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Abstract

How is the information encoded within patterns of nerve impulses converted into diverse
behavioral responses? To address this question, we conducted the largest genetic
study to date of the electrophysiological and behavioral properties of synapses.
Postsynaptic responses to elementary patterns of activity in the hippocampal CAl
region were measured in 58 lines of mice carrying mutations in the principal classes of
excitatory postsynaptic proteins. A combinatorial molecular mechanism was identified in
which distinct subsets of proteins amplified or attenuated responses across timescales
from milliseconds to an hour. The same mechanism controlled the diversity and
magnitude of innate and learned behavioral responses. PSD95 supercomplex proteins
were central components of this synaptic machinery. The capacity of vertebrate
synapses to compute activity patterns increased with genome evolution and is impaired
by disease-relevant mutations. We propose that this species-conserved molecular
mechanism converts the temporally encoded information in nerve impulses into the

repertoire of innate and learned behavior.
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Introduction

Information from the external world is converted into sequences of nerve impulses
which are decoded or ‘read’ in the brain to generate representations, perceptions,
memories, emotions, actions and all other behavioral responses. Individual impulses
and pairs of impulses comprise the elementary syntax of longer sequences, such as
bursts and rhythms. The timing of individual impulses or pairs of impulses separated
even by miliseconds, has behavioral importance®®. Identifying the molecular
mechanisms underpinning the capacity of the brain to read patterns of neural activity

and generate behavioral responses is a major goal in neuroscience.

The proteome of excitatory synapses is central to this question for several reasons.
First, the output of excitatory synapses (postsynaptic depolarization) is adjusted

depending on the incoming sequence of neural activity’*°

(Fig. 1A). Synapses can
enhance or attenuate their postsynaptic responses during the pattern of activity itself as
well as make long-lasting stable changes in synaptic strength'®. This modulation is
referred to as synaptic plasticity, and the many forms that have been described can be
grouped according to the time scales when they are observed: milliseconds (e.g. paired-
pulse facilitation, paired-pulse depression), seconds (e.g. augmentation, depletion),
minutes (e.g. post-tetanic potentiation) and tens of minutes to hours (e.g. short-term

1116 Second, the

potentiation, long-term potentiation [LTP], long-term depression)
postsynaptic proteome of excitatory synapses in vertebrate species has a remarkable
complexity, with ~1,000 highly conserved proteins from many classes, including
neurotransmitter receptors, adhesion, scaffolding, signaling and structural proteins, and
many of these proteins are known to play a role in synaptic plasticity*”%’. However, it is
unknown whether these proteins have specific roles in the detection and discrimination
of patterns of activity, principally because there have been no side-by-side comparisons
of their functions. Indeed, it remains unknown which of the many postsynaptic proteins
are of greatest functional significance, and thus the core molecular mechanisms of the
postsynaptic terminal of excitatory synapses are unclear. It has also been puzzling why

the postsynaptic proteome is so complex and highly conserved when it has been
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thought that synaptic transmission and plasticity could be accomplished with only a
small number of these proteins®. Finally, more than 130 monogenic and polygenic brain
disorders, including schizophrenia, depression, autism and intellectual disability?>?*3*
arise from mutations and variants in genes encoding postsynaptic proteins. The extent
to which these mutations impact on the capacity of synapses to compute information

encoded in patterns of activity is poorly understood.

Here, we report a large-scale genetic dissection of the role of postsynaptic proteins in
multiple forms of synaptic plasticity induced by elementary patterns of activity. In
addition to a side-by-side comparative study of the electrophysiological phenotypes of
mutations in many genes, we have measured innate and learned behavioral responses
and hippocampal transcriptomes in the same mutant mouse lines®. These studies
comprise the largest genetic analysis of the vertebrate synapse to date with
phenotyping in molecular, electrophysiological and behavioral domains obtained using
standardized quantitative approaches and analyzed with robust statistical methods. This
data resource allowed us to uncover a novel molecular mechanism for synaptic

computation that underpins the behavioral repertoire.
Results

We studied fifty-eight lines of mice carrying engineered mutations in 51 genes of which
several were well characterized and served as benchmarks for our experiments
(Supplementary Fig.1, Supplementary Table 1). Most of the genes were previously
uncharacterized and chosen because they represented major classes of postsynaptic
proteins described in proteomic studies: glutamate receptors, surface adhesion
proteins, adaptors and scaffolders, structural proteins, small G-proteins and regulators,
signaling enzymes, kinases and phosphatases (Figs 1C, 2). Fifty-one lines harbored
loss-of-function (LoF) mutations (homozygous null or heterozygous haploinsufficient),
six lines carried knock-in mutations, and one line carried mutations in two genes
encoding NMDA receptor subunits (Supplementary Data 1). These genes included
paralogs from six protein families, phylogenetically conserved synapse proteins and
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orthologs of human disease genes (Fig. 2). All details of the mouse production and links
to electrophysiological and behavioral data and other datasets are available on our
website http://www.genes2cognition.org/publications/g2c/.

A highly standardized multi-electrode array (MEA)-based system was used to record
field postsynaptic responses (fEPSPs) in the apical dendrites of CA1 pyramidal neurons
following the stimulation of CA3 Schaffer collateral inputs in acute hippocampal slices
from mutant and wild-type mice®® (Methods). Single, paired and multiple closely spaced
stimuli (arranged in ten theta-bursts) evoked fEPSPs of differing amplitudes, consistent
with previous literature (Fig. 1B). From each slice, we systematically acquired 18
measures of postsynaptic responses spanning the timescale of milliseconds to an hour.
This was reduced to a set of nine minimally correlated measures, which we refer to as
the Neural Code Response Repertoire (NCRR) (Fig. 1B, Methods). The nine NCRR
parameters were subcategorized into four groups (Single, Pair, Burst, LTP) that
modeled the increasing complexity and duration of activity patterns: Single was a
measure of the absolute amplitude of the maximum fEPSP elicited by a single impulse;
Pair defined the ratio between peak amplitudes of two submaximal responses
separated by 10 or 50 ms (known as paired-pulse facilitation); Burst measures
represented the submaximal fEPSP amplitudes during theta-bursts (1, 2—4, 8-10 and
10) from a 2-s-long train containing 10 bursts; LTP was the relative enhancement of the
fEPSP at 60 min after a theta-burst stimulation (TBS), and LTP/PTP was the ratio of the
LTP amplitude at the 60th min to the amplitude of the first fEPSP recorded after TBS,
during post-tetanic potentiation (PTP) (Fig. 1C). A total of 2,836 slices were recorded
from 58 lines of mice generating 51,048 postsynaptic measures from which 25,524
measures from the NCRR were used (9 measurements in 2,836 slices) (for numbers of

slices and animals per line, see http://www.genes2cognition.org/publications/g2c/).

Combinations of postsynaptic proteins decipher activity patterns

We first asked which postsynaptic proteins were required for each of the NCRR

components (Fig. 2). Overall, from 51 lines of mice carrying single LoF mutations, the
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proportion showing phenotypes was 12.4% (68/459, P < 0.05). Remarkably, the
response to a single impulse was sensitive to one combination of proteins, whereas
another protein combination regulated pairs of impulses separated by 10 or 50 ms, and
other combinations regulated the responses during bursts and LTP. Each of these
combinations utilized all classes of postsynaptic signal transduction proteins, including
glutamate receptors, adaptors and scaffolders, small G-proteins and regulators,
signaling enzymes, kinases and phosphatases. Mutations in six structural and surface
membrane molecules tested did not lead to significant electrophysiological phenotypes.
Some proteins (e.g. PSD95, a-CamKll) were required for many of the NCRR
components, indicating that they are involved in regulating responses over a wide
temporal range, whereas other proteins had more restricted, specialized roles (see

horizontal phenotype histograms, Fig. 2).

We were also struck by the observation that each combination comprised proteins that
either attenuated or amplified the response magnitude (blue and red boxes, Fig. 2). The
relative contribution made by each gene to amplification or attenuation is shown in plots
ranking their effect size (Cohen’s d) value for each NCRR component (Fig. 3A).
Counting the number of proteins that either amplified or attenuated each response
revealed no detectable bias in this bidirectional modulation (x* test, P > 0.05) (Fig. 3B).
Importantly, many mutations did not simply attenuate or amplify all affected NCRR
components, but enhanced some and attenuated others, revealing that the repertoire of
different temporal components is coordinately regulated. Together, this genetic
dissection shows that the capacity of synapses to read and respond to patterns of
activity is dependent on the coordinated function of combinations of postsynaptic

proteins.
Major drivers of postsynaptic function
There have been no studies comparing the electrophysiological phenotypes of the many

classes of postsynaptic proteins and therefore, the identity of the most important

proteins for synaptic transmission and plasticity remains unknown. To address this, we
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derived an Overall NCRR score from the phenotype effect size (Cohen’s d) value of
each NCRR parameter for each mutation. As shown in Figure 4, ranking the Overall
NCRR scores for the 51 LoF lines showed that mutations in genes encoding the
scaffold protein PSD95 and the enzyme a-CamKIll had the strongest overall phenotype,
followed by mutations in genes encoding GKAP, GRIAL, IRSp53, Gitl, MAGUIN-1,
NR2A, TNiK, NR2B and SynGAP. The relative contribution of each of these proteins to
individual NCRR scores varied, indicating their differential contribution to the modulation
of different temporal components of activity patterns (Fig. 4). This combination of

postsynaptic proteins represents the prominent drivers of excitatory synapse function.
Physiological and behavioral mechanisms are shared

There are three features in common between the results obtained from the genetic
dissection of electrophysiological functions described above and the behavioral data
presented in the companion manuscript®. First, combinations of postsynaptic proteins
specify each innate or learned behavioral response, and each synaptic response to
temporally encoded information. Second, each of these combinations is composed of
proteins that amplified and attenuated the respective responses. Third, the major driver
proteins in behavior (PSD95, TNiK, PSD93, GRIAL, Gnbl, IRSp53, GKAP4, Igsec3)®

overlapped with those defined in the electrophysiological experiments.

To further examine the relationship between these sets of proteins, we tested the
correlation between the Overall NCRR scores and the Overall Behavioral Repertoire
(OBR)® score using data from 45 LoF lines of mice that were tested in behavioral and
electrophysiological experiments. This comparison showed a significant correlation
(Pearson’s r = 0.401, P = 0.0067) (Fig. 5A) between behavior and physiology that was
primarily dependent on seven proteins (PSD95, a-CamKIl, GRIA1, TNiK, IRSp53,
NR2A-dC, SynGAP) (Fig. 5A, B). These proteins are known constituents of PSD95

supercomplexes?*29:30:37-39

, indicating that these signaling complexes are the major
molecular machines in the postsynaptic terminal governing electrophysiological and

behavioral responses.
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Vertebrate proteome evolution generated response complexity

One of the most fundamental questions in neuroscience is how did humans and other
vertebrates evolve their sophisticated cognitive functions from simpler organisms?
Because our gene sets include paralogs in six families of postsynaptic proteins which

arose from two whole-genome duplications ~550 million years ago?*324%-4?

, our data
afford a unique opportunity to ask if the evolution of these paralogs contributed to the
capacity of vertebrate synapses to read information encoded in patterns of neural
activity. As shown in Figure 6A, the different NCRR phenotypes in five out of six families
of paralogs supports the conclusion that the genome duplications contributed greater
molecular combinatorial complexity to vertebrate synapses, with a resultant increase in

the capacity of synapses to read and respond to patterns of activity.

Because structural differences in paralogs arise by the accumulation of single
nucleotide polymorphisms (SNPs) (and other mutations), it was of interest to ask how
SNPs might reshape the NCRR. We examined lines of mice carrying engineered
mutations in two gene families. A comparison of two different point mutations in the
NR2B subunit of the NMDA receptor shows that the absence of the C-terminal valine
(NR2B-dV mutation) had no significant phenotype, whereas the triple amino acid
mutation disrupting the a-CamKIl binding site (NR2B-CK2) had significant phenotypes
in the Pair parameter (Fig. 6B). Mice carrying a complete LoF mutation in PSD95 (PSD-
95-GK) showed major NCRR phenotypes, whereas a point mutation (PSD-95-SH3)*?
introducing a single amino acid change in the binding site of the SH3 domain had no
significant phenotype (Fig. 6B). Together, these results show that gene duplication and
more subtle structural changes can shape the capacity of vertebrate synapses to

process information in patterns of nerve cell activity.

Diverse temporal response parameters are disrupted in human disorders
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Mutations and genetic variation in postsynaptic proteins cause more than 130
monogenic and polygenic brain disorders, including schizophrenia, depression, autism

and intellectual disability*>*%%*

. In addition, variation in 1Q is associated with genetic
variation in synaptic proteins and PSD95 supercomplexes®“*. Our datasets included
mutations in 18 genes known to be mutated in intellectual disability (ID), autism
spectrum disorder (ASD) and schizophrenia (SCZ) (Fig. 6C, Supplementary Table 2),
providing a unique opportunity to ask if (i) these mutations result in impairments in the
synaptic responses to patterns of activity and (ii) if there are any common or convergent
phenotypes (e.g. LTP impairment) associated with diseases. As shown in Figure 6C,
disease-relevant mutations disrupted all parameters. Furthermore, we observed both
amplification and attenuation of the responses (Fig. 6C, red and blue boxes). These
data suggest that ID, ASD, and SCZ are not caused by a reduction or increase in any
single electrophysiological parameter but reflect a shift from the optimal response in

multiple parameters.
Discussion

To understand how the brain decodes information within the limitless number of
patterns of neuronal activity that occur during behavior, we focused on a set of
elementary patterns: single stimuli, pairs of stimuli and bursts. Remarkably, each of
these elementary patterns required different combinations of postsynaptic proteins and
each combination included proteins that amplified or attenuated each response.
Patterns of increasing complexity (e.g. bursts) required multiple combinations of
postsynaptic proteins at different points throughout the activity pattern, as judged from
the sensitivity of burst elements to respective mutations. Thus, combinations of
postsynaptic proteins enable synapses to read information encoded in patterns of action
potentials and control the strength of synaptic transmission on short- and long-term
timescales. Since the protein combinations regulate the elementary syntax that
underlies more complex, naturally occurring patterns of activity, we suggest that the
protein combinations identified in these experiments, together with many other
combinations, are employed in physiological circumstances. The fact that the
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postsynaptic proteome is composed of >1,000 proteins suggests that there is a vast

number of potential protein combinations available to read diverse patterns of activity.

Our integrated electrophysiological and behavioral data from the same mice show five
important sets of convergent findings that point to a molecular and synaptic mechanism
of behavior. First, each behavior and electrophysiological response utilized
combinations of postsynaptic proteins. Second, the response magnitudes of all
behavioral and electrophysiological parameters were found to be controlled by
amplifying and attenuating proteins. Third, the main driver proteins affecting behavior
and electrophysiology were the same and comprised those found in PSD95
supercomplexes. Fourth, paralogs diversified behavioral and electrophysiological
responses. Fifth, comparison of SNPs with larger mutations showed similarly restricted

and widespread phenotypes in electrophysiology and behavior.

These findings provide strong support for the following model. The postsynaptic
proteome contains combinations of proteins that enable synapses to read temporally
encoded information. These protein combinations set the optimal magnitude of diverse
electrophysiological and behavioral responses. When the protein combinations are
disturbed by pathogenic mutations or genetic variation, synapses ‘misread’ the
information in patterns of activity and generate an inappropriate postsynaptic response
that in turn drives neuronal activity leading to maladaptive behavioral responses. At the
subsynaptic structural level, the combinations represent the physical organization of
postsynaptic proteins into multiprotein complexes with PSD95 supercomplexes playing
the major role. We suggest that these molecular machines are molecular building blocks
for the repertoire of behaviors. We believe this molecular model complements Cajal’s
‘circuit model’ of behavior, in which neurons are the building blocks for the circuits
mediating behaviors®, because excitatory synapses are molecularly diverse. Different
combinations of postsynaptic proteins and multiprotein complexes are distributed into
different synapses, neurons, circuits and brain regions?®%"#®4’_ Moreover, it has been
shown that synapse molecular diversity by itself can generate spatio-temporal

representations from incoming patterns of neural activity*’. The rich anatomical

10
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complexity of synaptome maps reveals the spatial organization of protein complexes

across brain regions controlling innate and learned behaviors®’.

This combinatorial molecular mechanism also provides a basis for the evolution of
vertebrate behavioral complexity and behavioral disorders arising from mutations. Our
findings support the conclusion that vertebrate genome duplications and paralog
diversification increased the capacity of synapses to compute more complex patterns of
neuronal activity. The finding that different kinds of mutations (changes in single amino
acids, proteins domains and gene deletions) affecting many protein classes all lead to
changes in synaptic computation suggests that the many human disorders associated
with genetic variation in the postsynaptic proteome have a direct impact on the capacity
of synapses to compute temporally encoded information. All 18 disease-relevant
mutations changed at least one synaptic response parameter, with most (14/18)
changing multiple parameters. Our side-by-side comparison of electrophysiological
phenotypes did not reveal any convergent phenotypes for ASD, schizophrenia or
intellectual disability genes. These disorders could be considered as arising from a shift
in the optimal response to patterns of activity and an overall defect in decoding temporal

information.

In our studies, we have focused on elementary patterns of neural activity, and there are
many electrophysiological stimulation paradigms, built from these elementary patterns,
that induce forms of plasticity. We therefore expect that the combinatorial molecular
principles would apply to these paradigms. We do not think that the combinatorial
principles will be restricted to postsynaptic proteins because paralogs of presynaptic
proteins, such as Munc13*, are known to play differential roles in synaptic plasticity.
Finally, the data resources generated from this study can be used for many applications
in computational neuroscience, behavior and physiology, medical genetics and
genomics. We suggest that integrated analyses of large-scale phenotype data spanning
molecules, synapse physiology and behavior can be applied to other sets of proteins in

the nervous system.

11


https://doi.org/10.1101/500447
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/500447; this version posted December 19, 2018. 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 4.0 International license.

12


https://doi.org/10.1101/500447
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/500447; this version posted December 19, 2018. 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 4.0 International license.

Figure 1. Genetic dissection of postsynaptic responses to neural codes.
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B. The syntax of elementary sequences or ‘neural codes’ is represented by stimuli
(Single, Pair, Burst, LTP) that together comprise a Neural Code Response
Repertoire (NCRR) of 9 parameters spanning milliseconds to an hour.

C. The postsynaptic proteins mutated in this study. Protein interactions are indicated
(solid lines, binary interactions; dotted lines, other functional interactions). Key,

major protein classes.
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Figure 2. Summary of NCRR phenotypes.
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NCRR phenotypes (P < 0.05) in 58 lines of mutant mice are indicated by blue
(attenuated electrophysiological response) or red (amplified electrophysiological
response) squares; black indicates no significant phenotype compared with wild-type
mice. The horizontal histogram shows the number of phenotypes for each gene/line and
the vertical histogram (bottom) shows the number of phenotypes for each NCRR
component.

Gene family, boxes of the same color indicate paralogs; LoF, loss-of-function alleles;
Orthologs of human disease genes: ID, intellectual disability; ASD, autism spectrum
disorder; SCZ, schizophrenia; OMIM, neural diseases from Online Mendelian

Inheritance of Man.
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Figure 3. Bidirectional tuning and response optima.
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A. Ranking the direction and amplitude of LoF mutation Cohen’s d values of each
NCRR variable (1-9 as indicated) for each LoF mutation.
B. Number of LoF mutations amplifying (red) or attenuating (blue) each NCRR

component.
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Figure 4. Overall and individual NCRR phenotype effect size values of individual

mutants.
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The top panel shows the ranked Overall NCRR effect size (Cohen’s d) values for LoF
mutations in 51 genes. Error bars represent standard error of the Cohen’s d estimate.
Lower nine panels show mutant phenotypes for each NCRR component. Blue or red
shading represents attenuated or amplified electrophysiological responses, respectively
(P <0.05).
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Figure 5. A core set of postsynaptic proteins controls the NCRR and behavioral
repertoire.
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(highlighted in red) were required for the correlation. Error bars represent
standard error of the Cohen’s d estimate.

B. The seven core proteins (brown zone) controlling NCRR and behavioral
repertoire centered on PSD95 and satellite proteins (surrounding gray area in the

postsynaptic terminal).
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Figure 6. Vertebrate evolution and disease.
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A. NCRR phenotypes caused by mutations in vertebrate paralogs that belong to six
protein classes.

B. NCRR phenotypes caused by fine structural mutations. Gene deletion, domain
deletion and point mutation are indicated.

C. NCRR phenotypes caused by mutations in orthologs of human intellectual
disability (ID), autism spectrum disorder (ASD) and schizophrenia (SCZ) genes;
OMIM, neural diseases from Online Mendelian Inheritance of Man. Phenotypes
(P < 0.05) are indicated by blue (attenuated electrophysiological response) or red
(amplified electrophysiological response) squares; black indicates no significant
phenotype compared with wild-type mice.
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Methods

Preparation of hippocampal slices

Experimental procedures have been previously described®. In brief, 3- to 8-month-old
mutant and litter-matched, or in rare cases age-matched, wild-type mice were sacrificed
by cervical dislocation and the brain immediately immersed in ice-cold “cutting” solution
(120 mM sucrose, 60 mM NaCl, 28 mM NaHCOg;, 1.25 mM NaH;PO4, 3 mM KCI, 7 mM
MgSQO4, 0.5 mM CaCl,, 5 mM glucose, 0.6 mM sodium ascorbate, 0.015 mM phenol
red, pH 7.2) gassed with a mixture of 95% O, and 5% CO,. Whole brain slices were cut
at 350 um thickness by a Vibroslice MA752 (Campden Instruments, Loughborough, UK)
in such a way so that the blade would cut through hemispheres at an angle of 20—-30° to
their horizontal planes. “Cutting” solution in the temperature-controlled Peltier bath was
maintained at 0—3 °C and constantly saturated with a mixture of 95% O, and 5% CO..
Up to eight slices containing medial segments of the hippocampus with overlaying
cortical areas were trimmed of the remaining tissue, placed into a well of a slice
chamber (Fine Science Tools, Foster City, CA, USA) and kept interfaced between moist
air and subfused fresh artificial cerebrospinal fluid (ACSF) that contained 124 mM NacCl,
25 mM NaHCO3;, 1 mM NaH;PO,, 4.4 mM KCI, 1.2 mM MgSQO,, 2 mM CacCl,, 10 mM
glucose, and 0.015 mM phenol red (pH 7.3-7.4). Temperature in the chamber was
slowly increased to 30 °C for the rest of the incubation time. Slices rested in these

conditions for at least 2 h before experiments commenced.

Electrophysiological recording

Field excitatory postsynaptic potentials (fEPSPs) were recorded by the MEAG60
electrophysiological suite (Multi Channel Systems, Reutlingen, Germany). Four set-ups
consisting of a MEA1060-BC pre-amplifier and a filter amplifier (gain 550x%) were run
simultaneously by a data acquisition card operated by the MC_Rack software. Raw
electrode data were digitized at 10 kHz and stored on a PC hard disk for subsequent
analysis. To record fEPSPs, a hippocampal slice was placed into the well of 5x13 3D
MEA biochip (Qwane Biosciences, Lausanne, Switzerland). The slice was guided to a

desired position with a fine paint brush and gently fixed over MEA electrodes by a silver
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ring with attached nylon mesh lowered vertically by a one-dimensional U-1C
micromanipulator (Narishige, Tokyo, Japan). MEA biochips were fitted into the pre-
amplifier case and fresh ACSF was delivered to the MEA well through a temperature-
controlled perfusion cannula that warmed perfusing media to 32 °C. All experiments
were carried out in submerged slices. Monopolar stimulation of the Schaffer
collateral/commissural fibers through array electrodes was performed by STG2008 and
STG4008 stimulus generators (Multi Channel Systems). Biphasic (positive/negative,
100 ps/phase) voltage pulses were used. Amplitude, duration and frequency of
stimulation were controlled by the MC_Stimulus 1l software. As the data acquisition card
could process data only from 128 channels, we recorded from only 30 electrodes per
chip (out of a possible 60), which enabled to use four independent set-ups.

We performed all LTP experiments using two-pathway stimulation of Schaffer
collateral/commissural fibers **°°. Our previous experiments showed that largest LTP
was recorded in proximal parts of the CA1 stratum radiatum *®. We therefore picked a
single principal recording electrode in the middle of the proximal part of CA1 and
assigned two electrodes for stimulation of the control and test pathways on the subicular
side and on the CA3 side of stratum radiatum, respectively. The distance from the
recording electrode to the test stimulation electrode was 400-560 pum and to the control
stimulation electrode was 316-560 pum. To evoke orthodromic fEPSPs, stimulation
electrodes were activated at a frequency of 0.02 Hz. Following at least 15-30 min of
equilibration period inside the MEA well, input/output relationships were obtained and
baseline stimulation strength was set to evoke a response that corresponded to 40% of
the maximal attainable fEPSP at the principal recording electrode. To investigate short-
term plasticity, we used paired-pulse stimulation of the test pathway with an inter-pulse
interval of 10 and 50 ms. Paired-pulse ratio was calculated by dividing the amplitude of
the second fEPSP in a pair by the amplitude of the first one. Average data from five
paired-pulse stimulations were used for each slice. LTP was induced after 30 min period
of stable baseline responses by applying theta-burst stimulation (TBS) train consisting
of 10 bursts given at 5 Hz with 4 pulses given at 100 Hz per burst. Stimulus strength

was not altered during TBS.
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Data analysis

Amplitude of the negative part of fEPSPs induced by the maximal attainable stimulus
(4.2 V) in the test pathway was used as a measure of synaptic strength. Data were
loaded into an R environment from .mcd files using the NeuroShare library freely
available from Multi Channel Systems. LTP plots were scaled to the average of the first
five baseline points. LTP magnitude was assessed by averaging normalized fEPSPs in
the test pathway 60—65 min after TBS episode. To account for possible drift of baseline
conditions, amplitude values in the test pathway were normalized by respective
amplitudes in the control pathway prior to statistical comparison of LTP values. In
addition to the peak fEPSP and LTP, 16 other variables were measured, including
paired-pulse facilitation at 50 ms and 10 ms interpulse intervals, defacilitation observed
in the third fEPSP of a 100 Hz train of four fEPSPs, two measures of plasticity and ten
measures of fEPSP amplitude during TBS, and a measure of fEPSP amplitude decay
after TBS. Thus, these 18 variables used measures of fEPSP amplitude to address
synaptic transmission and plasticity in single fEPSPs, pairs of fEPSPs, and trains of
fEPSPs. Retaining only one of the ten highly redundant measures of burst amplitude
reduced the number of variables analyzed to nine. Definitions are provided in the table
below and online (for example, see:

http://www.genes2cognition.org/publications/g2c/electrophysiology/m00000082/)

Main paper name Short name Description

Single Max fEPSP amplitude Maximum field excitatory
postsynaptic potential (fEPSP)
amplitude.

Pair — 50 ms PPF at 50ms, ampl ratio Paired-pulse facilitation (PPF),

pulses separated by 50 ms,

amplitude ratio.

Pair — 10 ms Burst 1, PPF at 10ms, ampl Paired-pulse facilitation (PPF),
ratio pulses separated by 10 ms,
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amplitude ratio, observed during first
two pulses of the first 100 Hz burst
during theta-burst stimulation.

Burst 1 Burst 1, EPSP3 depr, ampl Depression observed in third fEPSP

ratio relative to the second fEPSP of the

first 100 Hz burst, amplitude ratio.

Burst 2-4 Burst 2-4 ave amplitude vs Facilitation observed in average
Burst 1 amplitude of bursts 2-4, relative to

average amplitude of burst 1.

Burst 8-10 Burst 8-10 ave amplitude vs Depression observed in average
Burst 2-4 amplitude of bursts 8-10, relative to

average amplitude of bursts 2-4.

Burst 10 Burst 10, ave amplitude Average amplitude of four fEPSPs
in tenth burst.

LTP-PTP LTP vs PTP, amplitude ratio Reduction in potentiation from first
EPSP after theta-burst stimulation to

1 hour later, fEPSP amplitude ratio.

LTP LTP based on amplitude Long-term potentiation, ratio of
amplitudes of fEPSPs in test

pathway and control pathway.

Because several slices from the same animal were routinely analyzed, the significance
of changes in these measures in slices from mutant mice compared with the values in
slices from wild-type mice was assessed using nested ANOVA with genotype as “fixed”
factor and mouse as “random” factor. In addition, the Satterthwaite’s correction for
unequal sample sizes was used (McDonald, 2014). Phenotype effect sizes were
calculated using measurements in individual slices. Standard error of effect size was
calculated by 1,000 random samples of wild-type mouse identifiers, matched for the
background strain. In each sampling step, the same numbers of mice were used as in
the original experiments (usually five mice representing mutants and five representing
wild types). Simulated effect sizes were approximately normally distributed about zero.
Half the central 68th percentile range, which approximates the standard deviation of this

distribution, was used as the standard error of the effect size.
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