, and therefore would preferentially block tonic as opposed to phasic NO

signalling %3.
A presynaptic co-incident detector for Hebbian activity

Presynaptic LTP does not require synapse-specific glutamate signalling but still requires
presynaptic activity to precede strong postsynaptic depolarization. This means that the
induction of presynaptic LTP is Hebbian, but the detector of causal pre- and postsynaptic
activity must not directly rely on glutamatergic signalling, and therefore cannot be the
postsynaptic NMDAR. This suggests that another co-incident detector must be present at
the synapse. Given that we could induce presynaptic LTP by causally pairing presynaptic
activity with NO release, it would suggest that the likely Hebbian integrator for
presynaptic LTP should be sensitive to 1) presynaptic activity, which could be potentially
signalled by action potential-triggered Ca?* influx via presynaptic VGCCs and 2) NO release.
One candidate integrator for this purpose might be guanylate cyclase, which is a protein
that has previously been implicated in the induction of presynaptic LTP°*®> and is also
known to be modulated by both NO and intracellular Ca?* . In fact, in platelets and in
lung endothelial cells, Ca%* influx appears to enhance the NO-sensitivity of guanylate
cyclase by re-locating the protein to the lipid membrane, where NO is likely to be most

concentrated®®. Such a mechanism, if present at, presynaptic terminals, would explain the
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timing-sensitivity of presynaptic LTP. NO release from postsynaptic depolarization would
be maximally detected if guanylate cyclase was present at the membrane shortly before,
but not after, postsynaptic depolarization. This would mean that if relocation of guanylate
cyclase to the membrane could be triggered by presynaptic activity, via VGCC-mediated
Ca?* influx, then maximal NO detection would require presynaptic activity to precede

postsynaptic depolarization.
Glutamate drives presynaptic LTD by activating presynaptic NMDARs

At active presynaptic terminals, whereas postsynaptic depolarization drives increases in
P,, we show, unexpectedly, that glutamate release drives decreases in P, by acting on
presynaptic NMDARs. We found that presynaptic NMDAR signalling operated both during
LTP and LTD induction paradigms to reduce P, This was true regardless of whether
NMDARs were blocked with bath application of AP5 or MK-801, suggesting that the
inhibitory effects of presynaptic NMDAR signalling on P, were mediated by ionotropic
rather than metabotropic functions of the channel®’. Importantly, our finding suggests
that the potentiating effects of postsynaptic depolarization and the depressing effects of
endogenous glutamate release occur simultaneously during synaptic activity, regardless of
the nature of postsynaptic depolarization. Thus, the processes underlying LTP and LTD
induction are not temporally distinct mechanisms as traditionally believed, but operate
jointly to tune synaptic function during presynaptic activity. Our results may explain why
sometimes the same pairing protocol that produces LTP at low P;synapses, produces LTD
at high P, synapses; presumably the postsynaptic depolarization achieved by such
protocols is not of sufficient magnitude to prevent the depressing effects of glutamate
release at high P, synapses?®?°. Our results also may explain why the locus of LTP
expression, whether pre- or postsynaptic, appears to depend on initial P,2’. With higher
basal release probabilities, more glutamate is released for a given LTP induction protocol,
meaning that postsynaptic LTP is favoured owing to greater postsynaptic NMDAR-

signalling, whereas presynaptic LTP is inhibited owing to greater presynaptic NMDAR-
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signalling. Thus low P, synapses will have a tendency to express LTP presynaptically while

high P, synapses have a tendency to express LTP postsynaptically?’.

In contrast to our findings, pharmacological inhibition of presynaptic NMDARs at
neocortical synapses does not appear to effect LTP32°3°% It is possible that the low
frequency (0.2Hz) of presynaptic stimulation used during LTP induction in these studies
did not result in sufficient levels of glutamate release to elicit presynaptic depression via
presynaptic NMDAR activation. By contrast, in our study LTP induction involved
presynaptic stimulation at a theta frequency, which is effective at promoting glutamate
release at Schaffer-collateral synapses®®. As such, the inhibitory effects of presynaptic

NMDARs on LTP may only be evident at higher stimulation frequencies.

Presynaptic NMDARs may, however, operate at lower stimulation frequencies in the
context of spike-timing dependent plasticity. Recently, it was shown that low-frequency
(0.2Hz), anti-causal pairing of pre- and postsynaptic spiking induced presynaptic LTD at
hippocampal synapses, in a manner dependent on presynaptic NMDAR signalling3!. This
form of LTD, in addition to glutamate release, required endocannabinoid and astrocytic
signalling, similar to spike-timing dependent LTD in the neocortex33. Incidentally, inhibition
of endocannabinoid signalling does enhance the levels of presynaptic LTP at neocortical
synapses induced by pairing pre- and postsynaptic activity, suggesting that the
mechanisms underlying this form of LTD may also be engaged during LTP induction®®. The
LTD in our study, however, did not depend on endocannabinoid signalling and resembled
the presynaptic NMDAR-mediated self-depression of presynaptic function that is present
at developing neocortical synapses®3. At these synapses, this form of LTD is dependent on

the downstream activation of the Ca?*-sensitive phosphatase, calcineurin®3.

Previously we have demonstrated that presynaptic NMDARs at hippocampal synapses
facilitate transmitter release during theta stimulation®®. Given our current findings,
presynaptic NMDARs appear to be important for presynaptic facilitation in the short-term,

but presynaptic depression in the long-term. This is consistent with the finding that
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presynaptic NMDARs in the neocortex also mediate short-term plasticity of glutamate
release, and yet are similarly implicated in presynaptic LTD3%33°%, |t may appear peculiar
for a single protein to mediate seemingly disparate functions; however, another way to
view the presynaptic NMDAR is as a dynamic regulator of presynaptic activity,
appropriately tuning glutamate release depending on the patterns of pre- and
postsynaptic activity. As such, the receptor may aid glutamate release during theta-
related activity, but, triggers presynaptic LTD when this release fails to elicit sufficiently

strong levels of postsynaptic depolarization.
Presynaptic plasticity optimally tunes glutamate release

We found a simple mathematical framework [AP:=n(Pdepo-Pgiu)] could predict changes in P,
based on a mismatch between 1) the probability that presynaptic activity is accompanied
by strong depolarization (Pgepot) and 2) the probability that presynaptic activity is
accompanied by glutamate release (Pgu) during synaptic stimulation. According to this
model, presynaptic plasticity is driven only when there is a mismatch between Pgyand
Pdepol. Plasticity, by changing Pr, works to drive the value of Py, closer to that of Pgepol. This
has a very intuitive interpretation. Pgy is a measure of the synapse’s ability to drive
postsynaptic activity. Pgepol is @ measure of the synapse’s ability to predict postsynaptic
activity. By driving the value of Pgu closer to Pgepol, presynaptic plasticity changes a
synapse’s ability to drive postsynaptic activity, so that it matches its ability to predict

postsynaptic activity.

It is important to recognize that Pgy will not only depend on basal P, but also on the
pattern of presynaptic activity, owing to the effects of short-term plasticity®. Moreover,
for any given pattern of pre- and postsynaptic activity, there exists a value of P, for which
Peiw Will equal Pgepol. That is, there exists a value of P. for which the probability of
glutamate release for a given pattern of presynaptic stimulation (Pgu) will be equal to the
probability that presynaptic stimulation is accompanied by strong postsynaptic

depolarization (Pgepot). The model predicts that this value of P, represents a target value
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that all synapses will tend to for a given pattern of pre- and postsynaptic activity. Synapses
below this target value will be potentiated because Pgepol>Pgiu, Whereas those above this
target value will be depressed because Pgepoi<Pgiu. This can explain why in the literature, P,
has previously been reported to tend to a certain value when a particular pattern of pre-

and postsynaptic stimulation is applied?®.

According to our model, the target P, value given by pairing high frequency presynaptic
stimulation with strong postsynaptic depolarization is lower than pairing low frequency
presynaptic stimulation with strong postsynaptic depolarization. In both cases, Pgepor is
high, meaning that presynaptic plasticity will continue to drive P, until Pgy is also high.
However, with high frequency stimulation, a low target P, achieves a high Pg, owing to the
effects of short-term plasticity. In contrast, with lower frequency stimulation, a higher
target P; is required to achieve a similarly high Pgu. Consequently, as we showed in our
experiments with Figure 1, when paired with strong postsynaptic depolarization, low
frequency presynaptic stimulation will produce greater presynaptic potentiation than
higher frequency stimulation. That P, is kept low at synapses where presynaptic bursts
are good predictors of postsynaptic spiking ensures that only presynaptic bursts mobilize
glutamate, rather than individual presynaptic stimuli, which may not be good predictors of
postsynaptic spiking. Therefore, presynaptic plasticity appears to tune Py, such that the
patterns of presynaptic activity that predict postsynaptic spiking are the ones that most

efficiently drive glutamate release.
Presynaptic plasticity corrects prediction-errors that arise during synaptic activity

According to our learning rule, the role of presynaptic plasticity is to ensure that the ability
for a presynaptic terminal to release glutamate is matched with its ability to predict
postsynaptic spiking. The learning rule could also be interpreted from a prediction-error
framework. Prediction error is a highly influential learning theory that has been applied
widely in systems-level neuroscience'®. When viewed through the prediction-error

framework, our model [AP:=n(Pdepoi-Pgiu)] is essentially a form of the Rescorla-Wagner
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learning rule [Learning = n(Prediciton-Outcome); where n is the learning rate], in which
learning is driven by mismatches between prediction and outcome?!. Accordingly, the
probability that glutamate will be released by an active presynaptic terminal (Pg) can be
viewed as a prediction of the probability that strong postsynaptic depolarization (Pdepor)
that is to follow. For example, activity at synapses releasing little glutamate is not
expected to be accompanied by strong postsynaptic depolarization. A mismatch between
the predicted and actual probabilities of postsynaptic depolarization (Pgepol#Pgiu), such as
that which occurs when activity at a synapse releasing low levels of glutamate is
unexpectedly accompanied by strong postsynaptic depolarization, results in a change in Pr
which by affecting glutamate release, improves the accuracy of future prediction. Synaptic
plasticity, therefore, would be preferentially driven by novel patterns of neuronal activity,
as these will generate the largest prediction errors. Such a mechanism may provide a
synaptic-level explanation as to why learning, at the behavioral level, preferentially occurs

in novel and unexpected situations.
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Methods

Cultured hippocampal slices

All animal work was carried out in accordance with the Animals (Scientific Procedures)
Act, 1986 (UK). Hippocampal slice cultures were used for most experiments owing to the
excellent optical and electrophysiological access to cells and synapses afforded by the
preparation. Cultured hippocampal slices (350um) were prepared from male Wistar rats
(P7-P8), as previously described?3. Slices were maintained in media at 37°C and 5% CO; for
7-14 days prior to use. Media comprised of 50% Minimum Essential Media, 25% heat-
inactivated horse serum, 23% Earl’s Balanced Salt Solution, and 2% B-27 with added
glucose (6.5g/L), and was replaced every 2-3 days. During experimentation, slices were
perfused with artificial cerebrospinal fluid (ACSF; 1mL/min), which was constantly bubbled
with carbogen (95% O; and 5% CO;) and heated to achieve near-physiological
temperatures in the bath (31-33°C). ACSF contained (in mM) 145 NaCl, 16 NaHCOs, 11
glucose, 2.5 KCI, 2-3 CaCl;, 1-2 MgCl;, 1.2 NaH;PO4, and, to minimize photodynamic

damage, 0.2 ascorbic acid and 1 Trolox.
Acute hippocampal slices

Acute hippocampal slices were used to confirm key findings in cultured hippocampal
slices. When this preparation was used, it is clearly stated in the text and figure captions.
Coronal acute hippocampal slices (400um) were prepared from 2-4 week old male Wistar
rats. Tissue was dissected in a sucrose-based ACSF solution (inmM: 85 NaCl, 65 sucrose, 26
NaHCOs, 10 glucose, 7 MgCl,, 2.5 KCl, 1.2 NaH;PQOg4, and 0.5 CaCl;). The whole brain was
sliced into coronal sections using a Microm HM 650V vibratome (Thermo Scientific) and
hippocampi were carefully dissected from each slice. Hippocampal tissue were allowed to
recover at room temperature in normal ACSF (120 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 1.2
NaH,PO4, 26 NaHCO3, and 11 glucose), which was bubbled with 95% O, and 5% CO,. Slices
were given at least 1 hour to recover before use. During experimentation, slices were

perfused with ACSF (3mL/min) containing picrotoxin (100uM). The ACSF was constantly
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bubbled with carbogen (95% O, and 5% CO;) and heated to achieve near-physiological
temperatures in the bath (31-33°C).

Electrophysiological Recordings

CA1 pyramidal neurons were recorded from either using low (4-8MQ) or high resistance
patch electrodes (18-25MQ) filled with standard internal solution (in mM: 135
KGluconate, 10 KCI, 10 HEPES, 2 MgCl,, 2 Na)ATP and 0.4 NasGTP), or sharp
microelectrodes (80-120MQ) filled with 400mM KGluconate. For some experiments, low
resistance (4-8MQ) patch electrodes were filled with ATP regenerating solution (in mM:
130 KGluconate, 10 KCI, 10 HEPES, 10 NaPhosphocreatine, 4 MgATP, 0.4 NasGTP and
50U/mL creatine phosphokinase) 73. The recording method used in a given experiment is

clearly indicated in the text.
Stimulation protocols

A glass electrode (4-8MQ), filled with ACSF, was placed in stratum radiatum. Continuous
basal stimulation (0.05-0.10Hz) was present for all experiments, and was only interrupted
to deliver paired-pulse or tetanic stimulation. Stimulation intensity was adjusted to evoke
a 5-10mV EPSP; pulse duration was set at 100us. Paired-pulse stimulation consisted of 2
presynaptic stimuli delivered 70ms apart. LTP induction consisted of 60 single pulses
delivered at 5Hz each paired with postsynaptic depolarization. Postsynaptic depolarization
took the form of a complex spike. To emulate a complex spike, we injected a postsynaptic
current waveform (2-3nA) that was approximately 60ms in duration and resulted in 3-6
spikes at ~100Hz, with the first spike occurring 7-10ms after the presynaptic stimulus. This
was done by injecting a (2-3nA) waveform with a 7-10ms rising phase, 20ms plateau
phase, 30-33ms falling phase. However, in experiments shown in main Figure 2, the
current waveform took the form of a 50ms flat current step; though this led to poorer
control over the start of postsynaptic bursting. Stimulating electrodes were placed within

50-70um of the soma to ensure that postsynaptic depolarization reached stimulated
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synapses without significant attenuation. LTD induction consisted of either 60 single or
paired (inter-stimulus interval of 5ms) presynaptic pulses delivered at 5Hz in the absence
of postsynaptic depolarization. For induction of LTD with paired pulses, the membrane
was hyperpolarized (-90 mV) to prevent somatic and dendritic spiking. For induction of
LTD with single pulses, the postsynaptic neuron was hyperpolarized only in some cases

since stimulation rarely generated postsynaptic spikes.
Electrophysiology and analysis

All electrophysiological data was recorded using WinWCP (Strathclyde Electrophysiology
Software) and analyzed using Clampfit (Axon Insturments) and Excel (Microsoft). The
initial EPSP slope, calculated during the first 3ms of the response, was used to analyze
changes in the EPSP throughout the recording. This was done to ensure only the
monosynaptic component of the response was analyzed. All data was normalized to the
average EPSP slope recorded during baseline to yield AEPSP slope. Paired pulse ratio (PPR)
was calculated as the average EPSP slope evoked by the second stimulation pulse divided
by the average EPSP slope evoked by the first stimulation pulse, as previously described
102, averages were calculated from 10-20 paired pulse trials. Decreases in PPR are thought
to reflect increases in release probability'®3. The coefficient of variation parameter CV?,
which reflects the mean?/variance, was calculated using the EPSP slopes collected over
25-30 trials. The CV calculated from 25-30 stimulation trials taken 30 minutes following
LTP induction was normalized to the CV? calculated from 25-30 stimulation trials at
baseline to yield ACV-2. Increases in CV-2 reflect possible increases in P,1%. To control for
the effects of incomplete drug washout, for experiments with glutamate receptor
blockade, AEPSP slope and ACV~ for the tetanized pathway were compared to values

obtained for the control pathway.

Bolus-loading
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Bolus-loading was used to fill CA1 neurons with dye or drugs whilst minimizing the
amount of time the cell was patched on to. Loading was achieved by transiently patching
onto cells (60 seconds) using low-resistance patch electrodes (4-8MQ) containing a high-
concentration of drug or dye dissolved in standard internal solution. Slow withdrawal of
the patch using a piezoelectric drive ensured re-sealing with no observable adverse effects
to cell health. Cells were then subsequently re-patched for the purposes of delivering

postsynaptic depolarization if and when required.
Ca?* imaging and analysis

Cells were bolus-loaded with OGB-1 (0.5-1mM), except in instances of sharp
microelectrode recordings, in which dye (0.5mM OGB-1) was present in the
microelectrode (80-120MQ). A stimulating glass electrode (4-8MQ) was then brought near
(5-20pum) to a branch of imaged dendrite within stratum radiatum. For visualization
purposes, electrode tips were coated with bovine serum albumin Alexa Fluor 488
conjugate (Invitrogen), as previously described®. Briefly, a 0.05% BSA-Alexa 488 solution
was made with 0.1M phosphate-buffered saline containing 3mM NaNs. Pipette tips were

placed in the solution for 2-5 minutes.

Ca?* transients were evoked with pairs of stimuli (70ms apart) and monitored by
restricting confocal laser scanning to a single line through the spine and underlying
dendrite; images were acquired at a rate of 500Hz and analyzed using Imagel and
Microsoft excel. Increases in fluorescence intensity (AF/F=Ftransient—Fbaseline/Fbaseline)
following the delivery of the first stimulus reflect successful glutamate release from the
presynaptic terminal 344 The proportion of successful fluorescent responses to the first
stimulus across stimulation trials was used to calculate P;. P, was assessed on the basis of
15-40 trials at baseline and at 25-30 minutes post-tetanus. For high P, synapses (>0.8) the
number of stimulation trials was limited to 15-20 to avoid photodynamic damage that
results from imaging the frequent Ca?* responses generated at these synapses. For all

other synapses, Prwas generally assessed using 20-35 trials of stimulation. Synapses with
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initial Prvalues of 0-0.7 were used for LTP experiments. Since our LTD protocol did not
elicit depression in low P; synapses (Figure 2), for the majority of LTD experiments,
synapses with Prvalues of 0.5-1.0 were used. In experiments involving glutamate receptor
blockade, Pr was measured prior to drug application at baseline, and measured post-
tetanus, following drug washout. In experiments involving NMDAR blockade, using either
AP5 or MK-801, drugs were present for the duration of the experiment and, therefore,

present for both the baseline and post-tetanus measurements of P.
Nitric oxide imaging

Experiments involving DAF-FM (Invitrogen) imaging were carried out in Tyrodes buffer
(inmM: 120 NacCl, 2.5 KCI, 30 glucose, 4 CaCl,, 0 MgCl,, and 25 HEPES) containing 50uM D-
AP5, 10uM NBQX, 500uM MCPG, and 100uM LY341495 (Abcam) to block glutamate
receptors, as well as 1uM Bay K-8644 (Abcam) to prevent L-VGCC desensitization during K*
application as previously described*>°. CA1 pyramidal neurons were bolus-loaded with
250uM of DAF-FM. Apical dendrites, often secondary or tertiary branches, within 100um
of the soma were imaged at one focal plane, once prior to, and once 5-10s following, the
addition of a high K* Tyrodes solution (inmM: 32.5 NaCl, 90 KCl, 30 glucose, 4 CaCl,, 0
MgCl,, 25 HEPES, 50uM D-AP5, 10uM NBQX, 500uM MCPG, and 100uM LY341495). Laser
power and exposure was kept to a minimum to avoid photobleaching. In our hands, DAF-

FM basal fluorescence was not quenched by intracellular addition of cPTIO.

1,2-Diaminoanthraquinone (DAQ; Sigma) was used to image activity-dependent NO
release under more physiological conditions. DAQ was loaded as previously described®?.
DAQ was prepared as a 5mg/mL stock solution dissolved in DMSO. Hippocampal slices
cultures were treated with 100ug/mL of the solution for 2 hours at 37°C and 5% CO,.
Slices were then placed on the rig, and washed heated and oxygenated ACSF for 30
minutes prior to imaging. DAQ was imaged in full glutamate receptor blockade using
488nm excitation light and a 570nm long-pass emission filter prior to and following

stimulation of a single patched CA1 neuron with 600 complex spikes at 5Hz (see
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Stimulation protocols section). Control cells were left unstimulated. Following DAQ
imaging, cells were re-patched, loaded with Alexa Fluor 488 (100um; Invitrogen), and
imaged. Alexa Fluor 488 fluorescence was used to determine the proportion of imaged

DAQ fluorescence that co-localized to the recorded cell.
Photolysis

A 405nm laser (Photonics) was used for spot photolysis. The laser was focussed to a small
spot (~1.2um diameter) by overfilling the back aperture of a 60x water-immersion lens
(Olympus). Electrode manipulators and recording chambers were mounted on a movable
stage, which enabled a region above the spine head to be positioned beneath the
photolysis spot. Laser exposure was controlled using a fast shutter (LS6; Uniblitz). For
glutamate photolysis, MNI glutamate (Tocris) was focally delivered through a glass pipette
(4-8MQ; 10mM MNI glutamate) using a picospritzer (Science Products). Laser exposure
was limited to ~2ms and, in each experiment, the laser intensity (0.5-2mW) was adjusted
to generate a Ca?* response in the underlying spine that was comparable to the response
generated by electrical stimulation. For NO photolysis we used ruthenium nitrosyl
chlorides (RuNOCIs) which are known to have sub-millisecond release kinetics!. For spot
photolysis, 0.5-1mM RuNOCI; (Sigma) was bath applied and uncaged using 30-60 laser
pulses (25ms; 2mW) delivered at 5Hz; presynaptic stimulation either preceded or followed
NO photolysis by 10ms. Using the NO-indicator, DAF-FM (Invitrogen), we calibrated laser
power to liberate approximately 10nM of NO per pulse. We did this by targeting the soma
of DAF-FM loaded neurons for photolysis at different laser powers while recording the
resulting increases in fluorescence using the confocal laser in line scan mode (500Hz). We
aimed for an increase in fluorescence of about 6-7% (averaged across several trials), which
based on the manufacturer’s data on the concentration-dependent fluorescence of DAF-
FM, amounts to a release of approximately 10nM of NO. For wide-field UV photolysis,
100uM RuNOCI; was added to the patch electrode and allowed to diffuse into the cell for

10-15 minutes prior to commencing the experiment. A UV Flash Lamp (HI-TECH Scientific;
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100V) was used to deliver a 1ms wide-field uncaging pulse that was timed to occur 7-10ms
before or after presynaptic stimulation. Because of the time required for the UV lamp to
recharge between flashes, about 20 of the 60 presynaptic pulses delivered at 5Hz were

not associated with a flash.
Pharmacology

Glutamate receptor blockade was achieved using D-AP5 (50-100uM; Abcam), NBQX
(10uM; Abcam), R,S-MCPG (500uM; Abcam) and LY341495 (100uM; Abcam). In
experiments requiring both pre- and postsynaptic NMDARs to be blocked, either D-AP5
(50-100uM) or MK-801 (20uM) was added in bath for the duration of the experiment. In
the case of MK-801, slices were pre-incubated with the drug for at least 1 hour prior to
experimentation. Experiments in which NMDARs were blocked with bath application of
AP5 and with bath application of MK-801 produced similar results and so conditions were
combined for data analysis. Postsynaptic NMDARs were blocked by bolus-loading of 5mM
MK-801 (Abcam). L-VGCCs were blocked with nitrendipine (20uM; Abcam). L-VGCC Ca?*
transients were isolated by using mibefradil (10uM; Tocris), SNX-482 (0.3uM; Abcam), and
w-conotoxin-MVIIC (1uM; Abcam) (cite). NO synthase was inhibited by incubation with L-
NAME (100uM; Sigma), which started 20 minutes prior to experimentation. Extracellular
NO was scavenged by bath application of cPTIO (50-100uM; Sigma). Intracellular NO was
scavenged by bolus-loading cells with 5mM cPTIO. Endocannabinoid signalling (CB1
receptor) was inhibited by bath application of the AM-251 (2uM; Tocris).

Presynaptic plasticity model

The model AP=n(Pgepol-Pgiu) Was used to predict changes in P, in our data set of imaged
synapses, across all experimental conditions. Data was divided into 6 categories,
depending on whether the effects of postsynaptic depolarization were present or absent,
whether the effects of glutamate photolysis was present or absent, and whether the

effects of presynaptic NMDAR signalling was present or absent. These 6 categories, along
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with the models predictions for AP, are shown in Figure 9C and are summarized in the

table below.
No. | Effects present Pdepol | Pgiu | APr=n (Pdepol-Pgiu)
1 Paired stimulation + photolysis 1 1 0
2 Paired stimulation 1 Pau” | N (1-Pgi)
3 Paired stimulation + preNMDAR blockade 1 0 +n
4 Unpaired stimulation + photolysis 0 1 -n
5 Unpaired stimulation 0 Paw” | -n (Pgu)
6 Unpaired stimulation + preNMDAR blockade | 0 0 0

*Actual value will vary across synapses in this condition and is therefore represented as a

variable.
The experimental data in each category are as follows.

Category 1 — included data from experiments in which the effects of postsynaptic
depolarization and glutamate photolysis were present during presynaptic stimulation
(Figure 2D, 7A). This included experiments in which MK-801 was applied intracellularly

during photolysis (Figure 7A). For this category, Pgepol Was set to 1 and Pg, was set to 1.

Category 2 — included data from experiments in which the effects of postsynaptic
depolarization and endogenous glutamate release were present during presynaptic
stimulation (Figure 2D, 4B, 6B). This included experiments in which MK-801 was applied
intracellularly (Figure 6B). For this category, Pgepol Was set to 1 and Pgu was calculated for
each synapse based on: Pgy=0.475*initial P, + 0.2175, which was experimentally derived

from data in Supplemental Figure 12.

Category 3 — included data from experiments in which the effects of postsynaptic
depolarization were present but the effects of glutamate release were absent during
presynaptic stimulation (Figure 6B,7A). This included experiments in which paired

stimulation was delivered in complete glutamate receptor or during bath application of
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AP5 or MK-801 (Figure 6B). These also included pairing experiments involving glutamate
photolysis, but in the presence of MK-801 in the bath (Figure 7A). For this category, Pdepol

was set to 1 and Pg, was set to 0.

Category 4 — included data from experiments in which the effects of postsynaptic
depolarization were absent but the effects of glutamate photolysis was present during
presynaptic stimulation (Figure 2E, 7C). This included experiments in which MK-801 was
applied intracellularly during photolysis (Figure 7C). For this category, Pgepol Was set to O

and Pgy was set to 1.

Category 5 — included data from experiments in which the effects of postsynaptic
depolarization were absent but the effects of endogenous glutamate release were present
during presynaptic stimulation (Figure 2E, 6D). This included experiments in which MK-801
was applied intracellularly during stimulation (Figure 6D). For this category, Pgepol Was set
to 0 and Pgu was calculated for each synapse based on: Pgu=0.475*initial P, + 0.2175,

which was experimentally derived from data in Supplemental Figure 12.

Category 6 — included data from experiments in which the effects of postsynaptic
depolarization and glutamate release were both absent during presynaptic stimulation
(Figure 4B, 5A, 6D, 7C). This included: 1) Experiments in which presynaptic stimulation was
delivered in complete glutamate receptor blockade, and unaccompanied by postsynaptic
depolarization (Figure 4B). 2) Experiments conducted in complete glutamate receptor
blockade in which presynaptic stimulation was not delivered during postsynaptic
depolarization (Figure 4B). 3) Experiments that took place in complete glutamate receptor
blockade and in which the effects of postsynaptic depolarization were abolished, either by
nitrendipine, extracellular cPTIO, or intracellular cPTIO (Figure 5A). 4) Experiments
conducted with AP5 or MK-801 present in the bath, and in which postsynaptic
depolarization was absent (Figure 6D). 5) Experiments done with bath application of MK-
801, and in which postsynaptic depolarization was absent but glutamate photolysis was

present. (Figure 7C). For this category, Pgepol Was set to 0 and Pgy was set to 0.
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The learning rate n was determined to be 0.35, this gave the best fit of the model on a
small training set of 10 synapses, 5 of which that underwent paired stimulation and 5 of

which that underwent unpaired stimulation.

For each category, the initial P, was plotted against final P. for all synapses within the
category. The model’s predictions were compared to that of a line of best fit, derived from
simple linear regression. The model’s predictions for final Prwere set to 1 if they were >1,
and were set to 0 if they were <0. For model selection, Bayesian Information Criterion
(BIC) was calculated for the model and the lines of best fit as BIC=n*In(RSS/n) + k*In(n) .
Here, n is the number of data points (n=216 synapses), In is the natural logarithm, RSS is
the residual sum of squares and calculated by 3(model predictions — actual value)?, and k
is the number of free parameters, which was 1 for the proposed model, and 12 for the
lines of best fit (2 free parameters per line of best fit, the slope and the intercept). The BIC
aids model selection by favouring models that have a high predictive power (explained
variance) but a small number of free parameters. A difference of BIC > 10 between two

models strongly favors the model with the smaller BIC value®3.
Statistical analysis

Tests used to assess statistical significance are stated at the end of all Figure captions.
Only non-parametric tests were used owing to small sample sizes 7. For single
comparisons, two-tailed Mann-Whitney or Wilcoxon signed rank tests were used,
depending on whether the data was unpaired or paired, respectively. Wilcoxon signed
rank tests were also used to determine if data significantly differed from an expected
value. For multiple comparisons, Kruskal-Wallis tests were used with post-hoc Dunn’s
tests. Pearson correlation coefficients were calculated to determine the significance of
linear trends. Bayesian Information Criterion (BIC) was used for model selection. Here, a
difference of BIC > 10 between two models strongly favors the model with the smaller BIC
value®® Averages and standard error of the mean (S.E.M.) are represented in the text as

averagezS.E.M.
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Figure legends

Figure 1. High frequency presynaptic activity inhibits presynaptic LTP and promotes
presynaptic LTD. (A) Experimental setup. CA1 pyramidal neurons were recorded using
whole-cell patch electrodes. LTP was induced by causal pairing of presynaptic activity with
postsynaptic depolarization in the form of a complex spike. (B,E) Average fold changes of
EPSP slope was plotted against time. Following baseline recording, 60 presynaptic stimuli
were delivered at 5Hz, either in the presence (paired stimulation) or absence (unpaired
stimulation) of postsynaptic depolarization. Presynaptic stimuli were delivered either as
single pulses, or high frequency presynaptic bursts consisting of two pulses delivered 5ms
apart. Sample EPSP traces at baseline (black trace) and 30 minutes after plasticity
induction (broken red trace) are shown as an inset above. Average changes in (C,F) EPSP
slope and (D,G) PPR measured 25-30 minutes after plasticity induction. High frequency
bursts generated significantly less presynaptic LTP with paired stimulation, and more
presynaptic LTD with unpaired stimulation, than did single pulse stimulation. Error bars
represent S.E.M. (n=5-8 cells per condition). Asterisks denotes significance differences

between groups (*p<0.05; **p<0.01; Mann-Whitney test).

Figure 2. Glutamate photolysis inhibits presynaptic LTP and promotes presynaptic LTD.
(A) Left, an image of a CA1 neuronal dendrite loaded with Oregon Green BAPTA-1 Ca?*-
sensitive dye. A stimulating electrode (SE; green) was placed close to the dendrite in order
to activate spines within the vicinity (scale bar: 2um). A spine responsive to stimulation
was located and then targeted for glutamate photolysis (yellow spot). An example of an
uncaging-evoked synaptic potential is shown above the imaged spine (scale bar: 1ImV by
100ms). During stimulation and photolysis, evoked Ca?* transients were rapidly imaged by
restricting laser scanning to a line across the spine head and underlying dendrite (broken
line). Right, samples of these Ca?* transients in both the spine (labelled S) and dendritic
(labelled D) are shown. Below each line scan image are traces quantifying the fluorescence

change (AF/F) for the spine (red trace; raw) and dendrite (purple trace; raw). Photolysis
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laser power was adjusted to elicit spine Ca?* transients comparable to that induced by
single presynaptic stimuli. (B,C) Samples of 10 superimposed Ca?* traces evoked in imaged
spines (white scale bar: 2um) by paired pulse stimulation (P1 and P2 were delivered 70ms
apart and are represented by vertical broken lines); red traces depict successful release
events to the first (P1) of the two pulses. Ca?* traces are shown during baseline and 25-30
minutes following paired or unpaired stimulation, delivered in either the absence or
presence of glutamate photolysis (yellow circle). P was calculated as the proportion of
total stimulation trials in which the first pulse (P1) resulted in a successful release event.
Glutamate photolysis inhibited increases in P, during paired stimulation, and promoted
decreases in P, during unpaired stimulation. (D,E) The final P, measured 25-30 minutes
following stimulation was plotted against the initial P, measured at baseline for each
imaged synapse. The broken diagonal line represents the expected trend if P, was
unchanged. The post-photolysis control group consisted of 5 synapses from the photolysis
group that underwent a second round of paired stimulation but in the absence of
glutamate photolysis. (F) Average changes in P;. (G,H) Average fold changes in EPSP slope
was plotted against time for imaging experiments. The point at which paired or unpaired
stimulation was delivered is denoted by the black arrow. (I) Average changes in EPSP
slope. Error bars represent S.E.M. (n=9-14 spines per condition). Asterisks denotes
significance differences between groups (*p<0.05; **p<0.01; Mann-Whitney test). N.S.

denotes no significant difference.

Figure 3. Induction of presynaptic LTP in glutamate receptor blockade. (A) Experimental
setup. EPSPs were recorded from two independent Schaffer-collateral pathways. LTP was
induced in a complete glutamate receptor blockade (100uM D-AP5, 10uM NBQX, 500uM
R,S-MCPG, and 10uM LY341495) by paired stimulation. Only one pathway (black box) was
active during paired stimulation, the other pathway served as a control (white boxes). (B)
Average fold change in the EPSP slope is plotted against time for both the control and
paired pathways. Sample EPSP traces shown are averages of 10 traces from the paired

(solid line) and control (broken red line) pathway taken at four time points (1-4) from a
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single experiment (scale bar: 4.0mV by 40ms for paired pathway EPSP, 4.9mV by 40ms for
control pathway EPSP). Stimulation artifacts have been removed for clarity. (C) Average
fold change in EPSP slope is plotted for control experiments in which glutamate receptor
antagonists were applied alone, in the absence of paired stimulation (drugs only group).
Note that drug washout was incomplete. Group data and averages plotted for fold
changes in (D) EPSP slope, (E) CV-2 and (F) PPR across experiments as measured 30 minutes
following paired stimulation and drug washout. EPSP slope was higher in the paired
pathway than in the control pathway, and was associated with an increase in CV2 and a
decrease in PPR, suggesting that LTP had been induced in the paired pathway, and had a
presynaptic locus of expression. Error bars represent S.E.M (n=5-7 cells per condition).
Asterisks denotes significance differences between groups (**p<0.01; *p<0.05; Wilcoxon
signed rank test or Kruskal-Wallis with post-hoc Dunn’s test). N.S. denotes no significant

differences between groups.

Figure 4. LTP induction in glutamate receptor blockade is associated with an increase in
P:. (Ai) Example experiment. Top, an image of a CAl neuronal dendrite loaded with
Oregon Green BAPTA-1 Ca?*-sensitive dye with a stimulating electrode (SE) placed close to
the dendrite in order to activate synapses within the vicinity (scale bar: 5um). Example of
Ca?* transients were evoked by two stimulation pulses (P1 and P2; green vertical lines) are
shown in the spine head (S) and underlying dendrite (D). Below the line scan are raw
(grey) and smoothed (colored) traces quantifying fluorescence changes (AF/F) in the spine
(black trace) and dendrite (purple trace). (Aii) The peak AF/F in the spine head following
the first of the two stimulation pulses is plotted across 30 paired pulse stimulation trials
given at baseline and 30 minutes following paired stimulation, which was delivered in
complete glutamate receptor blockade (50uM D-AP5, 10uM NBQX, 500uM R,S-MCPG, and
10uM LY341495). Red squares denote fluorescent increases above noise. Smoothed Ca®*
traces from the last 10 trials are shown above each graph. P was calculated as the
proportion of total stimulation trials in which the first pulse resulted in a fluorescent

increase above noise. (B) Group data. For each experiment, the imaged synapse’s initial P,
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is plotted against its final P;, calculated 30 minutes following one of five different
stimulation paradigms. Only causal pairing of pre- and postsynaptic activity generated
increases in P, (C) Average change in P.. Error bars represent S.E.M. (n=6-10 spines per
condition). Asterisks denotes significance differences between the first group in the graph

(**p<0.01; *p<0.05; Kruskal-Wallis with post-hoc Dunn’s test).

Figure 5. Postsynaptic depolarization increases P, by promoting dendritic release of NO
in a manner dependent on L-VGCCs. (A) Average changes in P.. Paired stimulation was
delivered in full glutamate receptor blockade (50uM D-AP5, 10uM NBQX, 500uM R,S-
MCPG, and 10uM LY341495), under control conditions, following treatment with the L-
VGCC antagonist nitrendipine (20uM), or following either the bath (100uM) or intracellular
(5mM bolus-loaded) application of the NO scavenger cPTIO. (B) Images of CA1 apical
dendrites loaded with NO-sensitive dye DAF-FM (250uM bolus-loaded), prior to and
following K* (45mM) mediated depolarization (scale bar: 5um) in control conditions, or in
the presence of nitrendipine, cPTIO, or the NO synthesis inhibitor L-NAME (100uM; pre-
incubation). K* stimulation evoked NO-sensitive and L-VGCC dependent increases in DAF-
FM fluorescence. (C) Average K* induced fluorescence change (AF/F) of DAF-FM in apical
dendrites. (D) Slices were preloaded with the NO-sensitive dye DAQ. Right. Example
images of CA1 pyramidal neurons patched and loaded with Alexa Fluor 488 are shown,
along with the associated change in DAQ fluorescence (post-pre stimulation images)
recorded either following stimulation with 600 complex spikes (Stim) or following no
stimulation (No stim). Images in white box are magnified in the adjacent image (scale bar:
5um). Left. Example of the complex spikes used during stimulation. (E) Average K*
induced fluorescence change (AF/F) of DAF-FM in apical dendrites. Stimulation evoked
NO-sensitive and L-VGCC dependent increases in DAQ fluorescence. (F) Samples of 10
superimposed Ca?* traces evoked in imaged spines (scale bar: 1um) by paired pulse
stimulation (broken vertical bars); red traces depict successful release events to the first of
the two pulses. Samples are taken from baseline and 25-30 minutes following a

stimulation paradigm. The paradigm consisted of delivering presynaptic stimuli either
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(top) 7-10ms before or (bottom) 7-10ms after NO photolysis at the synapse (yellow circle);
photolysis occurred in glutamate receptor blockade and in the absence of postsynaptic
depolarization. Prwas calculated as the proportion of total stimulation trials in which the
first pulse resulted in a successful release event. In some experiments NO photolysis was
conducted in cPTIO. Only causal pairings of presynaptic activity and NO release led to
increases in Pr. (G) Final Prmeasured 25-30 minutes following the stimulation paradigm is
plotted against the initial P, for each synapse. The broken diagonal line represents the
expected trend if Prwas unchanged. (H) Average change in P;. Error bars represent S.E.M.
(n=5-13 spines/cells per condition). Asterisks denote significant differences from the

control group (**p<0.01; *p<0.05; Kruskal-Wallis with post-hoc Dunn’s test).

Figure 6. Glutamate release decreases P, by activating presynaptic NMDARs. (A) Samples
of 10 superimposed Ca?* traces evoked in imaged spines (white scale bar: 1um) by paired
pulse stimulation (2 stimuli delivered 70ms apart; represented by the vertical broken
lines); red traces depict successful release events to the first of the two pulses. Pr was
calculated as the proportion of total stimulation trials in which the first pulse resulted in a
successful release event. For each spine, sample Ca?* traces are shown during baseline
and 25-30 minutes following paired stimulation. Experiments were also conducted with
unpaired stimulation, in which presynaptic activity was delivered in the absence of
postsynaptic depolarization. (B, D) Paired or unpaired stimulation was delivered in control
conditions or following: complete glutamate receptor blockade (50uM D-AP5, 10uM
NBQX, 500uM R,S-MCPG, and 10uM LY341495), bath application of AP5 (D-AP5;
50uM)/MK-801 (20uM), or intracellular application of MK-801 postsynaptically (5mM
bolus-loaded). For each experiment, the final P, measured 25-30 minutes following (B)
paired or (E) unpaired stimulation is plotted against the initial P, measured at baseline.
Red trendlines have been fitted to control data to guide visual comparison. The broken
diagonal line represents the expected trend if Prwas unchanged. Inhibition of presynaptic
NMDARs by full glutamate receptor blockade or by bath application of AP5 or MK-801

augments increases in P, produced by paired stimulation and prevents decreases in P,
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produced by unpaired stimulation. (C,E) Average changes in P.. Changes in P, were always
more positive under conditions in which presynaptic NMDARs are blocked, suggesting that
presynaptic NMDAR signalling was driving decreases in P.. Error bars represent S.E.M.
(n=9-18 spines per condition). Asterisks denote significant differences (**p<0.01; *p<0.05;
Kruskal-Wallis with post-hoc Dunn’s test). N.S. denotes no significant difference. All

comparisons are made against control data unless otherwise specified in the figure.

Figure 7. Inhibition of presynaptic NMDARs rescues the effects of glutamate photolysis
on presynaptic plasticity. (A, C) Photolysis experiments conducted in Figure 1 are shown,
in which paired or unpaired stimulation was delivered in the presence or absence of
glutamate photolysis. Experiments were repeated following either the bath (20uM) or
intracellular application (5mM; bolus-loaded) of MK-801. For each experiment, the final P,
measured 25-30 minutes following (A) paired or (C) unpaired stimulation is plotted against
the initial Prmeasured at baseline. The broken diagonal line represents the expected trend
if Pr was unchanged. Bath, but not intracellular, application of MK-801 prevented
photolysis-induced inhibition of LTP and photolysis-induced augmentation of LTD,
suggesting that the effects of photolysis are mediated by presynaptic NMDAR signalling.
(B,D) Average change in P.. Error bars represent S.E.M. (n=7-13 spines per condition).
Asterisks denote significant differences from (**p<0.01; Kruskal-Wallis with post-hoc

Dunn’s test). N.S. denotes no significant differences.

Figure 8. Inhibition of presynaptic NMDARs augments presynaptic LTP and abolishes
presynaptic LTD. (A,D) Average fold change in EPSP slopes are plotted against time for
plasticity induction under control conditions, after bath application of MK-801 (20uM) or
AP5 (D-AP5; 50uM), and after bolus-loading of the postsynaptic neuron with MK-801
(5mM). Plasticity was induced either using paired stimulation (60 pairings at 5Hz) to
induce LTP, or by delivering high frequency bursts of presynaptic stimuli (2 pulses at 200Hz
repeated 60 times at 5Hz) in the absence of postsynaptic depolarization to induce LTD.

(B,E) Average EPSP slope changes across experiments. (C,F) Average PPR changes across
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experiments. Bath application of AP5/MK-801, but not intracellular application of MK-801,
augmented increases in PPR produced by paired stimulation, and abolished decreases in
PPR produced by high frequency presynaptic stimulation alone. This suggests that
presynaptic NMDAR signalling augmented presynaptic LTP and abolished presynaptic LTD.
Error bars represent S.E.M. (n=5-12 cells per condition). Asterisks denote significant
differences from (*p<0.05;**p<0.01; Kruskal-Wallis with post-hoc Dunn’s test). N.S.

denotes no significant differences.

Figure 9. A simple learning rule predicts activity-dependent changes in P, (A)
Experimental model of presynaptic plasticity. Changes in Prat active presynaptic terminals
are determined by two opponent processes. 1) Increases in P. are driven by strong
postsynaptic depolarization, which triggers the release of NO from neuronal dendrites. NO
synthesis is dependent on NO synthase (NOS), activation of which is triggered by Ca?*
influx through L-VGCCs. Importantly, NO drives an increase in P, but only at presynaptic
terminals whose activity precedes its release. The detection of such an event requires a
detector (At) that is sensitive to the relative timings of NO release and presynaptic activity.
2) Decreases in P, are driven by glutamate release ([glu]), via presynaptic NMDAR
signalling. Net changes in P.depend on the strengths of both processes, and therefore on
the levels of postsynaptic depolarization and glutamate release that accompany
presynaptic activity. (B) Proposed learning rule of presynaptic plasticity, in which
AP=n(Pdepol-Pgiu). Pdepol is the probability that presynaptic activity is causally accompanied
by strong postsynaptic depolarization during plasticity induction. Pgyis the probability that
glutamate was released at the synapse during plasticity induction. n is a constant defined
as the learning rate, which was determined to be 0.35 to achieve the best fit. (C) Data
(n=216 synapses) were divided into 6 categories based on experimental manipulations
during plasticity induction in which 60 presynaptic stimuli were delivered at 5Hz. These
manipulations include all experimental conditions in which the effects of postsynaptic
depolarization were present or absent, whether glutamate photolysis (yellow dot) was

present or absent, and whether presynaptic NMDAR blockade (red cross) was present or
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absent. These categories, along with the associated value of Pgepol, Pgiu, and APy, are
summarized in table form. Where Pg did not take the value of 0 or 1, it was calculated
using the following formula: Pg,=0.475*basal P, + 0.2175; see Supplemental Figure 12 for
further details. (D) For each category, the initial P, is plotted against final P, for all
synapses within the category. The broken diagonal line represents the expected trend if P,
is unchanged. A line of best fit for the data is shown in grey. The predictions from the
learning rule are shown in red. Pearson correlation coefficients (r) calculated for each
model are shown, along with their level of significance (*p<0.05, *p<0.01). The learning
rule’s predictions are in close agreement with the lines of best fit, except for the fourth
category, in which presynaptic stimulation is delivered in the presence of glutamate
photolysis but in the absence of postsynaptic depolarization. Although the lines of best fit
had greater r values, the learning rule achieved a substantially better (i.e. lower) BIC than
the lines of best fit (BlCiine of best fit = BlCiearning rule=34.97). This was also the case when
categories having similar trends were combined (category 1 and 6) to minimize the free
parameters used by the lines of best fit from 12 to 10 (BICiine of best fit— BlCiearning rule=24.25).
Thus, the proposed learning rule represents a parsimonious framework that captures the
general trend of the data despite only having a single free parameter (n, the learning
rate), as compared to a total of 12 free parameters collectively used by the lines of best

fits (2 free parameters per line, the slope and the intercept).

Supplemental Figure 1. Large changes in Ca?* signal do not alter P, estimates. Ca?*
imaging was used to estimate P; at single synapses under baseline conditions (2mM Mg?*)
and following baseline removal of Mg?* in order to maximize the Ca?* signal in the spine.
(A) Sample line scan of a spine and underlying dendrite stimulated with a presynaptic
pulse (green vertical line) under baseline conditions and after removal of Mg?* from the
bath (scale bar: 2um). The change in fluorescence intensity of the Ca%* response (AF/F) is
quantified below (black trace = baseline; red trace = Mg?* free). Removal of Mg?* increases
the magnitude of the Ca?* response. (B) For each synapse imaged, the P, measured under

basal conditions is plotted against the P. measured following removal of Mg?*. The broken
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diagonal line represents the expected trend if Pris unchanged. (C) Average P: estimate. (D)
Average change in Ca?* signal (AF/F). Removal of Mg?* more than doubles the Ca?* signal
on average, but does not change P, estimates. Error bars represent S.E.M. (n=9 spines per
condition). Asterisks denote significant differences (*p<0.05; Wilcoxon signed rank test).

N.S. denotes no significant difference.

Supplemental Figure 2. Anti-causal pairing of pre- and postsynaptic activity fails to
induce presynaptic LTP in full glutamate receptor blockade. EPSPs were recorded from
two independent Schaffer-collateral pathways in hippocampal slices. LTP was induced in
full glutamate receptor blockade blockade (100uM D-AP5, 10uM NBQX, 500uM R,S-
MCPG, and 10uM LY341495) by 60 anti-causal pairings at 5Hz of single presynaptic stimuli
with postsynaptic depolarization in the form of a complex spike (see Figure 1A for
example). Only the paired pathway was active during paired stimulation. (A) Average fold
change in the EPSP slope is plotted against time for both control and paired pathways
(n=6). (B) Average fold change in EPSP slope in the paired and control pathways 30
minutes following paired stimulation and drug washout. (C) Average fold change in CV2in
the paired and control pathways. (D) Average change in PPR for paired and control
pathways. When compared to the control pathway, anti-causal pairings failed to elicit
changes in the EPSP slope. No changes in CV-2 or PPR were observed. Error bars represent
S.E.M. (n=6 cells per condition). N.S. denotes no significant differences (Wilcoxon signed

rank test).

Supplemental Figure 3. Induction of presynaptic LTP under full glutamate receptor
blockade in acute hippocampal slices. EPSPs were recorded from two independent
Schaffer-collateral pathways in acute hippocampal slices. LTP was induced by pairing each
of 60 presynaptic stimuli, delivered at 5Hz in glutamate receptor blockade (100uM D-APS5,
10uM NBQX, 500uM R,S-MCPG, and 10uM LY341495), with postsynaptic depolarization in
the form of a complex spike (see Figure 1A for example). Only the paired pathway was

active during paired stimulation. (A) Average fold change in the EPSP slope is plotted
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against time for both control and paired pathways (n=6). Paired stimulation was delivered
in glutamate receptor blockade alone, or in the additional presence of the L-VGCC blocker
nitrendipine (20uM), or the NO scavenger cPTIO (100uM). (B) Average fold change in EPSP
slope in the paired pathway 30 minutes following paired stimulation and drug washout;
values are normalized to the EPSP slope recorded in the control pathway. (C) Average fold
change in CV2 in the paired pathway; values are normalized to the EPSP slope recorded in
the control pathway. (D) Average change in PPR in the paired pathway. Paired stimulation
elicited potentiation of the EPSP slope, and was accompanied by an increase in CV-2 and a
decrease in PPR, suggesting that LTP induction had a presynaptic component of
expression. No such changes were observed when pairing occurred in the presence of
nitrendipine or cPTIO. Error bars represent S.E.M. (n=5-6 cells per condition). Asterisks
denote significant differences from the first group in the graphs (*p<0.05; **p<0.01;

Kruskal-Wallis with post-hoc Dunn’s test).

Supplemental Figure 4. Data summary for acute slice experiments. Same experiment as
Figure S1, but data are individually plotted for both the paired and control pathways,
without normalization. Fold change in the EPSP slope, fold change in CV2, and change in
PPR are plotted for experiments involving (A) paired stimulation in the presence of
glutamate receptor antagonists, (B) paired stimulation in the presence of glutamate
receptor antagonists and the L-VGCC antagonist nitrendipine, or (C) paired stimulation in
the presence of glutamate receptor antagonists and the NO scavenger cPTIO. The
presence of nitrendipine and cPTIO prevented pairing-induced increases in EPSP slope,
increases in CV?2, and decreases in PPR. Error bars represent S.E.M. (n=5-6 cells per
condition). Asterisks denotes significance differences between groups (*p<0.05; Wilcoxon

signed rank test). N.S. denotes no significant differences between groups.

Supplemental Figure 5. Membrane depolarization rescues LTP induction in NMDAR
blockade. EPSPs were recorded from CA1l neurons in hippocampal slice cultures. After

baseline recording, tetanic stimulation (black arrow; 3 trains of 20 pulses at 100 Hz
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delivered 10s apart) was delivered under (A) control conditions, (B) in the presence of AP5
(100uM D-AP5), and (C) in the presence of AP5 and membrane depolarization but in
conjunction with of a 10mV membrane depolarization (from -60mV to -50mV) induced by
somatic current injection. Membrane depolarization during tetanic stimulation was able
to rescue the induction of LTP in AP5. (D) Average fold change in the EPSP slope. (E)
Average fold change in CV-2. Values over 1 indicate that LTP induction was associated with
a presynaptic component of expression. Error bars represent S.E.M. (n=5-7 cells per
condition). Asterisks denotes significance differences between groups (**p<0.01; Kruskal-

Wallis with post-hoc Dunn’s test). N.S. denotes no significant differences between groups.

Supplemental Figure 6. The NO synthase inhibitor L-NAME blocks presynaptic
potentiation of EPSPs. (A) Average fold change in EPSP slope is plotted against time at
baseline and following paired stimulation (60 pairings at 5Hz). Slices were treated with L-
NAME to block NO signalling and AP5 to isolate the presynaptic component of LTP. (B)
Average EPSP slope change across experiments. (C) Average PPR change across
experiments. L-NAME prevent presynaptic enhancements induced by paired stimulation
(Main Figure 8). Error bars represent S.E.M. (n=6 cells per condition). N.S. denotes no

significant differences (Wilcoxon signed rank test).

Supplemental Figure 7. Causal pairing of NO photolysis with presynaptic stimulation
induces presynaptic LTP of EPSPs recorded in acute slices. (A) Experimental setup. CA1
pyramidal neurons in acute slices were patched and intracellularly loaded with caged NO.
EPSPs were recorded in AP5 (50uM D-AP5). A UV flash lamp was used to trigger rapid
wide-field uncaging (large yellow circle) either 7-10ms before or after presynaptic
stimulation (60 pulses at 5 Hz). (B) Average fold change in EPSP slope is plotted against
time at baseline and following casual pairing of presynaptic activity with NO photolysis
(arrow), either in the presence or absence of cPTIO. (C) Average fold changes in EPSP
slope is plotted against time at baseline and following anti-causal pairing of presynaptic

activity with NO photolysis. (D) Average fold change in EPSP slope. (E) Average change in
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PPR. Only casual pairings of presynaptic activity and NO photolysis induced presynaptic
LTP. Error bars represent S.E.M. (n=5-6 cells per condition). Asterisks denotes significance

differences between groups (*p<0.05; Kruskal-Wallis with post-hoc Dunn’s tests).

Supplemental Figure 8. Spine Ca?* transients in NMDA receptor blockade are mediated
by voltage-gated Ca?* channels, and can be used to accurately measure P.. (A) NMDAR
blockade does not impede measurements of P,. Samples of 10 superimposed Ca?* traces
evoked in imaged spines (white scale bar: 1um) by paired pulse stimulation (broken
vertical lines show 2 stimuli delivered 70ms apart); red traces depict successful release
events to the first of the two pulses. P, was calculated as the proportion of total
stimulation trials in which the first pulse resulted in a Ca?* response in the dendritic spine.
(Ai,ii) For two imaged spines, sample Ca?* traces are shown prior to and following bath
application of AP5 (50uM D-AP5). AP5 abolished Ca?* transients (AF/F<0.2) in only one of
the two spines. (B) For each synapse imaged, the Pr measured under basal conditions is
plotted against the P, measured during bath application of AP5. The broken diagonal line
represents the expected trend if P,is unchanged. For about 50% of synapses, a significant
Ca?* transient remained in AP5 (black boxes; AF/F > 0.2); at these sites, P, measured under
basal conditions was unchanged by AP5. (C) Group data depicted no significant difference
between Prmeasured under basal conditions and in AP5 for synapses for which an AP5-
insensitive Ca®* transient could be detected (AF/F > 0.2). (D) Residual Ca?* influx in AP5 is
mediated by VGCCs. Images of sample Ca?* responses evoked by stimulation or glutamate
photolysis at a single spine under various pharmacological manipulations. Below each
image are traces quantifying the change in fluorescence intensity of the Ca?* response
(AF/F). At the spine shown, AP5 reduced, but did not abolish, Ca?* responses evoked by
stimulation. Inhibition of VGCCs by Ni?* (100uM) and Cd**(100uM) abolished the AP5-
insensitive component of the Ca?* transient; since Ni?* and Cd?* inhibit transmitter release,
glutamate release was simulated via photolysis under these conditions. (E) Average peak
amplitude of evoked Ca?* responses (AF/F) across experimental conditions. Ca%* responses

evoked by glutamate photolysis did not significantly differ from those evoked by electrical
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stimulation, and was significantly reduced by Ni** and Cd?* application. Error bars
represent S.E.M. (n=5-12 spines per condition). Asterisks denote significant differences
(**p<0.01; Mann-Whitney or Wilcoxon signed rank tests). N.S. denotes no significant

difference.

Supplemental Figure 9. Bolus-loading of MK-801 intracellularly blocks NMDARs without
effecting L-VGCCs. MK-801 bolus-loading consisted of transiently patching CA1 neurons
(60s) with glass electrodes (4-8MQ) containing 5mM MK-801. The drug was given
approximately 20 minutes to diffuse and take effect before starting experiments. (A)
Images of sample spine Ca?* responses evoked by single presynaptic stimuli taken 20
minutes after bolus loading of MK-801, and following the bath application of AP5 (scale
bar: 1um). Below each image are traces quantifying the change in fluorescence intensity
of the Ca?* response (AF/F). Bolus-loading of MK-801 occluded the effects of AP5 on spine
Ca?* signals. (B) Average peak Ca®* fluorescence amplitude (AF/F) evoked by electrical
stimulation in control conditions, and following either bolus-loading of MK-801 or bath
application of AP5 (50uM D-AP5); response amplitudes recorded in AP5 and MK-801 did
not differ, and were significantly lower than those recorded in control conditions, in which
NMDARs were not blocked. (C) Left. Sample trace of NMDAR-dependent EPSPs recorded
in AMPAR blockade (10um NBQX) prior to and following bolus loading of MK-801 in the
recorded neuron. Bolus-loading of MK-801 abolished the NMDAR-dependent EPSP. Right.
Average NMDAR-dependent EPSP recorded prior to and following bolus loading of MK-
801. (D) Average fold change in EPSP slope plotted against time, before and after paired
stimulation (black arrow). CA1 pyramidal neurons were recorded with patch-electrodes (4-
8 MQ) containing 1ImM MK-801. (E) Average change in EPSP slope and (F) PPR. No LTP was
obtained under these conditions. LTP, however, was obtained when MK-801 was bolus-
loaded instead of being continuously present in the recording electrode (Main Figure 9A).
(G) Sample image of a L-VGCC dependent dendritic Ca?* signal evoked by an action
potential (scale bar: 5um). Ca?* transients were recorded in a cocktail of VGCCs

antagonists (10uM mibefradil, 0.3uM SNX-482, and 1uM w-conotoxin-MVIIC) in order to
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isolate L-VGCC-mediated Ca?* transients [cite]. Below the image is a trace quantifying the
change in fluorescence intensity of the Ca?* response (AF/F), and a trace showing the
simultaneously recorded membrane potential. (H) Sample of L-VGCC mediated Ca?*signals
recorded from a patched CA1 neuron under control conditions, following bolus-loading of
MK-801 (5mM for 60s), and under conditions in which the cell is patched with an
electrode containing 1ImM MK-801 for 5 minutes prior to imaging. To ensure dilution of
postsynaptic factors did not confound experimental results, for the bolus-loading
methods, neurons were re-patched for 5 minutes with pipettes containing standard
internal solution prior to imaging. Bolus-loading of MK-801 did not effect L-VGCC Ca?*
transients triggered in response to single action potentials, whereas having 1ImM MK-801
in the patch pipette did. (I) Average changes in the L-VGCC mediated Ca?* signal. Error
bars represent S.E.M. (n=5-12 spines/cells per condition). Asterisks denote significant
differences (**p<0.01; *p<0.05; Wilcoxon signed rank test, Mann-Whitney test, or

Kruskal-Wallis with post-hoc Dunn’s test). N.S. denotes no significant difference.

Supplemental Figure 10. Presynaptic LTD does not require endocannabinoid signalling.
(A) Ca?* imaging was used to determine P.. LTD was induced by delivering 60 presynaptic
stimuli at 5Hz at high P, synapses either in the presence or absence of the
endocannabinoid antagonist AM-251 (2uM). The final P, measured 25-30 minutes
following LTD induction was plotted against the initial Pr measured at baseline for each
imaged synapse. The broken diagonal line represents the expected trend if P, was
unchanged. LTD was induced in both conditions. (B) Average changes in P.. Error bars
represent S.E.M. (n=6-9 spines per condition). N.S. denotes no significant difference

(Mann-Whitney test).

Supplemental Figure 11. Presynaptic LTD, but not LTP, is resilient to dilution of
postsynaptic factors during whole-cell patch recordings. (A,D) CAl neurons were
recorded with regular sized patch electrodes (4-8MQ). Average fold change in EPSP slope

is plotted against time at baseline and following plasticity induction under control
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conditions. Plasticity was induced either using paired stimulation (60 pairings at 5Hz) to
induce LTP, or by delivering high frequency bursts of presynaptic stimuli (2 pulses at 200Hz
repeated 60 times at 5Hz) in the absence of postsynaptic depolarization to induce LTD. In
LTP experiments, plasticity was induced 10 minutes post-break in and in the presence of
AP5 (50uM D-AP5) to isolate the presynaptic component of LTP expression. In LTD
experiments, plasticity was induced between 10-60 minutes post-break in. (B,E) Average
EPSP slope change across experiments. (C,F) Average PPR change across experiments. LTD
but not LTP was resilient to dilution of postsynaptic factors. Error bars represent S.E.M.
(n=5-6 cells per condition). Asterisks denote significant differences (*p<0.05;**p<0.01;

Wilcoxon signed rank test). N.S. denotes no significant differences.

Supplemental Figure 12. Estimating glutamate release probability during 5Hz theta
stimulation. Ca%* imaging was used to monitor glutamate release at single synapses during
a presynaptic stimulus train consisting of 60 stimuli delivered at 5Hz. (A) Left. Sample
image of a spine (S) responsive to stimulation (scale bar = 2um). Laser scanning was
restricted to a line (white line) across the spine and underlying dendrite (D). (Right) The
resulting line scan is shown, along with the quantified fluorescence (AF/F) of the spine
(red) and underlying dendrite (grey). During imaging, 60 presynaptic pulses were delivered
at 5Hz (vertical bars). Quantal release of glutamate is marked (red diamonds) whenever
the fluorescence of the spine, in response to stimulation, was greater than baseline noise
and greater than the fluorescent signal in the dendrite. The comparison to dendritic
fluorescence was necessary to rule out any fluorescence changes due to dendritic or
somatic spikes evoked by the stimulation. The probability of glutamate release during the
train (Pgu) was calculated as the number of quantal release events divided by the number
of presynaptic pulses (i.e. 60). (B) For each synapse imaged, Pgy was plotted against basal
P.. The data was fit with a linear regression line to derive a basis by which to estimate Pgy

given basal P.. The regression line was significant (n=24 spines; p<0.01).
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