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Abstract

Homeostatic plasticity (HP) encompasses a suite of compensatory physiological processes that
counteract neuronal perturbations, enabling brain resilience. Currently, we lack a complete
description of the homeostatic processes that operate within the mammalian brain. Here, we
demonstrate that acute, partial AMPAR-specific antagonism induces potentiation of presynaptic
neurotransmitter release in adult hippocampus, a form of compensatory plasticity that is consistent
with the expression of presynaptic homeostatic plasticity (PHP) documented at peripheral
synapses. We show that this compensatory plasticity can be induced within minutes, requires
postsynaptic NMDARs and is expressed via correlated increases in dendritic spine volume, active
zone area, and docked vesicle number. Further, simultaneous postsynaptic genetic reduction of
GIluAl, GluA2and GIuA3in triple heterozygous knockouts induces potentiation of presynaptic
release. Finally, induction of compensatory plasticity at excitatory synapses induces a parallel,
NMDAR-dependent potentiation of inhibitory transmission, a cross-modal effect consistent with
the anti-epileptic activity of AMPAR-specific antagonists used in humans.

ETOC Paragraph:

Chipman and colleagues characterize NMDA receptor-dependent compensatory plasticity in
the adult hippocampus, consistent with expression presynaptic homeostatic plasticity (PHP).
Mechanistically, the compensatory plasticity is driven by NMDAR-dependent spine growth and

"Lead Contact: Graeme W. Davis Graeme.davis@ucsf.edu.

AUTHOR CONTRIBUTIONS

PHC: design, data collection, analysis, interpretation, co-writing and editing manuscript; R.D.F electron microscopy data collection,
analysis, interpretation. M.B.H., L.C.P., S.J.B.: cell culture design, collection and analysis of data; G.W.D., funding acquisition,
project design, data analysis interpretation, writing and editing manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

DECLARATION OF INTERESTS
Graeme W. Davis is a member of the advisory board of the journal NMeuron. The authors declare no other competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chipman et al.

Page 2

active zone expansion. Remarkably, compensatory plasticity at excitatory synapses are linked to
potentiation of inhibitory transmission, ultimately favoring net inhibition.

Introduction

Results

A variety of compensatory physiological processes have been described within the
mammalian central nervous system (Aoto et al., 2008; Burrone et al., 2002; Davis,

2006; Desai et al., 1999; Jakawich et al., 2010; Kim and Ryan, 2010; Li et al.,

2020; Mitra et al., 2011; Murthy et al., 2001; O’Brien et al., 1998; Turrigiano et al.,

1998). Among these, prolonged activity blockade can induce compensatory changes in
postsynaptic neurotransmitter receptor abundance, a process termed quantal scaling that

has been documented both /n vitro following activity blockade (Aoto et al., 2008;

O’Brien et al., 1998; Turrigiano et al., 1998) and /n vivo following sensory deprivation
(Desai et al., 2002). Another example occurs at the neuromuscular junctions (NMJ) of
Drosophila, rodents, and humans. At the NMJ, disruption of postsynaptic neurotransmitter
receptors (pharmacologically or genetically) induces a compensatory increase in presynaptic
neurotransmitter release that offsets the magnitude of postsynaptic neurotransmitter receptor
disruption and restores synaptic gain to baseline values (Cull-Candy et al., 1980; Delvendahl
etal., 2019; Mdiller et al., 2012; Plomp et al., 1992; Wang et al., 2016). This process is
referred to as presynaptic homeostatic plasticity (PHP) (Davis, 2006; Dickman and Davis,
2009; Frank et al., 2009; Harris et al., 2018; Hauswirth et al., 2018)

To date, it remains generally unknown whether a compensatory process resembling PHP

is expressed at synapses in the mammalian central nervous system (CNS). A recent

study demonstrated that partial antagonism of postsynaptic a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) glutamate receptors, or chronic deletion of the GluA4
AMPAR subunit (encoded by the Gria4 gene) induces a potentiation of excitatory
presynaptic neurotransmitter release at the cerebellar mossy fiber synapse (Delvendahl et al.,
2019). It remains unknown whether this occurs at synapses that do not utilize the sparsely
expressed Gria4 receptor subunit.

Here, we characterize a form of compensatory presynaptic plasticity at excitatory synapses
in the CA1 region of adult hippocampus that is induced following pharmacological or
genetic disruption of postsynaptic AMPARs. We provide multiple lines of evidence that

this compensatory plasticity requires the action of postsynaptic NMDARs and is mediated
by a coordinated, trans-synaptic expansion of active zone area, docked vesicle number

and postsynaptic spine volume. Finally, we demonstrate that the compensatory modulation
of excitatory transmission induces a parallel up-regulation of inhibitory neurotransmitter
release. We propose a model that is consistent with expression of peripheral PHP, but which
encompass expression mechanisms not observed at the NMJ including NMDAR-dependence
as well as the coupling of excitatory and inhibitory synaptic transmission.

We sought to selectively antagonize postsynaptic AMPARSs in CAL region of hippocampus.
GYKI 53655 (hereafter referred to as GYKI) is a highly selective AMPAR antagonist
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(Frerking et al., 2001; Paternain et al., 1995). We determined the concentration-dependence
of GYKI-mediated AMPAR antagonism in adult hippocampal brain slice (~P60-120)
(Figure 1A-C). Acute application of 5uM GYKI partially antagonizes AMPAR-mediated
mMEPSC and stimulus-evoked EPSCs in the medial aspect of stratum oriens (SO) by ~60%
(Figure 1B-D), without altering waveform kinetics (Supplemental Figure 1A).

In order to assess synaptic gain, we generated stimulus input/output curves by evoking
EPSCs in the stratum oriens with progressively stronger stimulus intensities until EPSCs
reached a plateau. Acute wash-on of GYKI for 10 minutes reveals the sub-blocking effect
of GYKI (5uM) on plateau EPSC amplitude. Next, we pre-incubated slices for 30 minutes
in GYKI (5uM) and recorded in the continued presence of GYKI (5uM). We find that input/
output curves are significantly larger than the acute GYKI condition, but not significantly
different from controls (Figure 1E-F). The recovery of plateau EPSC amplitudes toward
baseline (Figure 1E, F) occurs despite a persistent decrease in SEPSC amplitude and
frequency (Figure 1G, H). It is important to note that the adult hippocampal ex vivo slice
preparation generally lacks spontaneous action potentials, rendering the SEPSC amplitude
and frequency statistically identical to mEPSC amplitude and frequency (recorded in the
presence of TTX) (Supplemental Figure 2E-H). Thus, we can use SEPSC amplitude to
monitor the continued action of GYKI, ensuring sustained partial AMPAR antagonism.

In order to chart the recovery EPSC amplitudes in the continued presence of GYKI, patch
recordings were achieved and sustained for up to 90 minutes allowing continual assessment
of GYKI application and washout. An example recording (Figure 1J) demonstrates a rapid
decrease of both spontaneous and evoked EPSC amplitudes following the application of
GYKI (5uM). Over the next 30—-40 minutes, EPSC amplitudes recover to baseline values

in the continued presence of GYKI, whereas SEPSC amplitudes remain depressed (Figure
1J-N; Supplemental Figure 2A-D). We note that the recovery of EPSCs occurred without
evidence of postsynaptic action potentials (Figure 1J). Finally, GYKI washout was achieved
in a subset of recordings that we were able to sustain for the necessary length of time
(>80min). Upon washout, SEPSCs recover towards baseline values while EPSC amplitudes
potentiate above baseline (Figure 1J-L; wash-off SEPSCs, 95.9 + 6.76% of baseline
amplitude, EPSCs 134.4 + 12.8% of baseline amplitude n= 4).

Two additional data sets are worth noting. Elevated excitability cannot account for the
restoration of EPSC amplitudes (Supplemental Figure 1B-D). In addition, the recovery of
EPSC amplitudes to baseline values occurs without a change in paired-pulse ratio (PPR)
(Figure 11, O). Changes in PPR are generally interpreted to reflect alterations in the
presynaptic release mechanism (Dobrunz and Stevens, 1997; Zucker and Regehr, 2002).
However, it is well established that PHP at the NMJ occurs without a change in PPR, an
effect that is attributed to expansion of the readily releasable pool (RRP) of synaptic vesicles
(Davis and Miiller, 2015).

NMDAR-mediated synaptic currents are potentiated by AMPAR-specific antagonism

Because GYKI is an AMPAR-specific antagonist, it is possible to assess whether NMDAR-
mediated synaptic currents are altered by partial GYKI-mediated AMPAR antagonism. We
prepared control and GYKI pre-incubated slices and generated stimulus input-output curves
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(Figure 2A). To isolate NMDAR-mediated EPSCs we acutely blocked all AMPAR-mediated
neurotransmission by bath application of NBQX (10uM; see Supplemental Figure 4F)
immediately prior to assessing synaptic currents at a holding potential of +40mV in low
extracellular Mg2* (0.5 mM). We find that slices pre-incubated in GYKI (5uM for 30 mins)
have significantly potentiated NMDAR-mediated input/output curves without a change in
the amplitude or frequency of the underlying NMDAR-mediated mEPSC (Figure 2A,B;
Supplemental Figure 3A-D). Notably, the potentiation of evoked NMDAR EPSCs occurs
without a change in waveform kinetics or receptor subtype contribution (Supplemental
Figure 3E-G). Finally, we show that the magnitude of AMPAR inhibition by GYKI is

well correlated with the magnitude of the potentiated NMDAR-mediated EPSC (Figure

2C). Given that NMDAR EPSC amplitudes are potentiated without an underlying change in
NMDAR mEPSCs, the data are consistent with GYKI inducing a compensatory increase in
presynaptic release. This conclusion is supported by data demonstrating that pre-incubation
of slices in either of two additional AMPAR-selective antagonists, perampanel (PMP)
(Yelshanskaya et al., 2016) and JNJ55511118 (JNJ) (Maher et al., 2016) also drive the
potentiation of NMDAR-mediated neurotransmission (Figure 2D, F). And, notably, the
degree of AMPAR antagonism and NMDAR potentiation place the action of perampanel and
JNJ55511118 on the same dose-response curve as GYKI (Figure 2F).

We subsequently repeated experiments analyzing the effects of GYKI, perampanel, and
JNJ55511118, using a unique method to normalize stimulation across cells and slices. We
begin each recording in low external calcium (0.5mM) and adjust the placement of a fine-
tipped, theta glass bipolar stimulus electrode to achieve a constant average failure rate of
approximately 60% (Figure 2G—-H; Supplemental Figure 4A; see methods). The preparation
is then switched to high external calcium (2.5mM) and NMDAR-mediated EPSC amplitudes
are assessed (as above). There are two advantages to this approach: 1) we normalize the
stimulus to minimize cell-to-cell variability and 2) we attain estimates of failure rate and
evoked unitary release event amplitude for each condition, designated hereafter as Qgpsc
(Figure 2H-I). It is important to note any possible expression of compensatory plasticity

at low external calcium would cause us to under-estimate the magnitude of compensatory
plasticity after switching to high calcium. We demonstrate that JNJ55511118, GYKI, and
perampanel each significantly reduce Qgpsc amplitudes under low external calcium and each
drug potentiates the NMDAR-mediated EPSC recorded at high external calcium (Figure
2J). Notably, a statistically significant (p = 0.01) negative correlation exists between the
magnitude of AMPAR antagonism and the potentiation of NMDAR-mediated EPSCs.
These data underscore our conclusion that sub-blocking concentrations of AMPAR-specific
antagonists induce a compensatory enhancement of presynaptic release.

Next, we addressed the action of a commonly used non-selective (non-NMDAR)

AMPAR antagonist. The quinoxaline derivative, 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo(f)quinoxaline (NBQX) antagonizes AMPA and kainate receptors (KARS) (Yu and
Miller, 1995). In contrast to GYKI and perampanel, sub-blocking (0.2uM) and full-blocking
(10uM) concentrations of NBQX only weakly potentiate NMDAR EPSCs (Figure 2E).
Notably, these data points clearly reside off the dose-response curve populated by GYKI,
perampanel and JNJ55511118 (Figure 2F). These data are consistent with a large literature
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using NBQX for electrophysiological assessments of synaptic transmission, which do not
show evidence of rapid, compensatory plasticity of NMDAR currents.

NMDAR and KAR antagonists oppose compensatory plasticity following AMPAR

antagonism

The differential activity of AMPAR-specific antagonists (GYKI, perampanel, JNJ55511118)
versus NBQX prompted us to test whether kainate receptors (KAR) and/or NMDAR
function might participate in the rapid induction of compensatory synaptic plasticity. For
these experiments, we return to the measurement of AMPAR-mediated EPSCs, again using
failure rates to normalize stimulation and assess unitary EPSC amplitudes (Qgpsc) (Figure
3A-H). We then measure AMPAR-mediated EPSC amplitudes throughout the transition
from low-to-high [Ca?*], and refer to this as a ‘calcium input-output’ paradigm and

the resulting graphs as ‘calcium input-output plots’. As expected, GYKI pre-incubation
significantly reduced Qgpsc amplitudes, while EPSC amplitudes are identical to controls

at high [Ca2*], (Figure 3B-D; see also Supplemental Figure 4B-D). By contrast, NBQX
similarly diminished Qgpsc amplitudes but EPSC amplitudes remain significantly smaller
than control at high [Ca?*], (Figure 3E). Once again, these data are consistent with GYKI
inducing compensatory plasticity, while NBQX does not.

We then tested co-incubation of GYKI with NMDAR antagonists (MK801 or AP5) and with
the KAR antagonist ACET (Dargan et al., 2009). Pre-incubation in MK801 (10uM), AP5
(20uM) or ACET (1uM) alone had little effect on either Qgps. amplitude or EPSC amplitude
(Figure 3C-H). And, when co-incubated with GYKI, each of the three antagonists (MK801,
APS5 or ACET) revealed a similar antagonism of Qgpsc amplitude compared to GYKI alone
(Figure 3C). However, compared to GYKI along, each of these antagonists prevented EPSCs
from reaching control levels at high [Ca2*],.(Figure 3F—H). Similarly, co-incubation with
ACET prevents the potentiation of NMDAR EPSCs induced by perampanel (Supplemental
Figure 4G—H). Together, these data suggest that both NMDAR and KAR function are
required for the restoration of EPSC amplitudes following GYKI antagonism.

A few additional points are worth noting regarding the potential contribution of postsynaptic
NMDARs and KAR to measured EPSCs at resting voltages. Consistent with prior reports
(Frerking and Nicoll, 2000), ACET-sensitive evoked currents in CA1 pyramidal cells

are negligible (~4% of total EPSC amplitude) and do not change with GYKI treatment
(Supplemental Figures 4F and 5). Similarly, a direct impact of AP5 and MK801 on
measured EPSCs is unlikely since residual NMDAR-mediated currents at a V,, of =70mV
are negligible (Supplemental Figure 4F).

To determine whether postsynaptic NMDARS are necessary for compensatory plasticity, we
took advantage of the ability of MK801 to block NMDARs from the interior of the cell. We
performed a dual patch experiment with one pipette containing MK801 (iMK801; 1mM) and
the other without (control). EPSCs were measured simultaneously in both cells immediately
following application of AP5 (20 uM) to isolate AMPAR-mediated neurotransmission
(Supplemental Figure 41). Evoked EPSCs are unaltered by the presence of postsynaptic
iMK801. But, in the presence of GYKI, the iMK801 EPSCs are consistently smaller than the
paired control (Figure 3J&K). We repeated this experiment using single patch electrodes that

Neuron. Author manuscript; available in PMC 2023 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chipman et al.

Page 6

either contained iIMK801 or not, and generated calcium input-output plots, in the presence
or absence of GYKI pre-incubation. iMK801 alone had little effect, but prevented EPSCs
from compensating back to control levels in the presence of GYKI (Figure 3L). Finally, we
confirmed that bath application of MK801 reverses the potentiation of EPSCs after GYKI
pre-incubation (Figure 3M). Together, these data support the conclusion that postsynaptic
NMDARs are required for the maintenance of AMPAR-mediated neurotransmission after
partial AMPAR antagonism.

Finally, we take advantage of the fact that we acquire both the average unitary amplitude
(AMPA Qgpsc) and maximal EPSC amplitude (AMPA EPSC-max) for each recording. We
calculate the ratio of EPSC-max to Qgpsc (@ proxy for presynaptic release) and document

a strong negative correlation between this ratio and the extent of Qg antagonism when
data obtained with perampanel, GYKI, and control conditions are plotted together (Figure
3N; p<0.001). Importantly, this observed negative correlation is completely blocked in the
presence of AP5 (bath application) or iIMK801 (presented in patch pipette) (Figure 30;
p=0.188). The negative correlation is also blocked in the presence of ACET and when
NBQX is substituted for GYKI (Supplemental Figure 4E). These data support the presence
of a graded, compensatory response following postsynaptic AMPAR-specific antagonism.

Maintenance of synaptic gain following simultaneous postsynaptic depletion of GIuAl,
GluA2, GIuA3

In order to unambiguously and persistently perturb postsynaptic AMPARS, we genetically
depleted the three major contributing AMPAR subunits (GluAl, GluA2 and GIuA3) from
CAL pyramidal neurons (Granger et al., 2011). To do so, we injected retrograde transporting
adeno-associated viruses (i.e. retroAAVSs) (Tervo et al., 2016) harboring GFP-Cre into the
subiculum of the dorsal hippocampus of triple heterozygous floxed mice (GRIAI™XWt 2
fwt 3 f/wly (Figure 4A-B). This strategy restricts the expression of Cre to postsynaptic
CAL1 pyramidal neurons (Figure 4C). AAVs expressing only GFP were used as control.

One month after virus injection, Cre+ pyramidal neurons revealed smaller and less

frequent spontaneous EPSCs compared to GFP+ controls (Figure 4D—F). In addition, Qgpsc
amplitudes recorded in low [Ca2*], were smaller compared to Cre+ cells (Figure 4G-H).
Thus, postsynaptic AMPAR function is impaired in the triple heterozygous knock-down
condition. Next, we standardized our stimulation to achieve near equivalent failure rates

in low [Ca2*]. and generated calcium input-output plots. EPSC amplitudes recorded at

high [CaZ*], were equivalent to controls (Figure 41, K). We also document a significant
negative correlation between the extent disruption of Qgpsc amplitude versus estimated
presynaptic release (ratio of EPSC-max to Qgpsc) (Figure 4J). And, consistent the induction
of compensatory presynaptic potentiation, we observe enhanced synaptic depression in triple
heterozygous neurons during prolonged stimulus trains (Figure 4L—N). Taken together, these
data are consistent with compensatory potentiation of presynaptic neurotransmitter release
following GIluA1,2,3 depletion.

Finally, we assessed NMDAR-mediated transmission. Whereas GYKI or perampanel
treatment strongly potentiates NMDAR-mediated EPSCs, genetic depletion of GIuA1,2,3
does not (Figure 40). This represents a fundamental difference comparing the acute versus
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persistent disruption of AMPARs. The absence of a change in NMDAR EPSCs is consistent
with previously published data from hippocampal slice cultures examining homozygous
GRIA1,2,3mutant neurons (Lu et al., 2009). It is worth noting that different molecular
mechanisms contribute to PHP the NMJ when neurotransmitter receptors are acutely
antagonized versus genetically depleted (Harris et al., 2018; see below and discussion).

Enhanced presynaptic release offsets the magnitude of AMPAR perturbation.

Presynaptic vesicle release can be described as a binomial process (Korn et al., 1984;
Malinow and Tsien, 1990; Saviane and Silver, 2007). As such, it can be adjusted via
changes in either of the two binomial variables; ‘P ’inferred to represent the probability

of vesicle fusion, or ‘N * inferred to represent the number of functional release sites. In
order to estimate these parameters, we employed a multiple probability fluctuation analysis
(MPFA, see methods). We measured EPSC amplitude and variance at three concentrations
of extracellular [Ca?*], and [Mg?*]., doing so in the presence or absence of GYKI pre-
incubation. We fit a multinomial to the data in a mean-variance plot of EPSC amplitudes to
extract the mean quantal amplitude (designated here as Q@ppr) and N (Figure 5C-E). GYKI
treatment is associated with an expected significant decrease in Qppz, (to 41.0 £ 2.3% of
control values) (Figure 5D) as well as a significant increase in N/ (226.2 + 34.1% increased
compared to control) (Figure 5E). There is no change in estimates of 2 (Supplemental Figure
6G). Finally, the effect on NVis blocked by MK801 (Figure 5A, B, G-J).

Next, we pursued a second method to estimate presynaptic release. We demonstrate a

high degree of correlation between Qgpsc and Qpyprs (correlation R2 = 835; Supplemental
Figure 6H, 1), attesting to the accuracy of these measurements. Since estimates of Qgpsc
and @pprs are achieved following axon stimulation at low [Ca%*]e, these values can be used
to estimate presynaptic release (quantal content) when EPSCs are subsequently recorded
following a shift to high [Ca2*],. Using this approach we demonstrate that quantal content
(QC = EPSC/ Qpypry) is consistently larger in GYKI-incubated slices than controls (Figure
5F). Importantly, the values of QC exhibit a strong negative correlation when plotted
against Qgpsc (Figure 5F; p < 0.001), again supporting the existence of compensatory
plasticity. Finally, as predicted, the GYKI-dependent potentiation of presynaptic release is
blocked by the presence of MK801 (Figure 5J; p = .077). Taken together, our statistical
analyses support NMDAR-dependent compensatory potentiation of presynaptic release sites
following AMPAR antagonism.

Homeostatic expansion of the readily releasable pool of synaptic vesicles

We estimated the size of the readily releasable pool (RRP) of synaptic vesicles using the
‘SMN’ model (Schneggenburger et al., 1999) (Figure 5L—N) (see methods). Immediately
following an MPFA assay (above) and under conditions of high [Ca%*], we provided
stimulus trains (3—4 seconds at 20Hz). The amplitude and short-term dynamics of EPSC
amplitudes in GYKI-incubated slices are similar to controls (Figure 5K; Supplemental
Figure 6A). The data reveal a large, GYKI-dependent increase in the RRP (Figure 5L,M).
Once again, we demonstrate that the NMDAR antagonist MK801 blocks potentiation of
the RRP (Figure 5L,M). Because our estimates of RRP were obtained directly following
an MPFA analysis (above) we are also able to plot RRP versus an estimate of quantal size
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Qepsc (Figure 3N,0) obtained at the same synapses. The data, once again, reveal a strong
negative correlation that is blocked by MK801. Finally, we provide further validation of

our RRP estimates using a separate model, the ‘EQ’ model (EImqvist and Quastel, 1965).
This alternative approach provides similar estimates of RRP potentiation following AMPAR
antagonism (Supplemental Figure 6F).

Optical analyses confirm GYKI-dependent potentiation of glutamate release

We next turned to dissociated hippocampal cultures where individual presynaptic release
events can be resolved in space and time using an optical reporter of presynaptic glutamate
release (iGluSnFR-A184S) (Marvin et al., 2013). Optical events were collected across a
field of view and synaptic release sites were visualized during action potential stimulation
(Figure 6A, B). We restricted our initial analysis to presumed single synaptic boutons
(diffraction limited ROI) in which stimulus-locked, action potential-mediated release events
were obtained as well as spontaneous fusion events (Figure 6C—-E). By normalizing average
evoked event amplitudes to average spontaneous amplitudes, we achieved an optical
estimate of quantal content (QC; Evoked/Spontaneous) at each synaptic ROl (Figure 6F).
GYKI induced a significant potentiation of optical quantal content per ROI, as compared

to CNQX (Figure 6F). When this analysis was repeated, determining the average QC per
cell inclusive of all synaptic ROI within a field of view, we arrived at the same conclusion
(Supplemental Figure 7D). We subsequently deployed the most recent version of GluSnFR3
(Aggarwal et al., 2022), which has greater photo-stability, enabling two additional analyses.
We assessed the ratio of success to failures across a field of view, allowing calculation

of release probability per ROI (Figure 6G). We also calculated a standard AF/F for all

ROI (Figure 6H). Application of GYKI caused a significant increase in release probability
and AF/F amplitudes per ROI compared to application of CNQX. Finally, two additional
experiments were performed. First, MK801 (1uM) application to GYKI pre-incubated
cultures causes a rapid depression of the integrated evoked GluSnFR signal (Figure 61,

J). Second, we co-incubated cultures with CNQX and GYKI. The presence of CNQX
significantly reduces the effect of GYKI on release probability and abolishes the effect of
GYKI on AF/F amplitude (Figure 6G, H). These data argue that CNQX antagonizes the
compensatory modulation of presynaptic release, consistent with non-specific antagonism of
KARs (see above). Taken together, these data further support the compensatory potentiation
of presynaptic release following partial, AMPAR-specific antagonism.

AMPAR-specific antagonism drives synapse growth

We performed serial section transmission EM and analyzed 50um x 50um x 2um volumes
of stratum oriens. Samples were prepared from adjacent hippocampal slices (= GYKI in one
animal and £ perampanel in a second) as per electrophysiology (see methods). Two methods
were used to generate systematic and unbiased quantification. First, we reconstructed
dendritic segments including spines, active zones and docked vesicles in control and GYKI
treated samples (Figure 7D). Dendrites were chosen based upon: 1) orientation with respect
to cell bodies and 2) maximal inclusion within the slice volume. Upon reconstruction,
dendrite diameter, spine density, spine shapes and paucity of shaft-spines, are all consistent
with the identification of secondary or tertiary dendrites of CA1 pyramidal neurons (Katz

et al., 2009; Menon et al., 2013). A second method was applied to the perampanel treated
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samples. We identified every active zone present in a single plane at the mid-point of the
2um EM volume (Figure 7B, red markers). Then, each synapse was fully reconstructed
including spine, bouton, active zone and docked vesicle number. Examples of docked
vesicles are shown for individual cross sections and a fully reconstructed bouton (Figure

7E, F). The two methods produced nearly identical estimates of average active zone area
(GYKI control = 0.054um? vs. perampanel control = 0.051um?; p=0.39, Student’s t-test, two
tailed) and spine volumes (GYKI control = 0.031um?3 vs perampanel control = 0.037um3;
p=0.167, Student’s t-test, two tailed), and these estimates are quantitatively similar to data in
the literature (Katz et al., 2009; Menon et al., 2013).

First, we present evidence of synapse growth in the presence of GYKI. We document
abundant sprouting events, originating from spine heads (Figure 7D, white arrows).
Quantitatively, sprouts occur in the presence of GYKI at a rate of 0.499/um of dendrite
length (n=10 dendrites, average 3.56 spines/um) and were never observed in control (n=10
dendrites, average 3.80 spines/um). We also document statistically significant increases in
active zone area, docked vesicle number and spine volume in the presence of GYKI (Figure
7G-I). Measurements of linear spine length indicate that there is no significant change in
spine neck length (GYKI vs control; p=0.07, Student’s t-test, two tails), demonstrating that
the spine volume change is primarily due to expansion of the spine head. In addition, active
zone area and spine volume remain highly correlated (Figure 7J). Finally, live two-photon
imaging of dendritic segments in acute slices is consistent with a rapid phase of spine
growth (Supplemental Figure 7F-I).

Next, we analyzed the effects of perampanel incubation, as well as co-incubation with
perampanel plus MK801. The presence of perampanel induces an increase in active

zone area, docked vesicle number, and spine volume that directly parallel the effects

of GYKI (Figure 7K-M). Importantly, the presence of MK801 blocks the change in
active zone area and docked vesicle number, but does not alter the perampanel-dependent
increase in spine volume. Again, active zone area and spine volume remain correlated
(Figure 7N). Taken together, these data suggest that AMPAR-specific antagonists initiate
compensatory NMDAR-dependent synapse growth that is consistent with the observed
NMDAR-dependent enhancement of presynaptic release and potentiation of the RRP (see
also discussion).

AMPAR-specific antagonism rapidly potentiates inhibitory synaptic transmission.

GYKI is a 2,3-benzodiazapine with anticonvulsive activity (Donevan and Rogawski, 1993;
Goulton et al., 2010; Zorumski et al., 1993). Perampanel is an anti-epileptic that was first
developed to treat partial and tonic-clonic seizures (Frampton, 2015). Here, we demonstrate
that sub-blocking concentrations of both drugs induce a compensatory potentiation of
presynaptic release that rapidly restores excitatory transmission to baseline. This should
obviate the anti-epileptic activity of these drugs. To investigate this discrepancy, we assayed
inhibitory synaptic transmission.

We assessed both excitatory and inhibitory synaptic transmission under identical stimulus
conditions for each recorded cell. To do so, we sequentially recorded synaptic activity while
the cell was clamped at the reversal potential for synaptic inhibition (-70mV) followed
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by clamping at the reversal potential for synaptic excitation (OmV), and we did so in the
presence or absence of GYKI (5uM) or perampanel (0.5uM) (Figure 8A, B). To ensure that
we completely isolate synaptic inhibition, we added AP5 (20uM) and NBQX (10uM) to

the recording chamber immediately prior to acquiring IPSC amplitudes. As expected, GYKI
and perampanel decreased SEPSC amplitude and frequency without altering spontaneous
sIPSCs (Figure 8C-E). As a consequence, the ratio of excitatory to inhibitory spontaneous
amplitudes is significantly decreased (Figure 8F).

Next, we generated stimulus input/output curves to assess action-potential evoked synaptic
transmission. Remarkably, pre-incubation of slices in GYKI (5uM) or perampanel (0.5uM)
caused a large, highly statistically significant increase in IPSC amplitudes compared to
controls (Figure 8G—H). When we assessed paired pulse ratio for inhibitory synaptic
transmission, the presence of GYKI or perampanel significantly reduced the PPR compared
to controls (Figure 81), suggesting that enhanced IPSC amplitude is caused, at least in part,
by elevated presynaptic release probability. Thus, potentiation of evoked synaptic inhibition
parallels the compensatory potentiation of release at excitatory synapses, the net effect being
enhanced evoked synaptic inhibition and a decrease in E/I ratio.

Postsynaptic NMDARSs are necessary for potentiation of inhibitory transmission

We asked whether the MK801-dependent block of compensatory plasticity also disrupts
potentiation of inhibitory synaptic transmission. We employed a dual patch clamp approach
and recorded simultaneously from a cell with normal internal pipette solution (control) and a
cell with iMK801 (1mM) (Figure 8J). Excitatory neurotransmission was first sampled and is
presented (above) in Figure 3J and K. Here, we present the subsequent analysis of inhibitory
neurotransmission, which was isolated by the addition of NBQX (10uM) to the recording
bath, allowing IPSCs to be sampled at OmV. When recording from aCSF pre-incubated
slices, equivalent IPSCs are recorded in the control and iMK801 pipettes and data reside on
a line of unity (Figure 8K, L). However, perampanel pre-incubated slices demonstrate a large
potentiation of IPSC amplitudes in the control pipette, an effect that is suppressed in the
iMK801 pipette such that the data fall off the line of unity (Figure 8K, L). In Figure 8M, we
demonstrate that EPSC and IPSC amplitudes remain highly correlated when assayed within
single pyramidal neurons, but IPSC amplitudes are strongly potentiated in the presence of
perampanel.

Finally, we plot E/I ratios comparing control and perampanel pre-incubated slices, assessing
how these ratios are affected by the presence of iMK801. Data recorded from perampanel
pre-incubated slices (pink) are completely separated from those recorded in ACSF (green),
yet remain on a line of unity (Figure 8N). How is this explained? First, perampanel
application initiates the restoration of excitatory EPSCs and simultaneous potentiation

of IPSCs, with a net effect of diminished E/I ratio. Then, consider that MK801 blocks

the permapanel-dependent potentiation of both EPSCs and IPSCs. So, in the presence of
MK801, perampanel also leads to diminished E/I ratio. Since E/I ratio is diminished for
conditions plotted on both the X and Y-axes, the net effect is to shift data to the left along the
line of unity. The complete separation of data (green from pink) is a clear demonstration of
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effect size, demonstrating the potent capacity of compensatory plasticity to simultaneously
adjust both excitatory and inhibitory synaptic transmission.

Discussion

A novel role

We demonstrate that pharmacological or genetic perturbation of postsynaptic AMPARS
initiates an offsetting, compensatory potentiation of presynaptic neurotransmitter release and
synapse growth. This form of compensatory plasticity shares fundamental characteristics
with presynaptic homeostatic plasticity (PHP) documented at peripheral synapses of flies,
mice, and humans (Davis, 2013), including a rapid induction phase (minutes) induced
pharmacologically, and a persistent phase (days to months) induced by genetic disruption
of postsynaptic AMPARs. Additional parallels include expression via potentiation of the
RRP and a significant negative correlation between postsynaptic receptor antagonism and
enhanced presynaptic release. However, we also define novel elements compared to the
NMJ including a requirement for postsynaptic NMDARs (see below for further discussion)
and an expression mechanism that includes trans-synaptic growth regulation, defined
ultrastructurally. Thus, we propose the existence of hippocampal PHP with expression
mechanisms that are unique to central synaptic circuitry.

for NMDARs

In all of our assays, MK801 strongly impairs hippocampal PHP. How do NMDARs
participate given the absence of substantive postsynaptic depolarization to relieve a Mg2*
block (Figure 1)? Previously, residual Ca2* influx at the spine head was documented under
conditions of AMPAR blockade and normal resting membrane potentials during single
synapse activation (Bloodgood et al., 2009). This NMDAR-dependent, AMPAR-independent
Ca?* influx could represent a source of signaling that contributes to NMDAR-dependent
presynaptic homeostatic plasticity. If so, the phenomenon identified by Boodgood and
colleagues (2009) might represent a signaling capacity of NMDARSs that is essential for

the induction of PHP following AMPAR antagonism.

Preservation of short-term plasticity

The rapid potentiation of presynaptic release during hippocampal PHP occurs without a
change in paired-pulse plasticity, a finding that is in agreement with work in peripheral
neuromuscular synapses (Ortega et al., 2018; Wang et al., 2016; Weyhersmiiller et al.,
2011). We show that hippocampal PHP is achieved through a change in the number

of neurotransmitter release sites, represented statistically as an increase in the binomial
parameter ‘A, and represented ultra-structurally as an increase in the number of docked
synaptic vesicles and active zone area. This mechanism of expression is not predicted to
alter paired-pulse plasticity (Ortega et al., 2018). This feature of compensatory plasticity
seems particularly relevant to the stabilization of information transfer within neural circuits
(Abbott and Regehr, 2004; Davis and Murphey, 1994; Tsodyks and Markram, 1997).

Genetic induction

We observe differences comparing pharmacological and genetic induction of hippocampal
PHP. Most notably, NMDAR-mediated neurotransmission is unchanged by persistent
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GluA1,2,3-depletion, but is strongly potentiated by pharmacological AMPAR antagonism.
Two explanations seem plausible. GIuA1,2,3-depleted synapses may not physically enlarge,
perhaps due to limited AMPAR availability. As a consequence, PHP may be primarily
achieved via enhanced release probability (Supplemental Figure 8). Alternatively, active
zone growth during the early stages of PHP may be transient, eventually resolving such
that synapses solely express enhanced presynaptic release probability. In support of this
possibility, we note that different phases of structural LTP have been documented, including
early spine expansion followed by spine contraction (Sun et al., 2021). Further, we note
that different mechanisms can be engaged during the induction versus long-term expression
of diverse types of neural plasticity including PHP at peripheral synapses (Harris et al.,
2017) and LTP in the mammalian CNS (Nicoll, 2017; Bliss and Collingridge, 2013; Chang
et al., 2017; Bosch et al., 2014). Accordingly, we postulate that compensatory plasticity in
hippocampus, identified here, may transition between mechanisms responsible for the rapid
induction versus sustained expression.”

We also note that a previously published study examined GIuA1,2,3 triple fomozygous
knockouts, as well as double knockouts combinations, using a neonatal slice culture
preparation. There was no evidence of compensatory presynaptic plasticity (Lu et al., 2009).
Several points are worth considering, beyond the fact that neonatal slice cultures differ
substantively from the acute adult slice preparation used here. First, it is possible that a
complete knockout of individual receptor subunits actually blocks compensatory plasticity.
Consistent with such a possibility, other forms of compensatory plasticity including
‘synaptic consolidation” and quantal scaling require the GIuA2 receptor subunit (Gainey
etal., 2009; Levy et al., 2015). It is also possible that compensatory presynaptic changes

do occur in double and triple GIuA knockouts, but remain difficult to assess due to the

large decreases in AMPAR-mediated transmission (Lu et al., 2009) For example, at the
mossy fiber synapse in cerebellum, knockout of the sole postsynaptic GIUA subunit (GluA4)
abolishes AMPA-mediated postsynaptic currents and invokes compensatory presynaptic
changes, but documenting the presynaptic changes required measurement of presynaptic
capacitance and calcium conductance (Delvendahl et al., 2019), assays that are extremely
challenging at the smaller en passent synapses in hippocampus.

Cross-modal potentiation of inhibitory neurotransmission

During PHP, the cross-modal potentiation of inhibitory synaptic transmission occurs
downstream of postsynaptic NMDARs within individual CAL1 neurons, arguing for the
spread of a hetero-synaptic signaling mechanism. The potentiation of inhibitory synaptic
transmission is most likely expressed as an increase in presynaptic release probability, as
evidenced by a change in paired-pulse plasticity. Importantly, recent data have defined a
similar connection between the activation of postsynaptic NMDARSs and potentiation of
inhibitory synaptic transmission (Chiu et al., 2018; Gu et al., 2016). We postulate that
similar signaling mechanisms could be engaged to link the cross-modal modulation of
excitation and inhibition, regardless of whether this signaling is initiated by the induction of
homeostatic versus Hebbian plasticity.
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Ultimately, these data raise important questions regarding the stabilization of neural
circuitry, higher brain function and animal behavior. We note that hippocampal PHP

is defined by the restoration of excitatory synaptic gain and does not, necessarily,

ensure stabilization of neural circuit function. For example, it has been postulated that
homeostatic modification of excitatory synaptic transmission could induce maladaptive
effects associated with altered circuit function and disease (Bourgeron, 2015; Davis, 2006;
Davis and Goodman, 1998). On the other hand, the complexity necessary to stabilize animal
behavior following a perturbation is likely to require coordination among many homeostatic
different homeostatic signaling systems such as those that stabilize synaptic gain, neuronal
excitability and neural circuit activity. Finally, as suggested previously, it remains plausible
that some elements of neural circuits are simply not under homeostatic control (Davis,
2006).

Star Methods
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Graeme W. Davis
(Graeme.Davis@ucsf.edu).

Materials Availability—This study did not generate new unique reagents.

Data and code availability—This study did not generate standardized datatypes for
public repositories. This paper does not report original code. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines and knockout genetics—Male and female C57BL6/J
(IMSR_JAX:000664) were obtained as adults (8-10 weeks old) from The Jackson
Laboratory and used for experiments between the ages of P60-120.

Male and female Thy1-GFP-M (IMSR_JAX:007788) were obtained from the UCSF Mouse
Inventory Database and bred in-house on a C57BL6/Jbackground and used for experiments
between the ages of P60-120. Genotyping of transgenic mice was performed via Transetyx
automated genotyping service (https://www.transnetyx.com) on genomic DNA isolated from
ear biopsies using the following primers: 5’~-CCACAGAATCCAAGTCGGAACTC-3" and
5’-CTCGCCCTTGCTCACCAT-3".

Triple floxed GRIAI™1X. GRIAIMTIX GRIAZXIX (GRIAI,2,3™/X) mice were described
previously (Lu et al., 2009) and were obtained as a kind gift from Dr. R. Nicoll at the
University of California, San Francisco. Male GRIAZ,2,3™/fx were bred with female
C57BL6/Jto0 obtain GRIAL,2,3™ Wt progeny that were used for experiments. Genotyping

of transgenic mice was performed using PCR on genomic DNA isolated from ear biopsies
using the following primers: GRIA1™X 5*-CAC TCA CAG CAA TGA AGC AGG AC-3’
and 5’-CTG CCT GGG TAA AGT GAC TTG G-3'. GRIA2™X 5’-GCG TAA GCC TCT
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GAA ATA CCT-3’ and 5’-GTT GTC TAA CAA GTT GTT GAC C-3’. GRIA3™ 5'-CCA
ATG TTG TTT AGC CTT TGC-3’ and 5°-GGT ATA TCT TCC CAG CCC CAA G-3'.

All experiments were matched to mouse age and sex. All procedures were performed in
accordance with UCSF (protocol # AN108729-02B) IACUC guidelines.

Rat primary neuron cultures—Sprague-Dawley rats of either sex (mixed litter) at P1
were used for the preparation of primary hippocampal neuron cultures. All procedures were
performed in accordance with UCSF (protocol # AN108729-02B) and Dartmouth College
(protocol # 00002115) IACUC guidelines.

METHODS DETAILS

Acute slice electrophysiology—All experiments were matched to mouse sex, brain
hemisphere, and rostral-caudal slice position across experimental conditions. Briefly, mice
were deeply anesthetized with isoflurane and transcardially perfused with ice-cold cutting
aCSF solution containing (in mM): 93 N-methyl D-glucamine, 2.5 KCI, 1.2 NaH,POy,

30 NaHCOg3, 20 HEPES, 20 glucose, 5 Na ascorbate, 2 thiourea, 3 sodium pyruvate, 12
N-acetyl L-cysteine, 10 MgSQOy, 0.5 CaCl,, pH adjusted to 7.4 with HCI and bubbled with
95% O, / 5% CO,, ~300 mOsm. Brains were extracted, blocked, and fixed to the cutting
stage with Vetbond tissue adhesive positioned at a ~30-40° angle from horizontal along the
rostral/caudal axis using a 4% agar block. 350 um transverse hippocampal sections of were
obtained in ice-cold cutting aCSF with a ceramic blade (Cadence blades #EFINZ10), and a
Leica VT1200 vibrating microtome. Hemispheres were separated and small cuts were made
near the CA2/CA1 border in each hippocampus to prevent recurrent activity. Slices were
incubated for 12 minutes in cutting aCSF warmed to 34°C, then placed in holding aCSF
solution containing (in mM) 81.2 NaCl, 2.5 KCl, 1.2 NaH,POy4, 30 NaHCOg3, 20 HEPES, 20
D-glucose, 5 Na ascorbate, 2 thiourea, 3 sodium pyruvate, 12 N-acetyl L-cysteine, 2 MgSOy,
2 CaCly, pH 7.4, bubbled with 95% O, / 5% CO,, ~300 mOsm at room temperature (~20°C)
for up to 8 hours until used in experiments.

Whole-cell patch clamp recordings were obtained from CA1 pyramidal neurons using

an Olympus BX51W1 microscope equipped with IR-DIC optics and a motorized stage.
Pyramidal neurons were visually identified by their large cell bodies and position

within the pyramidal cell layer. Post hoc visualization of cell morphology confirmed
pyramidal cell identity in a subset of experiments (not shown). Voltage clamp and current
clamp experiments were carried out using Multiclamp 700B amplifiers and Clampex10.7
acquisition software (Molecular Devices). Analysis was performed using Clampfit10.7
software. Patch pipettes (borosilicate glass, OD 1.5mm, ID 0.86mm, tip resistance 2—-4 MQ)
were pulled using a Sutter P-97 micropipette puller. Slices were constantly perfused with
recording aCSF at 1.5-2mL/min containing (in mM) 119 NaCl, 2.5 KCI, 1.3 NaH,PQOy,

26 NaHCOg3, 1 MgCly, 2 CaCl,, 20 D-glucose and 0.5 Na ascorbate pH 7.4, bubbled with
95% O, / 5% CO,, ~295-305 mOsm and maintained at 32—34°C using an in-line heater
(Harvard Instruments). Picrotoxin (100 uM; Tocris #1128) was added to the recording aCSF
to block GABAa-receptors and isolate glutamatergic synaptic transmission unless otherwise
stated. Internal pipette solution contained (in mM) 130 CsMeSO3, 8 NaCl, 4 Mg-ATP,
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0.3 Na-GTP, 0.5 EGTA, 10 HEPES, pH 7.3, 5 QX314-bromide (Tocris #2555), ~290-295
mOsm, liquid junction potential ~—12mV or 142 K-gluconate, 10 HEPES, 1 EGTA, 2.5
Mg,Cl, 4 Mg,-ATP, 0.3Na3z-GTP, 10 Na-phosphocreatine, pH 7.3, 290-295 mOsm, liquid
junction potential ~ —8mV. In some experiments MK801 (1mM, Tocris #0924) was added
to the internal solution. Liquid junction potentials were corrected for experiments measuring
excitation and inhibition in parallel (i.e. Figure 8). Patch solutions were allowed >10 minutes
to equilibrate through the cell before experiments were performed. Pipette series resistances
were ~20 MQ and were compensated by ~30-60% in some experiments to achieve Rg
values of <10 MQ (see below). Experiments in which uncompensated R was >30 MQ or
changed by >20% were discarded. For experiments that required sampling EPSCs in a high
external calcium concentration (2.5mM [Ca2*]/0.5mM [Mg?*]) slices were first placed into
a recording aCSF that contained low concentrations of calcium and high concentrations

of magnesium (0.5mM [Ca2*]/2.5mM [Mg?*]). This approach was used to protect against
excitotoxicity and the induction of use-dependent synaptic plasticity. After patch formation
the recording aCSF was quickly switched to one containing high concentrations of calcium
and low magnesium (2.5mM [Ca2*]/0.5mM [Mg?*]). EPSC were sampled and reached a
plateau after ~10-15 minutes (i.e. Figure 3D-H; see descriptions of calcium input/output
experiments below).

AMPAR antagonists; preincubation experiments—Slices were immersed in
recording aCSF (2mM [Ca2*]/AmM [Mg?*]) bubbled with 95% O,/ 5% CO, and warmed
to 34° C and containing 2, 5, 8, or 10 pM GYKI 53655 (Tocris #2555), 0.1-10 uM

NBQX (Tocris #1044), 0.5-1.5 uM perampanel (Adooq Bioscience #A12489), or 10uM
JNJ55511118 (Tocris # 6278) for 10-30 minutes. Where indicated, the NMDAR-specific
antagonists AP5 (20 uM; Tocris # 0106), or MK801 (10uM; Tocris # 0924), or the KAR-
specific antagonist, ACET (10uM; Tocris # 2728) were incubated along with GYKI or
perampanel. Control experiments were always conducted with slices that had been incubated
in the same warmed aCSF solutions lacking drug for the same duration. For drugs that
were dissolved in DMSO (i.e. perampanel; JNJ55511118), the same volume of DMSO (i.e.
0.01%) was used as controls (i.e. vehicle condition). Experimental and control experiments
were always interleaved and hemispheres were paired. After pre-incubation, slices were
placed in the recording chamber and continually perfused with control or drug-containing
solution in the presence of picrotoxin (100 pM), unless otherwise stated, at 32—-34°C for an
additional ~10-15 minutes before whole cell patch formation.

EPSC input/output experiments—Electrical input/output stimulation experiments were
performed in physiological concentrations of extracellular calcium and magnesium (2mM
[Ca?*]o/ImM [Mg?*]e) and in the presence of picrotoxin (100 pM). Patch pipettes were
filled with K-gluconate-based internal solutions and pipette series resistance was left
uncompensated (Rg control mean 20.76 + 1.35 MQ, n=11; GYKI mean 23.76 + 0.09 MQ,
n=10). Only stable experiments (<20% change from baseline Rg) were analyzed. Monopolar
tungsten wire stimulation electrodes were inserted into the opposite end of pulled patch
electrodes (borosilicate glass, OD 1.5mm, ID 0.86mm, tip resistance 2—-4 MQ), filled with
aCSF and placed in the proximal/medial aspect of the stratum oriens ~100 um from the
pyramidal cell layer and ~200um from the perpendicular axis of the patched cell at a
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depth of ~20-50 um. One pole of the stimulus isolation unit (A.M.PI. ISO-Flex; Jerusalem,
Israel) was connected to the tungsten monopolar stimulation electrode, and the other was
connected to a AgClI ground wire inserted into the recording bath. Stimulus strength was
increased in small increments ranging from 0.005-5mA, pulse duration remained constant
(0.1ms). Excitatory postsynaptic currents (EPSCs) were evoked once every 30 seconds (i.e.
0.0333 Hz) or once every minute (0.0167Hz). Spontaneous excitatory postsynaptic currents
(SEPSCs) were recorded during the intervals between evoked stimuli and measured using the
template matching algorithm in Clampfit10.7 software.

GYKI wash-on and EPSC recovery experiments—Experiments that involved the
acute application of GYKI and long duration monitoring of EPSCs (i.e. Figure 1J-O) were
performed in physiological concentrations of calcium and magnesium (2mM [CaZ*]/ImM
[Mg2*]e) and in the presence of picrotoxin (100 uM). Patch pipettes were filled with
K-gluconate-based internal solutions described above. Pipette series resistance was left
uncompensated (mean 25.06 + 0.89 MQ, n=16). Only stable experiments (<20% change
from baseline R,) were analyzed. The positive and negative poles of a stimulus isolation
unit (A.M.PI. ISO-Flex; Jerusalem, Israel) were connected to two tungsten wire stimulation
electrodes and inserted into each barrel of theta glass pipettes (borosilicate glass, OD 1.5
mm, ID 1.00 mm, SEP 0.2 mm, tip diameter ~ 1-3 pm) and filled with aCSF. Theta glass
stimulation electrodes were placed in the proximal/medial aspect of the stratum oriens ~100
pum from the pyramidal cell layer and ~200um from the perpendicular axis of the patched
cell at a depth of ~20-50 pm. The stimulus strengths were maximal (0.5mA/0.1ms) and
were kept constant throughout the experiment. Stable EPSCs were achieved by carefully
adjusting the position of stimulation electrodes during a pre-experiment baseline sampling
period. Once stable responses were achieved, the position and strength of the stimulation
electrode was fixed and not further altered for the duration of the experiment. EPSCs

were sampled once every minute (i.e. 0.0167Hz) in voltage clamp mode (Vm —70mV) for
20 mins during GYKI application, then in 5-minute segments, interspersed by 10-minute
intervals during the recovery period. Cells were unclamped and allowed to fluctuate around
their membrane potentials during these 10 minute ‘rest’ periods. Recorded cells had stable
membrane potentials, access resistance, and membrane resistances throughout the duration
of the experiment. Only cells in which stable recordings were achieved for at least 45
minutes and where SEPSC events could be clearly resolved above noise were included in
analysis (n=16). For a subset of cells accepted for subsequent analysis (n=7), the amplitude
of SEPSCs rapidly depressed upon GYKI wash-on and remained stable throughout the
remaining duration of the recording (Figure 1M; SEPSCi=oomins = 76.86 + 2.99% of
baseline, SEPSCi=45mins = 78.06 £ 6.48% of baseline, p=.908 two-tailed paired Student’s
t-test; n=7 out of 16 cells). Conversely, the amplitude of SEPSCs in the remaining cells
continued to decline throughout of the duration of the recording (SEPSCi=20mins = 80.06 £
3.12% of baseline, SEPSCi=45mins = 69.35 + 1.46% of baseline, p=.0015 two-tailed paired
Student’s t-test; n=9 out of 16 cells), suggesting progressive inhibition of AMPARs by
GYKI or possible run-down of postsynaptic responses. Because we could not interpret the
effects of a progressively changing baseline, these cells were omitted from further analysis.
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Isolation and measurement of NMDAR currents—To isolate NMDAR-mediated
EPSCs we acutely blocked all AMPAR-mediated neurotransmission by bath application of
the AMPAR/KAR antagonist, NBQX (10uM; Supplemental Figure 4F) immediately before
measurements of NMDAR EPSCs at a holding potential of +40mV in low extracellular
Mg?2* (0.5 mM). Monopolar tungsten wire stimulation electrodes were inserted into the
opposite end of pulled patch electrodes (borosilicate glass, OD 1.5mm, ID 0.86mm, tip
resistance 2-4 MQ), filled with aCSF and placed in the proximal/medial aspect of the
stratum orfens ~100 pm from the pyramidal cell layer and ~200pum from the perpendicular
axis of the patched cell at a depth of ~20-50 pm. One pole of the stimulus isolation unit
(A.M.PI. ISO-Flex; Jerusalem, Israel) was connected to the tungsten monopolar stimulation
electrode, and the other was connected to a AgCI ground wire inserted into the recording
bath. Stimulation electrode position was finely adjusted until a threshold response was
elicited between at 0.01 mA, but not at 0.005mA. Stimulus strength was increased in small
increments ranging from 0.005-5mA, pulse duration remained constant (0.1ms). We then
generated stimulus-evoked input/output curves and measured NMDAR-mediated synaptic
currents (Figure 2A). We recorded NMDAR-mediated mEPSCs in the presence of TTX at
a holding potential of ~70mV, in zero Mg2*, and immediately following the application of
NBQX (10uM) to fully block AMPARSs. Subsequent application of the NMDAR antagonist
AP5 completely abolished these events, confirming that they are NMDAR-mediated (Figure
2D).

Multiple Probability Fluctuation Analysis (MPFA)—Quantal analysis was performed
according to previously published protocols (Rothman and Silver, 2018; Saviane and Silver,
2007). Patch pipettes were filled with CsMeSO3-based internal solutions and pipette Rg was
compensated by 30-60% (compensated Rs control mean 5.67 + 0.28 MQ, n=13; GYKI pre-
incubated mean 5.74 £ 0.31 MQ, n=14). Experiments in which uncompensated Ry was >30
MQ or changed by >20% throughout the duration of the experiment were discarded. Bipolar
tungsten wire stimulation electrodes were inserted into each barrel of theta glass pipettes
(borosilicate glass, OD 1.5 mm, ID 1.00 mm, SEP 0.2 mm, tip diameter ~ 1-3 um) and filled
with aCSF (2mM [CaZ*]/ImM [Mg2*]). Stimulation electrodes were placed in the proximal/
medial aspect of the stratum oriens~100 pm from the pyramidal cell layer and ~200um
from the perpendicular axis of the patched cell at a depth of ~20-50 um. Stable EPSCs were
achieved during a pre-experiment baseline sampling period in 1mM [Ca2*]o/2mM [Mg?*]e.
The stimulus strengths were kept constant (0.5mA/0.1ms), and once stable, the position

and strength of the stimulation electrode was fixed and not further altered. EPSCs were
evoked in three different concentrations of extracellular calcium [Ca2*], and magnesium
[Mg?*]e; the total concentration of divalent ions was kept constant at 3mM. aCSF solutions
were applied to slices in the following sequence; 1mM [Ca2*]./2mM [Mg2*]e, 0.5mM
[CaZ*]e/2.5mM [Mg%*]e, and 2.5mM [Ca?*]¢/0.5mM [Mg?*]e. At least 30 sweeps of
EPSCs were sampled for each [Ca?*]/[Mg?*]. condition, once they stabilized after solution
exchange. EPSCs were sampled at a holding potential of —70mV. The following stimulation
frequencies were used to sampled EPSCs at each [Ca%*]/[Mg?*]. condition to avoid
synaptic potentiation or depression; 1mM [Ca?*]¢/2mM [Mg2*]e 0.033Hz, 0.5mM [Ca2*]./
2.5Mm [Mg?*], 0.05Hz, 2.5mM [Ca?*]¢/0.5mM [Mg?*], 0.0167Hz. Mean peak EPSCs

(1) and background-subtracted variances (6%) were calculated for each [Ca2*]¢/[Mg?*]e
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condition once EPSCs stabilized following each solution exchange, and fit to the following
multinomial model using IgorPro8 and NeuroMatic v3.0 (Rothman and Silver, 2018):

_ émpfaiz(l +a)

2 _|= ( 2 ) = 2
57 = I- 1+CV, Icv
1=|Cmpfa [+ NOppyat +CVorr|+QpICVor

where Qppr, is the mean quantal amplitude, NVis the mean number of active release

sites, a represents a probability density function that approximates the distribution of
release probabilities across release sites (constrained at 2 to approximate the heterogeneous
distribution of /s at hippocampal synapses (Branco and Staras, 2009), CVy,is the
coefficient of variation of quantal amplitudes within a single release site, and CVpy,is

the coefficient of variation of quantal amplitudes across release sites. CVp,was not directly
measured and was constrained to 0.36, based on previous measurement at hippocampal
synapses (McAllister and Stevens, 2000). The total quantal variance (CV/(7) was estimated
as the CV of successful EPSC amplitudes recorded in the 0.5 mM [Ca2?*]./2.5mM [Mg?*].
condition (i.e. the variance of Qggpc amplitudes). CV;, was subsequently estimated from the
following equation (Saviane and Silver, 2007):

CVQT=\ CVé[+CVé[l

We obtained mean CVéH values of 0.40 £ 0.03 for control and 0.38 £+ 0.04 for GYKI

treated synapses, in close agreement with previously reported values in hippocampal
slices (i.e. 0.42) (Bekkers et al., 1990). The error in estimating the sample variance
(Ssample variance) Was calculated as follows (Saviane and Silver, 2007):

267

5 iance = \|——
Sample variance n—1

Where nis the number of sweeps, and &, is the standard deviation of EPSC amplitudes
across sweeps. Multinomial fits were weighted according to the estimated Ssamp/e variance-
The mean probability of vesicle release from any given active release site (A) in each
[Ca?*]o/[Mg?*]. condition was determined based on the following equation:

I= NPrémpfa

Where P, is the probability of a vesicle fusion event at any given release site (). We
independently verified the accuracy of our Q,,), 7, estimation by measuring the amplitude
of successful EPSCs obtained in the 0.5 mM [Ca2*]o/2.5mM [Mg?*].. We refer to this
empirical estimation as Qgps throughout.

Calcium input/output experiments: In order to standardize stimulation conditions across
different slices from different mice, we developed an approach in which the failure rate of
EPSCs in low calcium aCSF (0.5mM [Ca2*]./2.5mM [Mg?*].) was used as an indicator
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of axon recruitment. EPSC amplitude distributions in control conditions were less variable
using this method (CVstim 110 = 0.64; CVealcium 170 = 0.38), suggesting that this is a more
consistent approach for estimating synaptic strength.

Slices were preincubated in aCSF + GYKI (2mM [Ca?*]¢/ImM [Mg2*]e) for 10-30 minutes
before being placed in the recording chamber containing low calcium aCSF (0.5mM
[Ca?*]o/2.5mM [Mg?*].). Bipolar theta glass stimulation electrodes were first positioned

in the proximal/medial aspect of the stratum oriens as described above for MPFA. Cells were
voltage clamped at —70mV. Pipette series resistance was ~15-20 MQ and was compensated
by 20-60% (compensated Rs pipette control mean 6.29 + 0.42 MQ, n=7; pipette control
GYKI pre-incubated mean 6.44 + 0.97 MQ, n=7; iMK801 control mean 5.84 + 0.28 MQ,
n=7; iIMK801 GYKI pre-incubated mean 5.54 + 0.47 MQ, n=7). Experiments in which
uncompensated Rg was >30 MQ or changed by >20% were discarded. The patched cell was
allowed to equilibrate for at least 10 minutes before the experiment began. For experiments
in which MK801 was included in the patch pipette, a pre-experimental stimulation period
involved delivering pairs of pulses at a frequency of 0.05 Hz for 10 minutes to fully

block NMDARs. A total of ~20 minutes elapsed between break-in and the beginning of an
experiment. This approach fully blocks NMDARs in the sampled inputs (see Supplemental
Figure 41). Stimulation strength was kept constant at 0.5mA/0.1ms duration. EPSC events
were achieved by carefully adjusting the position of stimulation electrodes to achieve

a consistent average failure rate of ~30-70% in 0.5mM [Ca2*]./2.5mM [Mg2*]. (see
Supplemental Figure 4A&B). Once the occurrence of successes and failures was stable,

the position of the stimulation electrode was fixed and was not altered for the remaining
duration of the experiment. At least 30 sweeps were sampled at 0.05Hz (i.e. for 10 minutes)
under these conditions at 0.5mM [Ca2*]¢/2.5mM [Mg2*]e, then the bath perfusion was
switched to one containing 2.5mM [Ca2*]./0.5mM [Mg2*].. During the aCSF transition
period, EPSCs were sampled at 0.0167Hz. The average EPSC of 5 plateaued responses was
normalized to the amplitude of the successful EPSCs in low calcium conditions (i.e. Qgpsc)
to obtain an estimate of quantal contents shown in Figure 3N&O. In some experiments
NBQX (10 pM) was applied immediately following plateaued EPSC measurements to
acutely isolate NMDAR EPSCs as described above. After verifying that AMPARs were
fully blocked (this occurred within <5 minutes of NBQX application; Supplemental Figure
4F), cells were voltage clamped at +40mV and NMDAR-mediated EPSCs were sampled.
In some cases, EPSCs were subsequently blocked with AP5 (20 uM; data not shown), to
confirm their NMDAR-dependence.

Double patch experiments—Slices were first incubated in control or perampanel
(0.5uM) containing aCSF (in 2mM [Ca2*]e, 1mM [Mg?*].) for 15 minutes at 34°C,

then placed in the recording and perfused with low [Ca2*] (0.5mM), high [Mg?*]e
(2.5mM) aCSF. The control electrode (labeled with AlexaFluo488, 10 uM) was lowered and
positioned close to one of the desired cells. The second electrode was tip filled with normal
internal solution lacking dye (<0.2ul) and back-filled with internal solution containing
MK801 (1mM) and AlexaFluo594 (10uM). Inclusion of normal solution in the tip, along
with the presence of high [Mg?*], prevents undesired spillage of internal solution and
blockade of external NMDARs. Once the whole-cell configuration was achieved with the
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iMK®801 electrode, a second neighboring cell was patched with the control electrode. Pipette
series resistance was ~20 MQ and compensated by 10-40% (uncompensated Rs control
incubation control pipette mean 23.14 + 1.30 MQ, control incubation iMK801 pipette mean
24.54 £ 1.24 MQ, n=16; perampanel incubation control pipette 22.95 + 1.55 MQ, n=18;
iMK801 GYKI pre-incubated mean 24.82 + 1.27 MQ, n=18). Internal solution was allowed
to perfuse into the cell for 10 minutes while high [Ca2*]e, low [Mg?*]. aCSF was perfused
into the recording chamber. A pre-experiment stimulation period (pairs of pulses at 0.05Hz
for 40-60 sweeps) was applied to fully block NMDARs in the iMK801 cell. Overall,
patched cells were held for ~20 minutes before the beginning of the experiment. Once
NMDARs were fully blocked, cells were rested for a further 5 minutes and AP5 (20uM)
was added to the recording chamber to fully block NMDARSs throughout the entire slice
(Supplemental Figure 41). EPSCs were then sampled (0.0167Hz) at the reversal potential
for inhibition (=70mV) in both neurons to stimulation of axons in the stratum oriens.
Immediately following sampling of EPSCs, NBQX (10uM) was added to the recording
chamber to fully block AMPARSs. Any residual inward current at —70mV was subtracted
from the sampled EPSCs to obtain pure AMPAR-mediated EPSCs. IPSCs were sampled
(0.0167Hz) at the reversal potential for inhibition (OmV) in both neurons using the same
stimulation electrode.

Live imaging of dendritic spines—Acute slices of hippocampus were obtained from
adult thyZ-GFP-M mice (Feng et al., 2000) as described above for ex vivo electrophysiology
experiments. Live imaging of spine dynamics was performed in 350pm thick acute slices
prepared from adult male and female (8-10 weeks) #hyZ-GFP-M mice as described above.
Tertiary dendritic segments of basal dendrites in the stratum oriens were imaged using

a multiphoton microscope (Intelligent Imaging Innovations — 3i system) and SlideBook
software (Denver, CO, USA) equipped with an Olympus water immersion 60X, 1.00 NA
objective. Slices were perfused with aCSF containing (in mM) 119 NaCl, 2.5 KCl, 1.3
NaH,PO4, 26 NaHCO3, 1 MgCls, 2 CaCl,, 20 D-glucose and 0.5 Na ascorbate, 0.5 Trolox,
pH 7.4, bubbled with 95% O, / 5% CO,, ~295-305 mOsm and maintained at 32—-34°

C using an in-line heater (Harvard Instruments) and heated bath chamber (Luigs and
Neumann). Dendrite segments (length range 17.32-34.67um) were imaged as 3D Z-stacks
(20-30 um, optical section 0.55 um) in 2-photon scanning mode (910 nm, ~15% laser
power, 4 us dwell time). Z-stacks of dendrites were imaged once every 10 minutes during
the application of GYKI (5uM) for 1 hour. Average 2D projection images were computed
from 3D Z-stacks using Fiji software and the areas of spine heads (range 24-49 spines/
dendrite) were fit with ellipsoids and measured by an experimenter blinded to treatment
condition. Values were normalized to the average size of spines in the first two image stacks
(i.e. the baseline spine size). Overall spine size changes (shown in Supplemental Figure 7J)
are computed as the fractional difference between the average spine size in the last three
image sessions (t = 40, 50, 60 mins) to the average of the first two image sessions, prior to
GYKI application (t = 0, 10 mins).

Stereotaxic surgeries—Adult GRIA1,2,3™ W mice of both sexes (age P60-100) were
deeply anesthetized with isoflurane and positioned on a stereotaxic frame. Retrograde
serotype AAVs expressing GFP-Cre (pENN.AAVrg.hSyn.HIl.eGFP-Cre. WPRE.SV40;
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Addgene #105540-AAVrg) or only GFP (pAAVrg-hSyn-EGFP; Addgene #50465-AAVrg)
were injected into the following coordinates: X (posterior from bregma) 2.1mm, Y (lateral
from bregma) + 0.6mm, Z (ventral from pia) 1.55mm. 200-250 nLs of virus at a titre

of ~1X1012 was injected bilaterally. Viruses were expressed for 3—4 weeks prior to slice
physiology experiments.

Immunohistochemistry—Perfusion fixed sections of mouse brains were cut on a
cryostat (70um thick), dried on slides and washed in PBS containing 0.1M glycine.

Slices were blocked and permeabilized in PBS containing 1% Triton X-100 (PBT) and

10% goat serum for 1 hour at room temperature and incubated overnight at 4°C in PBT
containing goat serum (10%) and polyclonal primary antibodies against GFP (rabbit anti-
GFP, ThermoFisher A-6455, 1:1000) and NeuN (guinea pig anti-NeuN, Synaptic Systems
266 004, 1:500). Slices were washed again in PBS and incubated in secondary antibodies
(goat anti-rabbit IgG AlexaFluor488 and goat anti-guinea pig 1gG AlexaFluo594, each
1:500) for 1 hour at room temperature and mounted in Vectashield containing DAPI (\Vector
Laboratories, Burlingame, CA, USA).

Cell culture and glutamate imaging—Hippocampal CA1-CA3 regions were dissected
with dentate gyrus removed from P1 Sprague-Dawley rats of either sex (mixed

litter), dissociated (bovine pancreas trypsin; 5 min at room temperature), and plated

on polyornithine-coated coverslips (Carolina Biological; item 633095; 22x22x0.17 mm
borosilicate glass) inside a 6 mm diameter cloning cylinder (Ace Glass) as previously
described (Hoppa et al., 2012). Calcium phosphate mediated transfection was performed

on 5-day-old cultured neurons with the described plasmids (below). Glutamate release was
measured using intensity-based glutamate-sensing fluorescent reporter (iGIuSnFR) GluSnFr
variant A184S (Addgene #106198) (Marvin et al., 2013) and iGluSnFR3 v857 (a kind gift
from Dr. K. Podgorski, Jenalia Research Campus). All experiments were performed at 35°
C using a custom-built objective heater. Coverslips were mounted in a rapid-switching,
laminar-flow perfusion and stimulation chamber on the stage of a custom-built laser
microscope. The total volume of the chamber was ~ 750 ul and was perfused at a rate of
400 pl/min. During imaging, cells were continuously perfused in a standard saline solution
containing the following in mM: 119 NaCl, 2.5 KCl, 2 CaCl,, 2 MgCl», 25 HEPES,

30 glucose, solutions were supplemented with either 10 uM 6-cyano-7-nitroquinoxaline-2,3-
dione (Sigma) or 5 pM GYKI (Tocris). For high glutamate calibration, a 500ul volume

of 10 uM glutamate was rapidly perfused into the cell imaging chamber. For measuring
exocytosis, specimens of iGluSnFr A184S-transfected neurons were illuminated by a 488
nm laser 2 mW (Coherent OBIS laser) with ZET488/10x and ZT488rdc dichroic (Chroma)
through a Zeiss EC Plan-Neofluar 40 x 1.3 NA Objective. GluSnFr florescent emission was
collected through an ET525/50m filter (Chroma) and captured with an IXXON Ultra 897
EMCCD (Andor). GluSnFr fluorescence was collected with an exposure time of 9.83 ms
and images were acquired at 100 Hz. Stimulation for firing action potentials for evoked
vesicle fusion were evoked by passing 1 ms current pulses, yielding fields of ~12 V//cm?
(unless otherwise noted) using platinum/iridium electrodes. Spontaneous release was easily
identified by eye and were found to have a normal and quantal distribution. Not shown, these
same sized signals can be identified in the presence of TTX (3 uM) confirming that they
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are spontaneous fusion. Images were analyzed in ImageJ (http://rsh.info.nih.gov/ij) by using
custom-written plugins (http://rsb.info.nih.gov/ij/plugins/time-series.html).

Electron Microscopy—Acute brain slices were prepared as described above for
electrophysiology experiments. After recovery for 1.5 hours, slices were incubated for 30
minutes at 34° C in aCSF solutions with or without GYKI (5-10 uM), cooled to ~4 °C

then fixed by immersion up to 2 hours in 2% glutaraldehyde in 0.1M Na-cacodylate buffer,
pH 7.4 at room temperature (RT) followed by overnight at 4° C. Fixed slices were then
post-fixed with 1% OsO4/1.5% KFe(CN)g/0.1 M Na-cacodylate for 1 hr at RT, followed

by 1% Os04/0.1M Na-cacodylate for 1 hr at RT, en bloc staining in 5% uranyl acetate

in water for 1 hr at RT, dehydration, infiltration and polymerization in Eponate 12 resin
(Ted Pella, Inc., Redding, CA). Serial sections (35 or 50nm thickness) of the stratum oriens
were cut with a Leica UCT ultramicrotome using a Diatome diamond knife, picked up on
Pioloform coated slot grids and stained with uranyl acetate and Sato’s lead (Sato, 1968).
Sections were imaged with an FEI Tecnai T12 TEM at 120 kV using a Gatan U895 4k x 4k
camera. Synaptic profiles were selected based on active zone membranes that were precisely
perpendicular to the plane section. 50 um x 50 um montages of 40-50 sections per sample
were imaged using SerialEM (Mastronarde, 2005) and aligned with TrakEM2/Fiji (Cardona
et al., 2012; Schindelin et al., 2012). Modeling and analysis were performed with IMOD
(Kremer et al., 1996).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis were performed using Origin Pro 9, Prism 8, or Igor Pro 8. When
means are shown, error bars indicate standard error. Box plots represent median and Tukey
interquartile range, whiskers represent max and min. Parametric or non-parametric statistical
analyses were performed when data were normally distributed and when normality could

be rejected, respectively. Statistical tests used are indicated in figure legends. When shown
in figures, n = the number of cells. For each experiment, data from at least three separate
animals was collected.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

AMPAR antagonism induces rapid compensatory presynaptic plasticity in
adult hippocampus.

Postsynaptic NMDARSs are required for the expression of compensatory
plasticity.

Plasticity includes expansion of active zones, spine volumes and the docked
vesicle pool.

Compensation at excitatory synapses is linked to potentiation of synaptic
inhibition.
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Figure 1. Partial inhibition of AMPARSs is accompanied by rapid compensatory recovery of

excitatory neurotransmission at adult mouse CA1 synapses.

(A) Schematic of the recording configuration. SO, stratum oriens, SPy, stratum pyramidale,
SR, stratum radiaturm, SLM, stratum lacunosum moleculare. (B) Representative traces
(TTX; 500nM), GYK concentration indicated (5-min per concentration). (C) Quantification
for data as in (B), normalized to the baseline (zero GYKI). (D) EPSCs and SEPSCs
during acute GYKI application. (E) Stimulus input/output in control (blue) and GYKI-
treated slices. 10-minute data is paired to control (t=0) data. 30-minute data from separate
GYKI pre-incubated slices. (F) Mean maximum EPSCs from (E). (G-H) Quantification for
recordings as in (E). (1) Paired pulse ratios (PPR; 50ms ISI) from (E). (J) Representative
traces of EPSCs (left) and SEPSCs (right) from a single continuous experiment. GYKI
application indicated by orange bars, and wash-off by blue bars. Membrane potential was
recorded in current clamp (1=0), indicated in grey. (K-L) Representative (grey traces; colour
indicates mean waveform) synaptic events (K) and quantification (L) of EPSC and SEPSCs
prior to GYKI wash-on (baseline), following GYKI wash-on (20 min, 50 min), and after
wash-off. Membrane resistance (Rm) and access resistance (Ra) are stable (L, bottom).
(M-0O) Average EPSC amplitudes (M), SEPSC amplitudes (N), and PPRs (O) normalized to

baseline.

Neuron. Author manuscript; available in PMC 2023 October 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chipman et al.

Page 29

n = # cells from at least 3 mice. Data are mean (+ SEM). ns p>.05; * p<.05; **

p<.01; ***p<.001, one-way repeated measures ANOVA or Friedman test with Dunnett’s

or Benjamini, Krieger, and Yekutieli post-hoc test (C, £, M, N, O), one-way Kruskal-Wallis
ANOVA with Dunn’s post-hoc test (F-/).
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Figure 2. AMPAR-specific antagonism results in a graded potentiation of NMDAR-mediated
neurotransmission

(A) Representative traces and input/output curves in control and 30-minute GYKI (5 uM),
as indicated. (B) Representative NMDAR-mediated mEPSCs and quantification, GYKI
incubation as in (A). (C) Normalized NMDAR-mediated EPSCs after GYKI pre-incubation
(concentrations shown). Graph relates NMDAR EPSC following GYKI pre-incubation to
AMPAR antagonism observed following acute GYKI wash-on (Hill coefficient = 4.45). (D)
AMPAR EPSCs acquired in the absence (green) or immediately following PMP application
(magenta). NMDA EPSCs following pre-incubation (30min) in ACSF (blue; 0.01% DMSO)
or PMP (magenta). Stimulation input/output curves (right) acquired following 30-minute
pre-incubation (PMP; 1 uM) or vehicle (0.01% DMSO). (E) Same as D but using NBQX
(dark blue; 10 uM). (F) Normalized NMDAR-mediated EPSCs after pre-incubation with
PMP, JNJ55511118 (JNJ), or NBQX compared to AMPAR-mediated EPSCs following acute
wash-on of indicated drug concentrations. Curve is reproduced from (C). (G) lllustration

of stimulus standardization paradigm. Green circles represent actively releasing synapses.
(H) Unitary AMPA-mediated EPSCs and failures in 0.5mM [Ca?*]. / 2.5mM [Mg?*]e

(top) and evoked NMDAR EPSCs in 2.5 mM [Ca2*]. / 0.5mM [Mg?*]. (bottom). (1)
Probability of release success in 0.5mM [Ca2*]. / 2.5mM [Mg?*]e. (J) Single experiments
(light markers) and means (dark markers) for each pre-incubation condition showing the
relationship between Qgpsc amplitudes (0.5mM [Ca2*]c), and evoked NMDAR EPSCs (2.5
mM [Ca?*],). Pearson’s correlation (p=0.010).

n = # cells is shown in brackets in figure panels and were obtained from at least 3 mice. Data
are mean (x SEM). ns p>.05; * p<.05; ** p<.01; ***p<.001 one-way repeated measures
ANOVA (A, D, E) or Student’s t-test (B, /, J). Different drug treatments are always

paired with vehicle (i.e. 0.01% DMSO for PMP) or control aCSF (i.e. water for GYKI)
experiments.
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Figure 3. KAR and NMDAR antagonists impair the compensatory potentiation of AMPAR-
mediated neurotransmission

(A) Schematic of calcium input/output (I/0O) paradigm. (B) Representative AMPAR-
mediated currents in low [Ca%*] (0.5mM) (fop), and during 2.5mM [Ca?*]. wash-on
(bottom) wash-on time indicated. (C) Average amplitudes of unitary AMPAR EPSCs (i.e.
Qepso) in the presence or absence of indicated antagonists. (D-H) EPSC amplitudes as a
function of time following onset of high [Ca2*], perfusion. (1) Recording configuration and
image of patched cells (x iIMK801 (1mM) and AlexaFluo488 (AF488) or AlexaFluo594
(AF594)). (J) Representative AMPAR-mediated EPSCs in control and iMK801-filled
neurons after incubation in vehicle (0.01% DMSO,; left traces) or PMP (0.5uM; right
traces). (K) The relative effect of iIMK801 on AMPAR-EPSC amplitudes (EPSCpnkso1/
EPSCcontro1*100) as in (J). (L) Graphs as in (D) for control internal (/ef?) or IMK801
internal solution (righ?). (M) EPSC amplitudes (normalized to baseline) during MK801 (20
uM) application (indicated, blue) following pre-incubation £ GYKI (5 uM, 30 min). (N-O)
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Single experiments (light markers) and means (dark markers) of each pre-incubation drug
combination. Qgpsc determined for each cell during 10-minutes in (0.5mM) calcium. Max
AMPAR EPSC is the plateau average in the calcium I/O experiment. Data fit with a Power
function.

n = # of cells shown in brackets and obtained from at least 3 different mice. ns p>.05; *
p<.05; ** p<.01; ***p<.001 one-way ANOVA and Tukey’s multiple comparisons test (C),
two-way repeated measures ANOVA (D-H, L, M), paired Student’s t-test two-tailed (K).

P values in N&O are the result of Pearson’s correlation. Data are mean £ SEM except
boxplots.
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Figure 4. Genetic depletion of GIuAl, GIuA2, and GIUA3 engages persistent synaptic
compensation.

(A) Representative PCR-based genotyping results for triple heterozygous GRIAL 2, 3
floxed mice. (B) Delivery of retrograde AAVs (retroAAV-hsyn;GFP-Cre) to the dorsal
subiculum. (C) Images 4 weeks after virus injection. Slices immunolabeled anti-GFP (green)
and neurons (NeuN; red). Nuclei are DAPI (blue). Scale bars are 500um (left and top

right) and 50 pm (bottom right). (D-F) Representative traces (D), average amplitude (£)

and frequency (F) of SEPSCs recorded in GFP-Cre+ cells (red) and GFP controls (green).
(G) Representative traces and amplitudes of Qgps.recorded in 0.5mM [Ca?*]e. (H) Success
rates (Ps) of synaptic events for experiments shown in G, /& J. (1) Calcium input/output
plots (transition from 0.5mM to 2.5mM [Ca2*],). (J) Single experiments (light markers)

and means (dark markers). Qgpsc were determined for each cell during 10-minute in low
(0.5mM) calcium. Max EPSC is the average plateau from calcium 1/O. Data fit with a Power
function. (K) Average of evoked EPSC amplitudes, including failures, at indicated [Ca2*]e.
(L) Representative traces and quantification of average EPSCs (+ SEM), normalized to
EPSC1 (20Hz). (M-N) Paired pulse ratios (PPRs) (M) and the average of the last 5

EPSCs /1%t (N). (O) Representative traces of AMPAR- and NMDAR-mediated EPSCs (left)
and AMPAR/NMDAR ratios (right).

n = # of cells is shown in brackets and is obtained from at least 3 different mice. ns p>.05;

* p<.05; ** p<.01; ***p<.001 Student’s t-test two-tailed (£, £, G, H, J, K, M, N), one way
ANOVA and Dunnett’s multiple comparisons test, two-way repeated measures ANOVA (/,
L).
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Figure 5. Compensatory plasticity achieved by increased release site number and expansion of
the RRP

(A-B) Representative EPSCs for indicated drug and divalent concentrations (C)
Representative mean EPSC vs. variance plots from a single experiment (see methods).
and @ values derived from the shown fits. (D-E) Quantal amplitudes (Qppz) and release
site number (A) for all cells. (F) Relationship between estimated quantal content at 2.5mM
[Ca%*]e (QC = EPSC, 5/ @Ompra) and Qgpse- Individual experiments (light markers) and mean
+ SEM (dark markers) are shown. (G-J) Data as in (C-F), with MK801 (10 uM) in
recording aCSF. (K) Representative traces (20Hz), 2.5mM [Ca%*], recorded after MPFA
(above). (L-M) Estimations for RRP size based on linear back-extrapolation of cumulative
quantal contents (3QC). (N-O) Relationship between RRP size and unitary AMPAR (Qgpsc)
amplitudes.

Control n = 13 cells from 12 mice; GYKI n =14 cells from 12 mice; Control + MK801

n =12 cells from 9 mice; GYKI + MK801 n=12 from 7 mice. *** p<.001. One-way
ANOVA and Tukey’s multiple comparisons tests (M), two-tailed Student’s t-test (D, H), or
Kruskal-Wallis ANOVA and/or Mann-Whitney non-parametric tests (£, /). RZ and P values
in £ J, N, Oare the result of Pearson correlations.
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Figure 6. Optical quantal analysis confirms an NMDAR-dependent potentiation of glutamate
release.

(A) Hlustration of rat primary cell culture. (B) Example images of GluSnFR fluorescence

in CNQX (10 uM) or GYKI (5 pM). Arrows identify boutons with stochastic glutamate
release events. Scale bar is 2 um. (C) Example spontaneous (grey arrow) and evoked
GluSnFR AF/F waveforms following single APs (black arrow). (D-E) Individual (light lines)
and mean + SEM (dark lines) AF/F amplitudes of co-captured spontaneous and evoked
GIuSnFR events. CNQX n = 31 boutons, 8 cells; GYKI n= 25 boutons, 9 cells. (F) Optical
quantal contents (Evoked/Spontaneous) of single boutons. (G) Cumulative distribution plots
of the probability of a successful release event (see methods). (H) Average peak AF/F

of successful events for each measured bouton. CNQX n = 178 boutons; GYKI n = 237
boutons; GYKI+CNQX n=143 boutons. (1-J) Single action potential evoked GluSnFR AF/F
events (/) and average integrated AF/F + SEM (J) before and during MK801 (1 uM).

ns p>.05; * p<.05; *** p<.001 Paired Student’s t-test two tailed (D, £) or two-tailed Mann-
Whitney test (F), Kruskal-Wallis and Dunn’s multiple comparisons test (G, H), two-way
repeated measures ANOVA (J).
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Figure 7. Serial-section reconstruction electron microscopy identifies NMDAR-dependent
synaptic growth as a structural correlate of compensatory synaptic plasticity.

(A) Overview of ROI for hippocampal volumes. Yellow box indicates region in (B). (B)
Mid-volume section with every active zone indicated (red). (C) Representative dendritic
shaft and spine (green) with associated bouton (magenta). (D) Dendrites from serial sections
(green), including active zones (blue) and docked vesicles (yellow) from acute brain slices
incubated in control solutions (top) or GYKI (10uM) (bottom) for 30 minutes prior to
fixation for EM. Arrows identify spine head protrusions. (E) Representative synaptic profiles
showing postsynaptic densities (magenta) and docked vesicles (red). (F) Reconstructed
bouton (grey) and spine (green) with postsynaptic density (magenta). Synaptic vesicles are
blue, docked vesicles are red. (G-1) Active zone area (G), docked vesicle number (4), and
spine volume (/) from slices £ GYKI (10uM), 30 minutes. (J) Spine volume versus active
zone area. R2 values are from Pearson correlations. (K-N) Same as G-J, but for slices treated
+ perampanel (PMP; 2 uM), and/or MK801 (10uM), or control (0.01% DMSO).
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ns p>.05; ** p<.01; *** p<.001, **** p<0.0001 and p-values shown are the result
of Student’s two-tailed t-tests (G-/) or one-way ANOVA and Bonferroni’s multiple
comparisons test (K-M).
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Figure 8. AMPAR antagonism initiates an NMDAR-dependent cross-modal potentiation of
inhibitory neurotransmission.

(A) Current/voltage relationships for EPSCs and IPSCs. (B-E) Representative traces (B),
amplitude (C, D) and frequency (£) of recordings of spontaneous EPSCs and IPSCs. (F)
The relative amplitude of spontaneous EPSCs and IPSCs (SE/I). (G) Representative traces
of evoked IPSCs in response to a step increases in stimulation strength. n = # of cells

from 10 (control), 7 (GYKI), and 3 (PMP) mice. (H) IPSCs evoked by maximal stimulation
(mean of 0.1 and 0.5mA). (1) Paired pulse ratios (PPR) of IPSCs (50 ms inter-stimulus
intervals), maximal stimulation (0.5mA). (J) Illustration of experimental design (top) and
representative IPSC traces (bottom). (K) IPSCs measured in control- and iMK801-filled
neurons after pre-incubation in vehicle (0.01% DMSO) or perampanel (PMP; 0.5uM).

(L) Influence of iMK801 on IPSC amplitudes in pairs (IPSCMK801/IPSCcontrol*100),
conditions as in (K). Control, n = 16 pairs from 3 mice; PMP, n = 18 pairs from 5 mice.
(M) Correlation of excitation (AMPAR EPSC) and inhibition (IPSC) measured in slices
pre-incubated in vehicle (0.01% DMSO) or PMP (0.5uM). R2 values are the result of
Pearson correlations. (N) Excitation/inhibition ratio measured with control and iMK801
pipettes in PMP (0.5uM) or vehicle (0.01% DMSO).

ns p>.05; **p<.05, *** p<.01 One-way ANOVA or two-way repeated measures ANOVA
and Tukey’s multiple comparisons test (C-G), Kruskal Wallis and Dunn’s post-hoc test (4,
/), or two-tailed paired Student’s t-test (vehicle vs iMK801; L). Vehicle (0.01% DMSO) and
control aCSF experiments are binned in (B-/).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-GFP polyclonal (1:1000) ThermoFisher Cat # A6455
Guinea pig anti-NeuN polyclonal (1:500) Synaptic Systems Cat # 266 004

Alexa Fluo 488 AffiniPure Goat Anti-Rabbit 1gG (H+L)
(1:500)

Jackson Immuno-Research
Laboratories

Cat # 111-545-003
RRID: AB_2338046

Alexa Fluo 594 AffiniPure Goat Anti-Guinea Pig 1gG
(H+L) (1:500)

ThermoFisher

Cat # A-11076

Chemicals, peptides, and recombinant proteins

GYKI 53655 Tocris Cat # 2555
Perampanel Adooq Biosciences Cat # A12489
JNJ 55511118 Tocris Cat # 6278
D-AP5 Tocris Cat # 0106
(+)-MK801 maleate Tocris Cat # 0924
ACET Tocris Cat #2728
NBQX disodium salt Tocris Cat # 1044
Picrotoxin Tocris Cat # 1128
CNQX disodium salt Alomone Cat# G-141

Bacterial and virus strains

pENN.AAVrg.hSyn.HI.eGFP-Cre. WPRE.SV40

Addgene plasmid #105540-
AAVrg was a gift from
James M. Wilson

Addgene Cat # #105540-AAVrg

pAAVrg-hSyn-EGFP

Addgene plasmid #50465-
AAVrg was a gift from
Bryan Roth.

Addgene Cat # 50465-AAVrg

Experimental models: Organisms/strains

2009

Mouse: C57BL6J The Jackson Laboratory JAX: 000664
Mouse: Tg(Thyl-EGFP)MJrs/J The Jackson Laboratory JAX: 007788
Mouse: GRIA1,2,3 fIx/fIx Dr. R. Nicoll lab - Lu et al. N/A

Rat: Sprague Dawley (SAS SD)

Charles River

CR: 400SASSD

Oligonucleotides

GRIAL1 forward primer: 5’-CAC TCA CAG CAA TGA
AGC AGG AC-3’

Elim Biopharmaceuticals

Oligo ID: 348107-1

GRIAL reverse primer: 5°-CTG CCT GGG TAA AGT
GACTTG G-3’

Elim Biopharmaceuticals

Oligo ID: 348107-2

GRIAZ2 froward primer: 5’-GCG TAA GCC TCT GAA
ATA CCT-3’

Elim Biopharmaceuticals

Oligo ID: 348107-3

GRIAZ2 reverse primer: 5’-GTT GTC TAA CAAGTT
GTT GAC C-3’

Elim Biopharmaceuticals

Oligo ID: 348107-4

GRIA3 froward primer: 5’-CCA ATG TTG TTT AGC
CTT TGC-3’

Elim Biopharmaceuticals

Oligo ID: 348107-5

GRIAZ3 reverse primer: 5’-GGT ATA TCT TCC CAG
CCC CAAG-3’

Elim Biopharmaceuticals

Oligo ID: 348107-6
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REAGENT or RESOURCE SOURCE IDENTIFIER
Thyl EGFP forward primer: 5°- Transnetyx N/A
CCACAGAATCCAAGTCGGAACTC-3’
Thyl EGFP reverse primer: 5°- Transnetyx N/A
CTCGCCCTTGCTCACCAT-3’
Recombinant DNA
iGluSnFR.A184S Marvin et al. 2013 Addgene Cat # 106198
iGluSnFR3 v857 Agarwall et al. 2022 Addgene Cat # 178333

Software and algorithms

GraphPad Prism (9.4.0)

GraphPad

https://www.graphpad.com

Igor Pro 8 (8.04) WaveMetrics https://www.wavemetrics.com/software/igor-
pro-8
Fiji NIH https://imagej.net/software/fiji/

Axon pClamp10

Molecular Devices

https://support.moleculardevices.com/s/article/
Axon-pCLAMP-10-Electrophysiology-Data-
Acquisition-Analysis-Software-Download-Page

NeuroMatic v3.0

Rothman and Silver, 2018

http://www.neuromatic.thinkrandom.com/
NMinstall.html
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