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Abstract

Neurons maintain stable levels of excitability using homeostatic synaptic scaling, which adjusts
the strength of a neuron’s postsynaptic inputs to compensate for extended changes in overall
activity. Here, we investigated whether prolonged changes in activity affect network-level protein
interactions at the synapse. We assessed a glutamatergic synapse protein interaction network (PIN)
composed of 380 binary associations among 21 protein members in mouse neurons. Manipulating
the activation of cultured mouse cortical neurons induced widespread bidirectional PIN alterations
that reflected rapid rearrangements of glutamate receptor associations involving synaptic scaffold
remodeling. Sensory deprivation of the barrel cortex in live mice (by whisker trimming) caused
specific PIN rearrangements, including changes in the association between the glutamate receptor
mGIuR5 and the kinase Fyn. These observations are consistent with emerging models of
experience-dependent plasticity involving multiple types of homeostatic responses. However, mice
lacking Homer1 or Shank3B did not undergo normal PIN rearrangements, suggesting that the
proteins encoded by these autism spectrum disorder-linked genes may serve as structural hubs for
synaptic homeostasis. Our approach demonstrates how changes in the protein content of synapses
during homeostatic plasticity translate into functional PIN alterations that may mediate changes in
neuron excitability.

Introduction

Neurons maintain constant relative cell-wide synaptic strength, despite varying network
activity, through a non-Hebbian form of neural plasticity called homeostatic synaptic scaling
(1). At the molecular level, homeostatic a.-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
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acid (AMPA)-ergic scaling adjusts the number of postsynaptic glutamate receptors up or
down to compensate for prolonged decreased or increased synaptic activity, without
compromising the distributed information content of each synapse (2, 3). It has been
suggested that synaptic scaling my cooperate with other homeostatic mechanisms, such as
homeostatic intrinsic plasticity (4) and sliding-threshold plasticity (also called the “BCM
model”) (5), in vivo, which stabilize the activity of a neuron within a set-point range during
periods of prolonged sensory deprivation (6, 7) or prolonged activation (8) [reviewed in (9)].
Homeostatic plasticity is thought to be crucial for preventing synaptic saturation, thus
allowing for new memory formation, and may be disrupted in several neurological disorders,
including Alzheimer’s disease (10) and autism spectrum disorder (ASD) (11, 12).

Prior studies have catalogued extensive molecular alterations associated with homeostatic
scaling. At the most basic level, upscaling is mediated by insertion of AMPA receptors
(AMPARs)—evidence exists for involvement of both AMPAR subunits GluAl (13) and
GIuA2 (14)—downstream of activity responsive signaling cascades, such as retinoic acid
(13) and tumor necrosis factor a. (TNFa) (15) signaling, and alterations to AMPAR
interactions with synaptic scaffolds. In addition, widespread changes in protein
ubiquitination have been documented during scaling (16), and omics-scale studies have
identified global transcriptome (17) and proteome (18) alterations. However, mMRNA levels
do not predict protein expression in complex systems (19), and protein levels alone do not
determine physiological outcomes. The interactions between newly synthesized or degraded
molecules and the existing protein complexes in the cell determine the physiological effects
of altered protein turnover. Here, by quantitatively measuring changes to the
macromolecular complexes that control the localization of glutamate receptors at the
postsynapse, we begin to bridge the molecular gap between well-characterized protein
abundance changes and the electrophysiological responses to prolonged activity
perturbation.

We treated cultured cortical neurons for 48 hours with tetrodotoxin (TTX) to induce
upscaling, bicuculine (BIC) to induce downscaling, or dimethylsulfoxide (DMSQO), a vehicle
control, and confirmed upscaling and downscaling altered the surface expression of
glutamate ionotropic receptor AMPA type subunit 1 (GIuAl) (20) (Fig. 1B), the abundance
of several synaptic proteins measured by western blot (16) (fig. S1, A and B), and the
relative levels of phosphorylated (p-) ERK1/2 (21) (fig. S1C). Electrophysiological voltage-
clamp recordings also confirmed that cultures treated with TTX exhibited an increase in the
amplitude and frequency of miniature excitatory postsynaptic currents (MEPSCs), whereas
the amplitude and frequency of mMEPSCs was reduced in cultures treated with BIC (Fig. 1C),
consistent with early reports describing the effects of prolonged activity perturbation in vitro
(1, 22).

We next evaluated changes in synaptic protein complexes after 48 hours of upscaling or
downscaling using quantitative multiplex immunoprecipitation (QMI) (23-25) (Fig. 1A). We
refer to multiprotein complexes detected by QMI as “Proteins in Shared Complexes detected
by surface Epitopes” (PiSCES), to highlight the fact that the 380 measured associations
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among 21 target proteins (table S1) are not necessarily direct. Network-level differences
between TTX, BIC, and DMSO-treated cells were evaluated using hierarchical clustering
(Fig. 1D) and principal component analysis (PCA) (Fig. 1E), which demonstrated that there
is more similarity within each treatment group than between groups, implying that
prolonged increased or decreased activity causes distinct network-level changes in synaptic
PINs. Weighted correlation network analysis (CNA) (24, 26) identified one primary module
that was positively correlated with TTX and negatively correlated with BIC (marked by
turquoise on the figure: Fig. 1F). This module was merged with PiSCES that were deemed
significant by adaptive nonparametric analysis with an empirical alpha cutoff (ANC) (24) to
identify 26 high-confidence interactions that met the criteria for both independent statistical
approaches. These resulting “ANCNCNA PiSCES” changed bidirectionally between TTX
and BIC treatment (Fig. 1G), with the majority of PiSCES increasing in response to TTX
and decreasing in response to BIC, although some PiSCES followed the opposite pattern.
The direction of change was generally consistent across biological replicates (fig. S1D).

The PIN reflected a rearrangement of PiSCES containing AMPAR or metabotropic
glutamate receptors (mGIuRs) and members of the membrane-associated guanylate kinase
(MAGUK) family, including postsynaptic density protein 95 (PSD95), and synaptic
scaffolding proteins, including Homerl. PiSCES containing GIuA1 and GIuA2 (expressed as
GluAl_GIuA2) and GluA2_PSD95 increased with TTX and decreased with BIC, while
mGIuR5_Homerl and mGIuR5_Homerla exhibited a similar pattern, highlighting an
underappreciated role for mGIuRs in homeostatic scaling (2). Bidirectional scaffold protein
rearrangements were also prevalent. PSD95_SAP97 (synapse-associated protein 97),
SAP97_ SAPAP (synapse associated protein 90/PSD-95-associated protein 1),

Homerl SAPAP, Shankl SAPAP, and Shankl PSD95 increased with TTX and decreased
with BIC. Conversely, Homerl_panShank and a network of PiSCES involving Shank1,
panShank, and CaMKIla, which phosphorylates SAPAP to promote its turnover during
downscaling (27), decreased with TTX and increased with BIC. Collectively, these data
demonstrate that, in response to prolonged activity perturbation, neurons adjust synaptic
strength through widespread, coordinated, and bidirectional changes in the associations
between synaptic scaffold proteins and glutamate receptors.

We next asked whether different PiISCES changed at different timepoints over a 48-hour
period of upscaling or downscaling. Unsupervised hierarchical clustering (fig. S1E)
identified three major clusters: (i) all TTX samples, (ii) BIC 48-hours, and (iii) BIC 12-
hours, BIC 24-hours, and DMSO. Similarly, PCA showed that all three TTX groups
separated from DMSO control groups along PC1, and BIC 24- and 48-hour groups separated
from DMSO in the opposite direction (fig. S1F). These data suggest that qualitatively
uniform PIN alterations became quantitatively stronger over time. CNA supported this
hypothesis, yielding one major bidirectional module that was most strongly correlated with
TTX or BIC independent of time and showed progressively stronger correlation with each
TTX and BIC timepoint (fig. S1G).

At 12 hours, seven “fast and stable” PiSCES were ANCNCNA-significant for each
treatment, all of which were significant in at least one future timepoint (Fig. 1H). For TTX,
elevated GIuA2_GIluAl and Homerl_mGIuRS5 reflected a rapid and persistent increase in

Sci Signal. Author manuscript; available in PMC 2021 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Heavner et al.

Page 4

AMPAR multimerization and mGIuR associations with synaptic scaffolding proteins; the
opposite occurred for BIC. By 24 hours, in addition to persistent changes in
Homerl_mGIuR and AMPAR interactions, ubiquitin-protein ligase E3A (UBE3A)_Shank
interactions peaked, mGIuR5_mGIuRS5 increased with TTX/decreased with BIC, and
PSD95 PSD95 increased with BIC, reflecting changes in protein turnover and abundance.
By 48 hours of BIC treatment, we observed increased association of Fyn kinase, which
phosphorylates NMDARSs to adjust the threshold for LTP, with NMDAR2A, NMDAR2B,
and mGIuR5 (28, 29). Conversely, by 48 hours of TTX treatment, Fyn interactions with
NMDAR and mGIuR5 decreased, while changes to a network of PSD95 and Shank1-
containing interactions stabilized. Collectively, treatment of cortical cultures with TTX and
BIC induced consistent, bidirectional PiISCES changes that increased in magnitude over 48
hours, beginning with rapid Homer1-containing changes to mGIuR5 and AMPAR PINs,
evolving to NMDAR-associated changes involving PSD95, UBE3A and FYN.

Extreme sensory deprivation of the eyes or whiskers is known to cause synaptic scaling in
some layers of the rodent visual and somatosensory (barrel) cortex, respectively; however, in
response to prolonged changes to sensory input, neurons can also engage other types of
plasticity, including Hebbian and sliding threshold plasticity (reviewed in (9)). Multiple
coordinated types of plasticity within a circuit can therefore overlap in a single deprivation
paradigm. To model the effect of prolonged sensory deprivation on PIN alterations in vivo,
we unilaterally trimmed the whiskers of adult mice and microdissected barrel cortex after 48
hours (Fig. 2A). To confirm that whisker trimming initiated synaptic plasticity, we recorded
miniature excitatory postsynaptic currents (mEPSCs) from layer 11/111 (L2/3) pyramidal
neurons, and found that cells contralateral to the whisker trim exhibited a two-fold increase
in mean frequency compared with the ipsilateral (control) hemisphere (Fig. 2B,C) with no
significant change in mean mEPSC amplitude (fig. S2A). Cumulative analysis of inter-event
intervals revealed a global trend toward decreased time between events onto neurons from
the contralateral (trimmed) hemisphere compared with those from the ipsilateral hemisphere
(fig. S2B), and the cumulative probability of mMEPSC amplitude was skewed, revealing a
trend toward smaller events that was not reflected in the mean amplitude (fig. S2C). The
difference between mean and cumulative probability of mMEPSC amplitude could be a result
of variability in L2/3 responses between animals during the first three days of whisker
deprivation as previously reported (30), overlapping Hebbian and homeostatic plasticity in
L2/3, and/or noise caused by residual afferent activity after whisker deprivation similar to
that seen in the visual cortex after lid suture (31). In addition, there was no difference in
spine density between ipsilateral and contralateral hemispheres (Fig. 2D). These data are
consistent with prior reports showing depression in L2/3 of barrel cortex and increased
transmission of L4 onto L2/3 during the first three days of whisker deprivation in adult mice
(30). While these measurements were limited to L2/3, our microdissections for QMI
encompassed the entire cortex, so PIN changes could reflect simultaneous and heterogenous
plasticity processes, including multiplicative downscaling in barrel cortex L5 (30, 32). Given
this heterogeneity, we here refer to the network response broadly as “experience dependent
plasticity.”

Hierarchical clustering (Fig. 2E) and PCA (fig. S2D) of PiSCES measurements taken from
micro-dissected control and whisker-deprived (“trimmed”) barrel cortex showed separation
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of control and trimmed sides. Uniform Manifold Approximation and Projection (UMAP) of
mean log,(fold change) values taken from 18 independent experiments (72 replicates)
demonstrated that BIC, TTX, and whisker trimming each clustered independently (Fig. 2F).
ANCNCNA identified 22 high-confidence PiSCES that changed in response to whisker
trimming (Fig. 2G). These included the AMPAR and mGIluR-containing PiSCES
GluA2_PSD95 (decreased), mGIuR5_Homer (increased), and mGIluR5_Homerla
(increased), similar to what we observed during in vitro synaptic scaling. Rearrangements in
synaptic scaffold proteins were also apparent, with PSD95-, SAP97-, Shank1- and Homer-
containing PiSCES uniformly increasing with trimming. NMDAR-associated plasticity was
reflected in increased associations between NMDARs and SynGAP, Shank, and Fyn (28),
similar to late-stage in vitro synaptic scaling. However, only 11 of the 22 PiSCES that
changed in vivo also changed significantly in vitro (Fig. 2H). Moreover, the direction of the
change in vivo was consistent with TTX treatment 6 out of 11 times and consistent with BIC
treatment 4 out of 11 times (Fig. 2H). Overall, these data demonstrate that sensory
deprivation induced an experience-dependent plasticity PIN response that is distinct from the
PIN response to in vitro synaptic scaling.

A summary of PiSCES ranked as having the most significant pairwise differences between
TTX and BIC, TTX and whisker trimming, and BIC and whisker trimming (table S2) were
categorized by function (Fig. 3). Collectively, these data indicate that prolonged changes in
global activity levels induced widespread remodeling of synaptic PINs often involving the
scaffolding protein Homerl (Fig. 3, green). The dominant-negative short isoform of
Homer1, Homer1a, is required for downscaling during sleep (33) and was involved in
several significant synaptic-scaling-associated PIN alterations. We therefore asked whether
Homer1 is required for synaptic PIN rearrangements after whisker trimming. We unilaterally
whisker-trimmed Homer1 knockout (KO) mice (34) and measured PiSCES by QMI. PCA
revealed that WT and KO samples, regardless of trimming, separated along PC1 and PC2,
while WT trimmed and control samples separated along PC3 (Fig. 4A). KO trimmed and
control samples, however, showed no clear separation. ANCNCNA heatmapping revealed
widespread dysregulation of the Homer-Shank-mGIuR axis in mutant animals (Fig. 4B,
below dashed line), including apparent upregulation of some Homer-containing interactions
due to our capture antibody showing some cross-reactivity to Homer2. When only those
PiSCES that changed significantly after trimming in WT animals (Fig. 4B, above dashed
line) were visualized by heatmap, PIN alterations could be observed only in WT, but not
KO, animals (Fig. 4C), demonstrating a failure of plasticity in the absence of Homer1. In
addition, many PiSCES that were increased after WT whisker trimming were already
increased in the Homerl KO barrel cortex without whisker trimming, including Shankl_Fyn
and mGIuR5_Fyn (Fig. 4D), while other PiSCES that increased after whisker trimming in
WT animals, such as Shankl_Homerla, were absent or otherwise unchanged in KO animals
(Fig. 4D). While SynGAP_Fyn and SynGAP_NMDARL interactions failed to increase in
Homer1 KOs, SynGAP_SynGAP and SynGAP_PSD95 increased after whisker trimming
(Fig. 4D), indicating that the system registered a change in sensory input but the excitatory
synaptic PIN did not respond at the level observed in WT animals.

The ASD-associated protein Shank3 interacts directly with Homer1 and is required for
homeostatic plasticity in the mouse visual cortex after prolonged monocular deprivation
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(35). To determine if the loss of Shank3 produces a similar network-scale disruption during
homeostatic plasticity, we unilaterally whisker-trimmed adult Shank3B8 KO mice (36) and
measured PiSCES by QMI. PCA showed that WT trimmed and untrimmed samples
separated along PC1 and PC2, while KO trimmed and untrimmed samples showed no clear
separation and overlapped substantially with the WT trimmed group (Fig. 4E). ANCNCNA
heatmapping showed milder basal network dysregulation in untrimmed Shank38 KO
animals compared with Homer1 KO animals (Fig. 4F, below dashed line). When only those
PiSCES that changed significantly after trimming in WT animals (Fig. 4F, above dashed
line) were visualized by heatmap, WT trimmed and control sides could again be
distinguished, but not KO trimmed and control sides (Fig. 4G). Moreover, similar to Homer1
KO results, several PiSCES that were altered after whisker trimming in the WT barrel cortex
were already altered in the Shank3B KO barrel cortex without whisker trimming, including
SAP97 PSD95 and PSD95 PSD95 (Fig. 4H). We also noticed a relative basal increase in
PIKE_Shank3 in KO animals compared with WT animals, which could indicate changes in
an association involving residual expression of the short “y” isoform in the Shank3B8 KO
(36). SynGAP_PSD95 increased after trimming regardless of genotype (Fig. 4H), also
similar to Homer1 KOs. Thus, Shank-Homer scaffolding is integral to the ability of the
barrel cortex to maintain homeostasis in response to prolonged sensory deprivation, and
animals lacking either of these scaffolding proteins show a common lack of PIN
rearrangements upon whisker trimming.

Discussion

We have used an emerging proteomic technique—QMI—to establish that prolonged activity
manipulation of neurons, in vitro and in vivo, causes widespread changes in a synaptic PIN
that links three major classes of glutamate receptors known to adjust synaptic strength in
response to changes in activity. Our data demonstrate that a synaptic PIN changes
bidirectionally with upscaling and downscaling; however, there were more “late” PiSCES
changes associated with upscaling than with downscaling, suggesting that upscaling and
downscaling may operate on different timescales. While activity perturbation resulted in
many stable bidirectional PiISCES changes after only 12 hours, almost half of the significant
changes for upscaling were not observed until 48 hours. It has been suggested that upscaling
in vivo, which has been observed to occur over days to weeks in the barrel cortex, is
necessarily slow in order to avoid saturation and excitotoxicity (30). Similarly, in the adult
mouse visual cortex, L2/3 mEPSCs scale up over two days of dark exposure and scale down
to baseline after only two hours of light re-exposure (37, 38). Our data suggest that even in a
controlled in vitro system, upscaling may involve a slowly evolving PIN that is not observed,
or not observed at the same magnitude, in downscaling.

In vivo changes to the synaptic PIN in response to sensory deprivation exhibited unique
features as well as features associated with in vitro upscaling and downscaling, consistent
with the emerging model that in vivo homeostatic compensation may involve several types
of plasticity, including sliding-threshold metaplasticity, local synaptic scaling, and global
synaptic scaling, dependent on age, time point, brain region, cell type, and activity regime
(31, 39). Cell type-specific homeostatic responses to whisker deprivation have been
documented: while L2/3 pyramidal neurons and L5 intrinsic bursting (IB) cells exhibit
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features of downscaling during the first three days of full whisker deprivation, L5 regular
spiking (RS) cells exhibit features of both downscaling and Hebbian-like LTD, and L4
neurons show upscaling-like homeostatic recovery from depression as early as 12 hours after
full deprivation (30, 32). This increased L4 transmission is perhaps a result of reduced
intrinsic excitability of L2/3 inhibitory neurons (40). Though the majority of excitatory cells
in the barrel cortex are likely undergoing downscaling during the timeframe tested in the
current study, our QMI analysis may have also captured features of upscaling, downscaling,
and/or Hebbian-like metaplasticity in vivo. It has been suggested that although experience-
dependent homeostatic plasticity persists in adulthood in L2/3 of visual cortex, the
multiplicative nature of synaptic scaling does not persist; rather, visual deprivation reduces
the synaptic modification threshold along a sliding scale, and increased spontaneous activity
potentiates synapses, except in cases of extreme deprivation that abolish activity (31). Along
the same lines, our results suggest that there are fundamental differences between synaptic
PIN rearrangements during synaptic scaling in vitro and experience-dependent plasticity in
vivo that reflect an emerging model of multiple mechanisms coordinating to stabilize
networks during prolonged periods of sensory deprivation.

Our finding that mice lacking either of the ASD-linked genes Homer1 or Shank3 failed to
exhibit homeostatic PIN alterations highlights the prominent role of the Homer-Shank axis
and supports the hypothesis that disruptions to PINs that mediate synaptic plasticity may
underlie multiple rare genetic forms of ASD (41). Previous work has shown that neurons
lacking Homerla exhibit increased mean amplitude of mEPSCs in vitro and in vivo, which
may create a “ceiling effect” that impairs synaptic scaling of AMPARSs in vitro (2) and
occludes experience-dependent homeostatic plasticity in vivo (42). Evidence from these
studies also suggests that altered Homer-mediated mGIuRS5 signaling may underlie this
ceiling effect; Homer1a expression reduces the amount of mGIuR5 associated with Homerl
during downscaling (2), and mice with point mutations in mGIuR5 that reduce its Homerla
binding affinity have impaired downscaling in the visual cortex after light re-exposure (42).
Similarly, complete Shank3 KO mice show reduced Homer1-mGIuR5 association in the
striatum (43), and Shank3B KO mice show higher spontaneous calcium event rates in
somatosensory cortex (44) and lack homeostatic compensation during monocular
deprivation (35). Our observation that both Homer1 and Shank3 KO mice appear to be
molecularly “pre-scaled,” or have baseline altered synaptic PINs consistent with sensory
deprivation, provides further evidence for a “ceiling effect” that occludes a homeostatic
response to changes in network activity. While Homer1 and Shank3 have been implicated in
homeostatic compensation in vivo (33, 35, 42), the disruption to scaffold rearrangements
during sensory deprivation reported here has not been described previously.

Building on these prior studies, we have identified a synaptic PIN involving the Homer-
Shank scaffold that mediates homeostatic scaling in vitro and experience-dependent
plasticity in vivo. Collectively, these results support a model whereby an inability to
homeostatically compensate for prolonged activity perturbation may be a unifying feature of
some ASDs. It will be important for future studies to test the ability of therapeutic
interventions to restore homeostatic plasticity in ASD models.
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Materials and Methods

Animals:

Genotyping:

All animal work was carried out in compliance with The Seattle Children’s Research
Institute IACUC under approved protocol #00072 and institutional and federal guidelines.
CD-1 and Homer1mMhd (stock 023312), and Shank3™2GM3 (stock 017688) mice were
originally obtained from The Jackson Laboratory (Bar Harbor, ME).

0.2 uL of crude DNA extract (KAPA Biosystems) from ear punch tissue was used for
genotyping the Homer1tMMhd gjlele with the following primers: 5’-CAA TGC ATG CAA
TTC CTG AG-3’, 5’-CGA GAA ACT TAC ATA TAT CCG CAA A-3’,and 5-GAACTT
CGC GCT ATA ACT TCG-3’ (The Jackson Laboratory), or the Shank3B™ allele with the
following primers: 5’-GAG ACT GAT CAG CGC AGT TG-3’, 5’-TGA CAT AAT CGC
TGG CAA AG-3’, 5°-GCT ATA CGA AGT TAT GTC GAC TAG G-3’ using standard PCR
protocols.

Whisker trimming:

Mystacial whiskers on one side of an adult mouse (7 to 9 weeks of age) were removed with
an electric trimmer while the mouse was under very brief isoflurane anesthesia. Lysates were
prepared, as described below, 48 hours after trimming.

Cortical neuron culture, drug treatment, and surface labeling:

Primary cultures of cortical neurons were prepared as previously described (23). Briefly,
whole cortex from PO-P1mouse neonates was dissociated using papain (Worthington) and
plated at a density of 1.0x108 cells/well onto 6-well plates treated with poly-D-lysine. Cells
were cultured in Neurobasal medium supplemented with 2% B27 and 0.5mM GlutaMax
(ThermoFisher) and kept at 37°C, 5% CO, for 18-21 days. After 3-5 DIV, 5-fluoro-2’-
deoxyuridine was added to a final concentration of 5 uM to inhibit glial proliferation. For in
vitro homeostatic scaling experiments, TTX (2uM) or BIC (40uM) (Tocris) was added
directly to the culture medium, and cells were cultured as normal, then lysed after 12, 24, or
48 hours. DMSO (0.4%) served as a vehicle control.

For surface labeling of GIuA1, cortical cells were dissociated and cultured as above, with the
following exceptions: cells were plated at a density of 0.1x10° cells/well on glass coverslips
treated with poly-D-lysine in 24-well plates. A mouse antibody to the N-terminus of GIuAl
conjugated with Alexa Fluor 488 (G-12, Santa Cruz Biotechnology) was added to primary
neuron cultures (18-21 DIV) to a final concentration of 4ug/mL (1:50 dilution), and cells
were kept at 37°C, 5% CO, for 20 minutes. Culture medium was then removed, and cells
were washed once with 1X PBS and fixed with pre-warmed 4% PFA/4% sucrose in 1X PBS
at room temperature for 10 minutes shielded from light. After fixation, cells were washed
twice with 1X PBS and mounted on glass slides using ProLong Antifade Mountant with
DAPI (Invitrogen). Cells were imaged on a Zeiss LSM 710 at 100X. Mean gray values of 8-
bit images were calculated in the green channel after thresholding using default settings in
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ImageJ. Nine cells from at least 3 independent experiments were included in the final
analysis. A paired two-tailed Student’s t-Test was used to determine significance.

Lysate preparation:

After treatment of cultured cells, cell culture medium was removed and cells were scraped in
cold lysis buffer (150mM NaCl, 50mM Tris pH 7.5, 1% NP-40, 10mM Sodium Fluoride,
2mM sodium orthovanadate, protease inhibitor cocktail (Sigma) and phosphatase inhibitor
cocktail (Sigma)), transferred to a centrifuge tube, incubated on ice for 15 minutes, and
centrifuged at high seed for 15 minutes to remove nuclei and debris. The protein
concentration of the supernatant was determined using a Bradford assay (Pierce).

Lysates from cortical slices were prepared as above with the following exceptions: Adult
mice were anesthetized with isoflurane and perfused through the heart with ice cold 1X
PBS. Brains were immediately removed, placed into cold PBS, and sliced in cold PBS using
a VT1200s vibrating microtome (Leica). Five 500um slices through the somatosensory
(barrel) cortex were divided into ipsilateral and contralateral hemispheres, the barrel cortex
microdissected away from the rest of the slice and kept briefly in ice cold PBS. All
microdissected slices from one hemisphere were then combined, transferred to lysis buffer,
and mechanically dissociated using a PYREX tissue grinder.

Western Blotting:

For Western blots, proteins (20 pg per lane) were separated by SDS-PAGE and transferred to
a PVDF membrane (Millipore). Membranes were blocked in 4% milk in TBST (0.05M Tris
pH7.2, 0.15M NacCl, 0.1% Tween20) for 1 hour at room temperature and incubated with
primary antibodies overnight at 4°C or for 1 hour at room temperature. Primary antibodies
and dilutions used for western blots were Fyn (clone 59, BioLegend, 1:1000), GIuAl (1504,
Millipore, 0.001 mg/ml), Homerl (AT1F3, LSBio, 1:1000), mGIuR5 (5675, Millipore,
1:2000), PSD95 (K28/43, BioLegend, 1:500), beta-Actin (GTX109639, GeneTex, 1:10,000),
p-ERK T202/Y204 (4370, Cell Signaling Technologies, 1:1000), and total ERK (9102, Cell
Signaling Technologies, 1:1000). Primary antibodies were detected using species-specific
HRP-conjugated secondary antibodies. Blots were developed using Femto Maximum
Sensitivity Substrate (Pierce) and imaged using a ProteinSimple imaging system (San Jose,
CA).

Quantitative multiplex immunoprecipitation:

QMI was performed as described previously (23, 24) using previously validated antibodies
(23). Briefly, a master mix containing equal numbers of each antibody-coupled Luminex
bead was prepared and distributed to lysates containing equal amounts of protein and
incubated overnight on a rotator at 4°C. The next day, each sample was washed twice in cold
Fly-P buffer (50mM tris pH7.4, 100mM NacCl, 1% bovine serum albumin, and 0.02%
sodium azide) and distributed into twice as many wells of a 96-well plate as there were
probe antibodies (for technical duplicates). Biotinylated detection (probe) antibodies were
added to the appropriate wells and incubated at 4°C with gentle agitation for 1 hour. The
resulting bead-probe complexes were washed 3 times with Fly-P buffer, incubated for 30
minutes with streptavidin-PE on ice, washed another 3 times, resuspended in 125ul ice cold
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Fly-P buffer, and processed for fluorescence using a customized refrigerated Bio-Plex 200
(24). Antibody clone names, catalog numbers, and lot numbers are the same as in (23).

Our analysis was then designed to achieved inter-experimental consistency. QMI attempts to
measure unstable protein-protein interactions within noisy and stochastic intracellular
environments and thus faces reproducibility challenges similar to mass spectrometry (45,
46). While noise is inherent to all signal transduction experiments, we are uniquely able to
bioinformatically sort signal from noise using CNA modules. We previously established that
QMI consistently identifies significant PiISCES changes in N-of-4 experiments (23, 24).
However, we noticed that while sample-to-sample consistency was very high for samples
that were run simultaneously (meaning, cells grown and lysed in parallel and run on the
same assay plate, as in fig. S3A), samples that were prepared separately showed less
consistent overlap (as in fig. S3B). We therefore performed three independent replicates of
N-of-4 or N-of-5 experiments and combined the data into a larger N-o0f-13 set for CNA.
(ANC, which was designed for only N-of-4 to 8 samples, becomes overly stringent at
identifying true positives over an N-of-4 (24)). In the three independent experiments, there
was only moderate agreement in PiSCES identified by ANC and CNA (fig. S3B). However,
when any significant PiSCES that was identified in any one of the three experiments was
visualized by heatmap (Fig. 1G) and/or bar graph (fig. S3C), it became apparent that
PiSCES changes trended in the same direction for all experiments. In other words, our
analysis stringently identified high-confidence PiSCES in individual experiments that
constituted a subset of the total PiSCES that actually changed. When multiple experiments
were compared, each experiment identified a different subset of the total PiSCES. This is
consistent with reproducibility rates reported for mass spectrometry, which faces a similar
problem of only identifying a subset of all true positives in any one experiment (45, 46).

High-confidence, statistically significant differences in bead distributions between two
conditions for individual PiSCES, after correcting for multiple comparisons, were identified
using ANC as described in (24). Any PiSCES that was found to be significant by any ANC
comparison was considered a “hit”.

Modules of PiSCES that co-varied with experimental conditions were identified using CNA
as described in (23, 24). Briefly, bead distributions used in ANC were collapsed into a single
MFI value for every PiSCES and averaged across technical replicates for input into the
WGCNA package for R (26). PiISCES with MFI < 100 were removed, and batch effects
were corrected using COMBAT (47). Power values giving the approximation of scale-free
topology were determined using soft thresholding with a power adjacency function. The
minimum module size was always set to between 10 and 12, and modules whose
eigenvectors significantly correlated with an experimental trait (£<0.05) were considered “of
interest.” PiISCES belonging to a module of interest and whose probability of membership in
that module was >0.7 (P<0.05) were considered significant. PiISCES that were significant by
both ANC and CNA for a given experimental condition were considered significantly altered
in that condition.
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Hierarchical clustering and PCA:

UMAP:

Post-COMBAT, logs transformed MFI values were clustered using the hclust function in R
with a correlation distance matrix and average clustering method. Approximately unbiased
(AU) P-values were determined using the pvclust package in R (48). PCA was performed
using the prcomp function in R.

Uniform manifold approximation and projection (UMAP) (49) was performed using the
umap function in R, mean log,(fold change) over control of each PiSCES that was
significant in any condition for each set of experiments (4 biological replicates per set, 18
sets total) as input, and default settings with nearest neighbors set to 10. The most
significantly different PiISCES between UMAP groups were determined by Wilcoxon rank-
sum pairwise comparisons of sets grouped by UMAP cluster in R. Heatmaps were generated
using Heatmap.2 in R.

Patch clamp recording from cortical cultures:

Cortical neuron cultures were prepared as described above and exposed to either TTX (2
uM), BIC (40 pM) or DMSO (0.4%) for 48 hours. Voltage clamp recordings were performed
with the investigator blinded to treatment group. Neuronal cultures were placed in a custom
recording chamber containing room temperature artificial cerebrospinal fluid (aCSF; in mM:
118 NaCl, 3.0 KClI, 25 NaHCO3, 1 NaH2P0O4, 1.0 MgClI2, 1.5 CaCl2, 10 D-glucose, 20
Sucrose) with an osmolarity of 305-312mOSM and a pH of 7.40. 2uM TTX was also
included in the aCSF to prevent action potential evoked presynaptic release. Recordings
were performed with electrodes pulled from borosilicate glass (4-8 MQ tip resistance) using
a P-97 Flaming/Brown micropipette puller (Sutter Instrument Co., Novato, CA) and filled
with low CI- internal solution containing (in mM): 140 potassium gluconate, 1 CaCl2, 10
EGTA, 2 MgCl2, 4 Na2ATP, and 10 Hepes (pH 7.2). Under visual control using video-
enhanced Dodt-IR optics (Zeiss Axio Examiner.Al microscope with a 40X water-immersion
objective), a >1 GQ seal was established and maintained prior to entering whole-cell
configuration. Only cells with resting Vm < =55 mV were included in the analysis.
Intracellular currents were recorded with neurons voltage-clamped at —60 mV. Signals were
acquired and digitized at 10 KHz with an Axopatch 1D amplifier and pClamp10.4
(Molecular Devices, Sunnyvale, CA). ~5 min of data was recorded and analyzed from each
neuron. mMEPSCs amplitudes and interevent intervals were analyzed post hoc in Clampfit
11.1 using the template search event detection function. Statistics and data visualization
were done using GraphPad Prism 8 software. Each cell was treated as a replicate, and the
cumulative probability curves for each cell were averaged in 2pA bins to create a curve with
means + SEM. This method allows different numbers of datapoints (meaning events) to be
used from each cell.

Acute slice preparation and recording:

Adult male mice (7-9 weeks old) were anesthetized with isoflurane inhalation anesthetic
and perfused through the heart with ice cold standard artificial cerebral spinal fluid (ACSF).
Brains were rapidly removed and placed into ice-cold cutting aCSF. 300 um thalamocortical
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slices were cut on a VVT1000s vibrating microtome (Leica) and were gently warmed to 35°C
for 15-20 minutes then allowed to cool to room temperature prior to recording. All
recordings were performed at 32.5 + 1°C. Barrel cortex LII/I1l pyramidal neurons were
visually identified under DIC optics (Nikon) and confirmed by their electrophysiological
profile and posthoc morphological reconstruction. Recordings were sampled at 10 KHz with
a Multiclamp 700B amplifier Digidata 1400 digitizer (Molecular Devices) and were rejected
if IHolding €xceeded + 100 pA from =70 mV in voltage camp or if Vm changed more than
15% in current clamp. Only cells with > 1 GQ seal and Vm < -55 mV were included in
analysis. Junction potential was 13 mV (compensated).

Neurobiotin was allowed to passively diffuse throughout the dendritic tree for the duration of
each recording (>10 min). The recording pipette was carefully withdrawn and the membrane
allowed to re-seal before separation with a tap to the headstage. The slice was immediately
transferred to 4% paraformaldehyde for > 1 hour and kept up to 2 weeks at 4°C before
processing with streptavidin. PFA was removed with four 15-min washes in 1X PBS and
followed with a 2-hour block in 1X PBS + 0.5% Triton X-100 and 10% goat serum. 1%
Alexa 488-streptavidin conjugate was added to fresh blocking solution for 1 to 2 hours then
washed 4X for 15 min each in 1X PBS. Slices were mounted with Vectashield anti-fade
mounting medium with DAPI (Vector Labs) and visualized on a LSM 710 confocal
microscope (Zeiss) with 20X, 40X, and 63X objectives. Spines were counted by an observer
blind to hemisphere over a 15-50 um continuous section of dendrites located 100-150 um
from the cell body.

Solutions and drugs:

Standard aCSF was comprised of (in mM) NaCl 128, KCI 3, NaH,PO4 1.25, NaHCO3 26,
glucose 10, CaCl, 2, and MgSQy, 2, at pH 7.35-7.4 and 305-315 mOsm. Cutting ACSF was
comprised of (in mM) sucrose 75, NaCl 87, KCI 3, NaH,PO4 1.25, NaHCO3 26, glucose 20,
CaCl, 0.5, and MgS0O, 7, at pH 7.35-7.4 and 305-315 mOsm. The internal recording
solution was (in mM) KmeSQy, KCI 7, EGTA 0.1, Na,ATP 2, MgATP 2, Na,GTP 0.3,
phosphocreatine 5, and 0.2% neurobiotin, at 7.4 pH, 285-295 mOsm. Bath-applied drugs
were tetrodotoxin at 1 uM and picrotoxin at 25 uM.

Analysis and statistics:

Raw traces were acquired, offline filtered to 1 KHz, and analyzed with the pClamp software
suite (v. 10.7, Molecular Devices). Neuron reconstructions were performed using ShuTu
dendrite tracing software (http://personal.psu.edu/dzj2/ShuTu/) and the Sholl Analysis plug-
in for F1JI/ImageJ (50). Statistics and plotting were performed with OriginLab Pro 2017.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Prolonged increased or decreased activity of cultured cortical neurons causes networ k-
level changesto multiprotein complexes.

(A) Surface GIuAl (green) and DAPI (nuclei, blue) in cortical neurons treated with DMSO
(control), TTX, or BIC. Mean fluorescence intensity of GIuAl relative to control is shown in
the scatter plot to the right. Data are from N=9 cells from 3 biological replicates. * A<0.05
by Student’s t-Test. Scale bar=20um. (B) Representative image of a recorded excitatory
neuron and 1s raw traces from TTX-, BIC-, and DMSO-treated cells. Cumulative histograms
of mean EPSC amplitude and event frequency from N=8 TTX cells, 15 DMSO cells, and 12
BIC cells from a minimum of 6 cultures. * £<0.05 by two-way ANOVA. (C) Experimental
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design of a QMI experiment illustrating treatment of cultured mouse cortical neurons,
multiplexed co-1P, and data acquisition. IP, immunoprecipitation. (D and E) Hierarchical
clustering (D; AU P-values shown in red) and principal component analysis (PCA) (E) of 39
samples representing 3 treatment conditions, each of 13 biological replicates, assessed at 48
hours of treatment. (F) Module-trait relationship heatmap showing the correlation (top
number) and P-value calculated by CNA for each module-trait pair. (G) Heatmap of row-
normalized MFlIs of all Proteins in Shared Complexes (PiSCES) significant by two of two
independent statistical tests -- adaptive non-parametric adjusted for multiple comparisons
and correlation network analysis (ANCNCNA). Each column represents an independent
replicate; the Nth column of each condition (meaning the first column of each treatment
type) was run on the same assay plate. (H) Row-normalized heatmaps of the mean log,(fold
change) for ANCNCNA PiSCES at each of three time points (at 12, 24 and 48 hours). Data
are from N=4 biological replicates per time point per condition. Thick outlines indicate sets
for which the PiISCES measurement was significantly different from the DMSO condition
data by ANCNCNA. PiSCES are arranged into groups according to the earliest time point at
which they became significant.

Sci Signal. Author manuscript; available in PMC 2021 November 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Heavner et al.

s

Ipsﬂateral

Page 18

@@ T

Contralaleral

SynGAP_PSD95
PSD95_PSD95
NMDAR2A_Fyn
SynGAP_NMDAR1
Shank1_Homerla
l Homer1_Homer1a
[ | PIKE_Shank3
mGIuR5_panHomer
[ | NL3_NL3
| Ube3a_NL3
[ | Ube3a_Ube3a
mGIuR5_Homer1a
SAP97_PSD95

Trim whiskers 48 hrs control trimmed electrophysiolo
on one side Isolate barrel cortex ———>» or QM|p Lt
B C 8- [ Control D 2 ,
—— Control Trimmed Ipsilateral
- 2 S "
6 *x
] £ R s )
) S o 15,
Trimmed 5 4 20 Contralateral .
oL TR < 5
on { i £2 D 5 M
0
0
E F BIg483  picr22
0 BIC24_1
o 18| TTXea 1 BIGRa2 ®
9 BIC48_1
z 84 ) Hl(;W? 1
= m(‘:m 2
gl | Lo, g
I~ e i 17 2
5 1,,8 % — » TRIM_1
Q i ‘gﬁm . TF ‘:,‘
- {goe JESE RI_4
[te] :gggzsgzggéggéé G 5?Hxs e TRIM.
i :—EEEEEEEEEE o 1o k)
\ EEEEEE=]
\ = ] TTX48 3
_______________________ e T2
6 7 8
‘ ‘ UMAP1
G et H
T e T [ N
I I 1 ‘ GluA2_PSD95
| 2 | NL3_PIKE
. Fyn_Fyn
' SynGAP_SynGAP
‘ l Shank1_Fyn
l Ube3a_Fyn
| ' SynGAP_Fyn
'R l Shank1_NMDAR28

[Noise]

Direction of change

..._.----.-.--.---.-.

U N | Shank1_PSD95
Control Trimmed Row-normalized MFI & /<\—

S
/8‘&

2 0 2

Fig. 2. Unilateral whisker trimming causes a homeostatic responsein L 2/3 pyramidal neurons of
the contralateral barrel cortex.

(A) Experimental design illustrating 48 hours of unilateral whisker deprivation followed by
either QMI or electrophysiology of the microdissected barrel cortex. (B to D) 20s raw traces
(B), mean frequency of mEPSCs (C), and mean synaptic spine density (at 100-150 um from
the soma; D) from ipsilateral control (black) and contralateral trimmed (red) barrel cortex.
Ipsilateral: N=6 (B, C) and 9 (D) cells; contralateral: N=7 (B, C) and 12 (D) cells. Scale
bars: (B) 10pA, 1s; (D) 10 um. ** P<0.01 by Student’s t-Test. (E) Hierarchical clustering of
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14 control and 14 trimmed hemispheres with AU P-values shown in red. (F) UMAP
comparing in vitro upscaling, in vitro downscaling and in vivo whisker trimming. Each point
represents a single set; N=4 biological replicates per set. (G) Heatmap of row-normalized
MFI of ANCNCNA PiSCES. Samples on the x-axis are arranged by unsupervised
hierarchical clustering. N=14 biological replicates per condition. (H) Chart comparing the
direction of change of ANCNCNA PiSCES after whisker trim or in vitro upscaling or
downscaling.
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Fig. 3. Post-synaptic proteinsthat change during in vivo or in vitro homeostatic plasticity.
Simplified illustration of the excitatory synapse and select functional protein groups

evaluated by QMI in the current study, positioned according to where interactions would
occur. Bar graphs represent the mean log,(fold change) over control for the given PiSCES in
all sets of experiments using the indicated perturbation £ SEM from N=6, 7, and 3 sets of 4
biological replicates for TTX, BIC, and whisker trimming, respectively. * £<0.05 by
ANCNCNA in the given condition.
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Fig. 4. Homeostatic plasticity isdisrupted in the barrel cortex of mice mutant for Homer1 and

Shank3.

(A) PCA of sensory-deprived (trimmed) and control hemispheres of Homerl WT (red and
black, respectively) and Homer KO (purple and blue, respectively). (B) Heatmap of row-
normalized MFI all PiSCES ANCNCNA significant after whisker trimming or comparing
WT and Homer1 KO control hemispheres. (C) ANCNCNA PiSCES that were significantly
altered by whisker trimming (P < 0.05 by ANC), re-normalized to highlight genotype-
dependent differences (WT, left panel; KO, right panel). (D) Bar graphs of mean log,(fold
changes) of select PiSCES—those that are red in (B)—after whisker trimming in control and
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Homer1 KO barrel cortex, and with baseline differences between WT and KO control
hemispheres. * P< 0.05 by ANC. N=4 biological replicates per condition. (E to H) Assays
and analyses as described in (A to D), in Shank3BWT and KO mice. N=4 biological
replicates per condition.
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