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Abstract

Homeostatic scaling is a form of synaptic plasticity where individual synapses scale their strengths to com-
pensate for global suppression or elevation of neuronal activity. This process can be studied by measuring
miniature EPSP (mMEPSP) amplitudes and frequencies following the regulation of activity in neuronal cultures.
Here, we demonstrate a quantitative approach to characterize multiplicative synaptic scaling using immunolab-
elling of hippocampal neuronal cultures treated with tetrodotoxin (TTX) or bicuculline to extract scaling factors
for various synaptic proteins. This approach allowed us to directly examine the scaling of presynaptic and
postsynaptic scaffolding molecules along with neurotransmitter receptors in primary cultures from mouse and
rat hippocampal neurons. We show robust multiplicative scaling of synaptic scaffolding molecules namely,
Shank2, PSD95, Bassoon, and AMPA receptor subunits and quantify their scaling factors. We use super-reso-
lution microscopy to calculate scaling factors of surface expressed GIuA2 within functional zones of the syn-
apse and show that there is differential and correlated scaling of GIuA2 levels within the spine, the
postsynaptic density (PSD), and the perisynaptic regions. Our method opens a novel paradigm to quantify rel-
ative molecular changes of synaptic proteins within distinct subsynaptic compartments from a large number of
synapses in response to alteration of neuronal activity, providing anatomic insights into the intricacies of vari-
ability in strength of individual synapses.

Key words: homeostatic plasticity; immunocytochemistry; molecular organization of synapse; multiplicative scal-
ing; super-resolution imaging; synaptic transmission and plasticity
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Here we demonstrate a novel quantitative method based on rank ordered analysis to characterize multipli-
cative synaptic scaling from immunolabelling of hippocampal neuronal cultures after activity blockade. We
show that along with glutamatergic receptors, several scaffolding molecules are scaled after blocking activ-
ity. This analysis paradigm can be generalized to any protein which alters its content post plasticity proto-
cols. With the aid of conventional and super-resolution microscopy, we examine pools of AMPA type
glutamatergic receptors, and confirm that they are scaled differentially within functional zones of synapses.
Furthermore, we show that the AMPA receptor content within the postsynaptic density (PSD) and perisy-
naptic compartments are altered differentially during homeostatic scaling, indicating a differential regulation
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Introduction

Specific changes in synaptic activity are associated
with cognitive processes such as learning and memory
(Martin et al., 2000; Lamprecht and LeDoux, 2004). These
changes alter both the molecular and morphologic char-
acteristics of synapses and are referred to as synaptic
plasticity. Last three decades of research have shown
that the instantaneous distribution of synaptic molecules
contributes to both the structure and function of individual
synapses (Kandel et al., 2014; Bailey et al., 2015; Sossin,
2018). The spatiotemporal heterogeneity of AMPA type
glutamatergic receptors at excitatory synapses have been
directly correlated to short term plasticity and activity de-
pendent changes in the synaptic strength (Henley and
Wilkinson, 2016; Chen et al., 2018; Humeau and Choquet,
2019). Quantifying the variability in electrophysiological
properties of AMPA receptor responses in synapses
along with their localization and trafficking have enabled
us to understand finer aspects of both basal synaptic
transmission and activity dependent changes associated
with it (Greger et al., 2017; Diering and Huganir, 2018).
Homeostatic synaptic scaling is a form of synaptic plas-
ticity where the excitatory synapses scale their strengths
in response to prolonged alteration of neuronal activity.
Homeostatic synaptic scaling was first experimentally
demonstrated by suppressing neuronal activity in cultured
cortical neurons with tetrodotoxin (TTX) for 48 h, which re-
sulted in an increase in the amplitudes of miniature EPSCs
(MEPSCs; Turrigiano et al., 1998). Subsequently, it has
been demonstrated that this increase in mEPSC ampli-
tudes is mediated by increased accumulation of postsy-
naptic AMPA receptors (O’Brien et al., 1998; Wierenga et
al., 2005). Homeostatic scaling in response to activity sup-
pression has been shown to involve structural and func-
tional changes at both the presynaptic and postsynaptic
compartments. These changes include modulation of the
structure and size of the readily releasable pool, spine vol-
ume and postsynaptic density (PSD), as well as increased
mEPSC frequency and/or amplitude (Turrigiano, 2012;
Vitureira et al., 2012; Fernandes and Carvalho, 2016).
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Homeostatic scaling is also dependent on the maturation of
neurons in vitro, with older neurons preferentially modulating
the postsynaptic compartment (Wierenga et al., 2006; Han
and Stevens, 2009). Homeostatic scaling down of excitatory
synapses has also been observed on elevation of neuronal
activity induced by bicuculline; competitive antagonist for
GABAA\ receptors at inhibitory synapses (Ibata et al., 2008;
Tatavarty et al., 2013).

Homeostatic scaling is one of the major phenomena
widely employed to understand synaptic plasticity. Our
understanding of functional changes in synaptic activity
has primarily evolved by correlating changes in the ampli-
tude and frequency of mMEPSCs (Han and Stevens, 2009;
Kim et al., 2012; Turrigiano, 2012). These changes are
often correlated with microscopic observation of changes
in synaptic morphology and distribution of neurotransmit-
ter receptor subunits in synapses. One of the most robust
approaches to understand the variability in the properties
of individual synapses using homeostatic scaling relies on
comparing the mEPSC recordings between the control
neurons and those that have undergone homeostatic
scaling. This analysis differentiates the increase or de-
crease in global strength of the synapses along with their
relative scaling factors for each condition (Kim et al,
2012). However, examining mEPSCs to study homeo-
static scaling provides only a preview of all active synap-
ses on the cell at any given time, while the variability
underlying the structural and molecular changes in the
presynaptic and postsynaptic compartments are over-
looked. Although conventional microscopy data has shed
light on instantaneous distribution and recycling of recep-
tors in the synapses, it seldom focuses on the properties
of individual synapses. Furthermore, advances in high-re-
solution microscopy in the recent years have enabled
researchers to examine variability within individual synap-
ses and map the topology of AMPA receptor distribution
within functional zones such as the PSD and the perisy-
naptic region of excitatory synapses, spatially separated
by few 100 nm (Chen et al.,, 2018; Scheefhals and
MacGillavry, 2018; Humeau and Choquet, 2019). Here,
we have studied the spatial heterogeneity of proteins at
synapses using conventional microscopy and calculated
their individual scaling factors with a method similar to the
one used for electrophysiological recordings (Kim et al.,
2012). We have extracted multiplicative scaling factors for
several key presynaptic and postsynaptic scaffolding
molecules like Shank2, PSD95, and Bassoon as well as
AMPA receptor subunits, from primary neuronal cultures
of both mice and rats after the induction of homeostatic
scaling by activity suppression (Brandstéatter et al., 2004;
Schoch and Gundelfinger, 2006; Sheng and Hoogenraad,
2007; Chua et al.,, 2010; Sudhof, 2012). Likewise, we
demonstrate that the same method can also be used to
estimate scaling factors following synaptic scaling down
induced by blockade of GABAA receptors by bicuculline.
Furthermore, with the aid of super-resolution microscopy
of immunolabelled neurons, we were able to extract the
population of AMPA receptors in both the postsynaptic
and perisynaptic compartments. This enabled us to cal-
culate the scaling factors within spatially discrete

eNeuro.org


mailto:deepak@iisc.ac.in
https://doi.org/10.1523/ENEURO.0407-19.2020
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

eMeuro

functional zones of synapses segregated by few 100 nm.
Our study provides an easily adaptable approach to ob-
tain anatomic insights into the molecular basis of homeo-
static changes across multiple synapses.

Materials and Methods

Neuronal cultures

Hippocampal neurons from postnatal day 1 (P1) C57B
mouse pups and postnatal day 0-1 Sprague Dawley rat
pups were cultured on poly-L-lysine (Sigma) coated glass
coverslips following the protocol as reported previously
(Beaudoin et al., 2012). The dissected hippocampi were
briefly trypsinized (Thermo Fisher Scientific) and dissociated
in Hibernate-A (Thermo Fisher Scientific) media supple-
mented with 0.5x B27 (Thermo Fisher Scientific), 0.25x
GlutaMAX (Thermo Fisher Scientific), and 100 ug/mi
Normocin (Invivogen). The dissociated neurons were re-
suspended in Neurobasal A (Thermo Fisher Scientific) me-
dium supplemented with 0.5x B27, 0.25x GlutaMAX and
100 pg/ml Normocin (InvivoGen) and plated on poly-L-ly-
sine coated coverslips. Fresh Neurobasal A medium was
supplemented every week to maintain the culture. All ex-
periments involving animals were performed in accordance
with institutional guidelines for the use and care of animals
under the approval of the animal ethics committee.

Homeostatic plasticity induction protocol

Induction of homeostatic scaling in pyramidal neurons
was conducted by incubation of days in vitro (DIV) (unless
otherwise specified) mouse and rat hippocampal neuronal
cultures with 2 um TTX (Alamone labs) for 24-48 h as
specified or 40 um bicuculline (Tocris Bioscience) for 48 h.
The cultures treated with TTX will be referred to as TTX
dataset and those treated with bicuculline will be referred
to as bicuculline dataset. Untreated cultures of the corre-
sponding age were used as control.

Live surface labeling of AMPA receptors

For surface labeling of AMPA receptors, the neuronal
cultures were incubated in conditioned Neurobasal media
containing 25.5 ug/ml GIuA2- N-terminal antibody for
10min on ice (Sobolevsky et al., 2009; Nair et al., 2013).

Immunocytochemistry

The neuronal cultures were fixed in 4% paraformalde-
hyde and 4% sucrose in PBS for 10 min at 4°C, permeab-
ilized with 0.25% Triton X-100 and blocked with 10%
BSA solution for 30 min. Primary and secondary antibod-
ies were diluted in 3% BSA and incubated for 1 h and 45
min at room temperature, respectively. Coverslips were
mounted on glass slides with ProLong Diamond antifade
reagent (Thermo Fisher Scientific).

The primary antibodies used in this study were,
guinea pig anti-Shank2 (Synaptic Systems, catalog no.
162204), mouse anti-Bassoon (Synaptic Systems, catalog
no. 141021), rabbit anti-GluA1 (Synaptic Systems, catalog
no. 182003), guinea pig anti-GIuA2 (Synaptic Systems, cata-
log no. 182105), mouse anti-PSD95 (Invitrogen, catalog no.
MA1-046), and guinea pig anti-Bassoon (Synaptic Systems,
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catalog no. 141004). The above-mentioned antibodies were
used at a dilution of 1:500. Antibody against the extracellular
domain of the GIUA2 subunit of AMPA receptor was a kind
gift from Eric Gouaux, Vollum Institute, and it was used at a
dilution of 1:200. The secondary antibodies used were, goat
anti-mouse STAR RED [Abberior, item no. STRED; for
stimulated emission depletion (STED) microscopy], goat
anti-guinea pig Alexa Fluor 647 (Life Technologies, catalog
no. A21450), goat anti-guinea pig Alexa Fluor 594 (Life
Technologies, catalog no. A11076), goat anti-mouse Alexa
Fluor 568 (Life Technologies, catalog no. A11004), goat anti-
rabbit Alexa Fluor 532 (Life Technologies, catalog no.
A11009), and goat anti-mouse Alexa Fluor 488 (Life
Technologies, catalog no. A11029). The secondary antibod-
ies were used at a dilution of 1:500.

Confocal microscopy

Images were acquired using a Zeiss confocal laser
scanning microscope (Zeiss LSM 780 and Zeiss LSM
880, Carl Zeiss) equipped with a 63 x oil immersion objec-
tive lens of numerical aperture 1.4. The refractive index of
oil was 1.51. The sampling size of each image acquired
on the Zeiss microscope was 90 nm per pixel for the LSM
780 and 44 nm per pixel for the LSM 880, while using a
zoom of 3. Sections of 380 nm along the z-axis were im-
aged with an axial sampling of 30-70 nm. For tile scan
imaging to differentiate proximal and distal synapses, a
single plane tile scan was taken with the help of a confocal
microscope (Zeiss LSM 880) keeping the cell body at the
center and sampling at 190nm to cover a total area of
270 x 270 um?

STED microscopy

STED images were acquired with a sampling of 15nm
per pixel using a 100x oil immersion objective mounted
on an Abberior STED microscope (Abberior GmbH). STED
laser of 770 nm was used and the imaging regions were
chosen randomly. Optical sectioning was performed simi-
lar to the conventional confocal microscope, as described
in the previous section.

Image analysis

Image analysis was done using MetaMorph software
(MetaMorph 7.8, Molecular Devices). Maximum projec-
tions of the Z-stacks acquired using the Zeiss confocal
microscope were used for analysis. Synaptic protein
puncta were identified using adaptive thresholding on
each channel. The same adaptive threshold was used for
the control and treated dataset. By thresholding, fluores-
cent puncta with an area above 0.02 and 0.038 um? were
selected for mouse and rat neurons, respectively, for the
confocal images. Fluorescent puncta with an area of 0.02—
0.54 um? (PSD area estimated in Harris and Stevens, 1989)
were chosen for the STED images. The properties of the
puncta such as area, average, and total fluorescence inten-
sity were measured using Integrated morphometry analysis.
A minimum length filter of 0.18 um was used in Integrated
morphometry analysis.
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We quantified the percentage of active synapses in the
putative synaptic masks that we obtained from neuronal
processes using diffraction limited microscopy, after seg-
mentation with the aid of two additional paradigms. In the
first paradigm, we performed a co-labeling of the postsy-
naptic marker of interest (Shank2) with a presynaptic
marker (Bassoon). We then performed segmentation ac-
cording to the previously mentioned measurement criteria
and binarized the regions corresponding to both the pre-
synaptic and postsynaptic markers. We measured whether
any binarized signal could be detected in the segmented
image of the presynaptic marker corresponding to a region
where the postsynaptic compartment was identified.
Regions recording a signal would be considered as a func-
tional synapse by the presence of both presynaptic and
postsynaptic machinery. In the second paradigm, we co-
labeled two postsynaptic markers (PSD95 and Shank?2)
and repeated the protocol to identify the presence of these
markers together, indicating functional postsynaptic ma-
chinery. We found that in 95.5% (n =10 cells) of synapses,
there was an overlap between presynaptic and postsynap-
tic compartments and in 99.9% (n=10 cells) of synapses,
there was an overlap between the two postsynaptic
markers. These results further confirmed that the putative
PSD masks identified by our segmentation protocol detect
functional synapses with a high degree of accuracy. Thus,
we will refer to the molecules of interest (subunits of AMPA
receptors and scaffolding molecules) detected within these
masks as “synaptic” in the rest of the study.

To study proximal and distal synapses, square regions
of size 33 x 33 um were chosen within 66 um of the cell
body and above 132 um from the cell body and image
analysis was performed with the help of adaptive thresh-
olding and integrated morphometry analysis.

Statistics

The normality of the distributions was checked by
D’Agostino—Pearson omnibus normality test. The fre-
quency distributions used for constructing the probability
density function histograms and the cumulative probabil-
ity distribution function curves were normalized. Two-
sample Kolmogorov-Smirnov (KS) test was used to com-
pare the distributions of control, treated and scaled data.
For the KS test, significance level was set to 0.001 due to
the high sample size. The p value was differentiated into
stars () by the following benchmarks: #1072 > p>10"%
#6107 > p>107% #xx107° > p>10"5; #xxxp <107,
Aforementioned definition of benchmarking of p values is
consistent with results and figures unless otherwise
stated. Unpaired t test was used to compare cell-wise
averages of average intensity between control and treated
data, with 0.05 as the significance level.

To generate rank-ordered plots of treated versus con-
trol fluorescence intensities, data of all puncta from all
cells were pooled for the control and treated conditions.
The same number of puncta were chosen randomly from
both control and treated data. These data were rank or-
dered from lowest to highest fluorescence intensity and
the treated data were plotted against the control data and
a linear fit was calculated. The slope of the linear fit gave
an estimate for the multiplicative scaling factor. To
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determine the accurate scaling factor using the method
used in Kim et al. (2012), the treated distribution was scaled
down or up by an arbitrary multiplicative factor and only the
scaled values greater than a threshold (the minimum inten-
sity in the control condition) were included, i.e., scaled data
= (treated data/scaling factor) > threshold. This was done
for a range of hypothetical scaling factors and the KS test
was used to compare the scaled distribution with the control
distribution. The scaling factor corresponding to the highest
p value was considered as the most accurate. This process
was repeated 100 times from different samplings of the
puncta to obtain the average scaling factor = SEM.

Additionally, the control and scaled data were also
compared with the help of the Anderson-Darling (AD) test
to determine whether there would be a different result
with respect to the KS test (Scholz and Stephens, 1987;
Engmann and Cousineau, 2011). The AD test gives us a
set of critical values (i.e., 0.325, 1.226, 1.961, 2.718,
3.752) for different confidence intervals (i.e., 75%, 90%,
95%, 97.5%, and 99%, respectively). A statistic value is
generated for the compared data which must be com-
pared against the critical values to determine significance.
The statistic value must be lower than the critical value for
the null hypothesis (i.e., the two distributions are not sig-
nificantly different) to hold true. We only report results of
the AD test if they were different from the KS test.

Results

Multiplicative scaling of synaptic proteins determined
using rank order analysis

Homeostatic synaptic scaling is accompanied by in-
creased expression of GluA1 and GIluA2 AMPA receptor
subunits. In order to study homeostatic synaptic scaling,
we treated primary hippocampal neurons of DIV14 from
P1 C57B mice with 2 um TTX for 48 h. We performed im-
munocytochemistry for AMPA receptor subunits, GIuA1
and GluA2, and for the postsynaptic scaffolding molecule
PSD95 (Fig. 1A-C) to study the effect of homeostatic
plasticity on excitatory postsynaptic proteins. Confocal
imaging was performed on a section of dendrite of pyram-
idal neurons identified by morphology. The GluA1 and
GIuA2 levels measured within PSD95 puncta are repre-
sentative of synaptic AMPAR levels, and thereby in direct
correlation with the electrophysiological characteristics
encoded by mEPSCs. The overlay of GluA1 and GIluA2
with PSD95 are shown in Figure 1D-F,H-J, respectively.
We pooled the average fluorescence intensities of GIuA1
and GIluA2 segmented within the PSD95 puncta, repre-
senting the variability of PSD sizes, across all cells in con-
trol and TTX-treated conditions to generate frequency
distribution histograms (n=9 and 12 cells, 534 and 454
synapses for control and TTX dataset, respectively; Fig.
1G,K). Comparing the intensity histograms between the
control and TTX dataset showed a significant increase in
the synaptic levels of both GluA1 and GIuA2 subunits of
AMPA receptors (synaptic GluA1: p<10~® and synaptic
GluA2: p <103, two-sample KS test) after induction of
homeostatic plasticity.

To determine whether the nature of this scaling was
multiplicative and to compute the exact multiplicative
scaling factor, we performed rank order analysis on the
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continued

for 48 h with 2 um TTX to study homeostatic synaptic scaling. The cultures were fixed and immunolabelled for the C terminus of
AMPA receptor subunits GluA1 (A), GIuA2 (B), and a PSD protein PSD95 (C). D-F, H-J, Representative dendritic compartments of
the images in A-C with PSD95 in magenta and GluA1 (D-F) or GIuA2 (H-J) in green. Scale bars: 10 um (A-C) and 5 um (D-F, H-J).
G, K, A histogram was plotted for the average intensity of GluA1 (G) or GIuA2 (K) per PSD95 puncta between the control and the
TTX-treated conditions (n=534 and 454 synapses for control and TTX dataset, respectively, p < 107® for GIuA1 and p <102 for
GluA2, respectively, KS test). L, O, A random sample of 400 intensity values were chosen, rank ordered and plotted to provide a
scaling equation for GluA1 (L; y=1.56x — 6890) and GIuA2 (O; y = 1.22x — 1190). M, P, Using the slope of the equation as a refer-
ence, the TTX dataset was scaled using multiple values and compared with the control. The scaling factor providing the maximum p
value between the scaled-TTX and control dataset was chosen as the multiplicative scaling factor for GluA1 (1.28, p=0.006, KS
test; M) and GIuA2 (1.16, p=0.80, KS test; P). N, Q, Cumulative frequency distribution between control, TTX, and scaled-TTX for

GluA1 (N) and GIuA2 (Q) showed no significant difference between the control and scaled-TTX distributions.

average puncta intensities of control and TTX datasets. A
total of 400 puncta were picked randomly from both the
control and TTX datasets for synaptic GluA1 and GIuA2.
Their intensities were arranged in ascending order and the
TTX dataset was plotted against the control (Fig. 1L,0).
The data fit to a linear model for both synaptic GluA1 (Fig.
1L; linear fit: y= 1.56x — 6890, goodness of fit R* = 0.97)
and GIuA2 (Fig. 10; linear fit: y=1.22x — 1190, R® = 1).
The slope of the linear fit could be considered as the mul-
tiplicative factor, however, the presence of an intercept
value in the linear fit indicated an additive component to
the synaptic scaling.

The measurement of mMEPSCs from primary cultured
neurons has a set detection threshold for both control and
TTX-treated conditions. In the rank-ordered plot, the low-
est value of the TTX dataset should correspond to the
lowest value in the control dataset. However, the lowest
value of the TTX-treated dataset seemed to be offset from
that of the control value due to the detection threshold,
contributing to the additive component of the scaling
equation as discussed previously (Kim et al., 2012).
Therefore, a true multiplicative scaling factor could be cal-
culated only for data where no thresholds have been ap-
plied. To account for this thresholding error and to
determine the multiplicative scaling factor, we used the
method previously reported to characterize scaling of
mEPSC amplitudes (Kim et al., 2012). Here, the scaled-
TTX distribution was obtained by dividing the TTX values
by arbitrary scaling factors, and only values greater than
the threshold (lowest value in control) were included in the
scaled-TTX distribution. The scaling factor that provided
the highest p value on comparing scaled-TTX and control
distribution was taken as the multiplicative scaling factor.
Figure 1M,P plots the p values from KS tests comparing
the control and scaled-TTX distributions obtained with a
range of scaling factors. The highest p value corre-
sponded to a scaling factor of 1.28 for synaptic GIuA1, in-
dicating that 1.28 was the multiplicative scaling factor for
synaptic GluA1, whereas, for synaptic GIuA2, it was 1.16.
Figure 1N,Q shows that the scaled-TTX distribution ob-
tained by dividing the TTX dataset with the above men-
tioned scaling factors was not significantly different from
the control distribution for synaptic GIuA1 (p =0.006, KS
test) or GIuA2 (p =0.80, KS test). The sampling of the da-
taset was repeated 100 times and the average multiplica-
tive scaling factors for synaptic GluA1 and GIuA2 were
determined to be 1.30 = 0.002 and 1.16 + 0.001, respec-
tively. Thus, a multiplicative scaling factor was derived
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using this method on microscopy dataset, a task previ-
ously achieved only by electrophysiological characteriza-
tion of MEPSC recordings.

We used the AD test to compare the TTX and scaled-
TTX distributions. We observed that except for the GluA1
data, the AD test provided a statistic value far below the
critical values for GIuA2, confirming that the scaled-TTX
distributions were not significantly different from the con-
trol distributions. For GluA1, the statistic value for control
versus scaled-TTX was found to be greater than the criti-
cal value, but less than that of the versus TTX dataset. We
used the AD test to calculate the multiplicative scaling
factor by determining the scaling factor at which the test
statistic for control versus scaled-TTX showed the small-
est value for GluA1 and GluA2, and we obtained a scaling
factor similar to the one obtained with the help of the KS
test indicating that the scaling factor is indeed compara-
ble across the statistical tests

Additionally, we compared the scaling factor derived
from a mean value per cell analysis which is a commonly
used method, to that derived from the above described
method which involves random sampling of synapses.
We examined the cell-wise means of average fluores-
cence intensity of GluA1 puncta shown in Figure 1A and
observed that the mean of GIuA1 average intensity of
TTX-treated cells showed significant scaling in compari-
son to that of the control cells, corresponding to a scaling
of 1.12+0.028 (control — 1.00 = 0.027, t19=2.94, p=
0.008, unpaired t test). We observed that this scaling fac-
tor estimated from cell-wise averages is lesser than the
one obtained from the random sampling method, i.e.,
1.30 = 0.002. The cell-wise average value provides equal
weightage for every synapse for a cell without taking syn-
aptic heterogeneity into account. Thus, cell-wise average
maybe useful to detect the presence of scaling as an
overall effect, but it is not reflective of true multiplicative
changes within synapses.

Multiplicative scaling of scaffolding molecules during
homeostatic scaling in rodents

We have observed rank order analysis to be an efficient
tool to demonstrate multiplicative scaling and to calculate
an accurate scaling factor for postsynaptic receptor mole-
cules. In order to test the robustness of this method to
study multiplicative scaling across rodent species, we
studied postsynaptic scaffolding molecules in primary
mice and rat cultures. Primary hippocampal cultures of
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DIV14 from PO C57B mouse and PO/P1 Sprague Dawley
rat pups were treated with 2 um TTX for 24 h, and immu-
nocytochemistry was performed for the PSD protein
Shank2. Figure 2A shows the distribution of fluorescence
intensities for Shank2 puncta in the control and TTX-
treated mouse neuronal cultures (n=10 cells, 1889 and
826 synapses for control and TTX dataset, respectively),
whereas Figure 2B shows the same for rat neuronal cul-
tures (n=10 cells, 1592 and 1821 synapses for control
and TTX dataset, respectively). Figure 2A,B demonstrates
a significant scaling of Shank2 in the TTX-treated cultures
compared with control, as determined by a two-sample
KS test (Fig. 2A,8; p <1079).

To measure the scaling factor, we performed rank order
analysis on 800 Shank2 puncta randomly chosen from the
control and TTX datasets for both the mouse and rat data.
Figure 2C,D shows the linear fit to the plot of rank ordered
TTX versus control intensities of Shank2. Similar to AMPA
receptor subunits, the data fit to a linear model for both
the mouse (Fig. 2C; linear fit: y=1.36x — 5182, goodness
of fit R? = 0.97) and rat data (Fig. 2D; linear fit: y =
1.05x + 540.7, R? = 0.98), which supported multiplicative
scaling. The scaling factor corresponding to the highest p
value on comparing control and scaled-TTX distributions
was 1.19 for the mouse culture (Fig. 2E) and 1.15 for the
rat culture (Fig. 2F). These scaling factors were used to
empirically scale down the TTX distribution and the cumu-
lative frequency distributions of the control, TTX and
scaled-TTX distributions are shown in Figure 2G,H. We
observed that the scaled-TTX distribution was not signifi-
cantly different from the control distribution for both the
mouse (Fig. 2G; p=0.015, KS test) and the rat data (Fig.
2H; p=0.063, KS test). After repeating the sampling 100
times, we calculated a scaling factor of 1.19 + 0.001 and
1.14 = 0.001 for the mouse and rat Shank2 data, respec-
tively. Thus, we were able to conclude that this quantita-
tive method of analyzing immunocytochemical data to
estimate scaling factors can be reproduced across spe-
cies and synaptic proteins.

We also used the aforesaid method to determine multi-
plicative scaling factor following 24 h of TTX treatment in
mouse and rat cultures for other scaffolding molecules.
The scaling factor for PSD95 in primary neuronal cultures
of mice was 1.1 (Extended Data Fig. 2-1A,D,G,J control),
whereas it was 1.2 for rat (Extended Data Fig. 2-1B,E,H,
K). The scaling factor for the presynaptic protein Bassoon
in primary neuronal cultures of mice was 1.25 (Extended
Data Fig. 2-1C,F,/,L). Along with the changes in average
intensity, total intensity was also characterized as a tool
to understand increase in total protein expression level
after the induction of homeostatic plasticity. We meas-
ured scaling factor using the total puncta intensity of
PSD95 in both mouse and rat hippocampal neurons after
48 h of TTX treatment. We obtained a scaling factor of
1.46 = 0.005 and 1.39 =+ 0.005 for the mouse and rat data,
respectively, which was in agreement with previous ob-
servations (Sun and Turrigiano, 2011). We observed that
the multiplicative scaling was comparable between
Shank2 and PSD95 at synapses. Similar to PSD95,
Shank2 is also known to associate with several molecules

March/April 2020, 7(2) ENEURO.0407-19.2020

Research Article: Methods/New Tools 7 of 16
at the PSD (Brandstatter et al., 2004; Martinez-Monedero
et al.,, 2016). Furthermore, Antibodies against Shank2
were available from a Guinea pig host which was more
suitable in combination with several AMPA receptor subu-
nit antibodies, which were of key interest to this paper.
Therefore, we have used Shank2 as a postsynaptic
marker for the rest of our study.

Thus, the proposed novel method could be used to de-
termine precise multiplicative scaling factors for both pre-
synaptic and postsynaptic proteins as well for any protein
involved in homeostatic synaptic plasticity.

Effect of sampling on the accuracy of measurement of
the scaling factor

We estimated the effect of the sample size used on the
accuracy of the scaling factor measured using this immu-
nocytochemical method. In order to determine the accu-
rate sample size to be accounted for calculating the
scaling factor, we treated primary hippocampal cultures
of DIV14 from PO/P1 Sprague Dawley rat pups with 2 um
TTX for 48 h, and immunocytochemistry was performed
for Shank2. The data were sampled to various degrees, i.
e., random samples of 200, 400, 600, 800, 1000, 1200,
1400, 1600, and 1800 data points were taken from the
total dataset. The process was repeated 100 times to de-
termine the mean scaling factor = SD. The distribution of
scaling factors for each sample size were compared
(Extended Data Fig. 2-2A). The variance of the scaling fac-
tor estimate was plotted against the sample size. The in-
flection point of this curve lay close to 800, suggesting
that a sample size of 800-1000 (40-50% of the total)
puncta was sufficient to measure an accurate scaling fac-
tor (as indicated by the dashed lines in Extended Data Fig.
2-2B). In order to confirm that a low scaling factor indi-
cated multiplicative scaling, similar sampling was done
for the control and the TTX datasets individually and com-
pared within each set, i.e., randomly chosen non-overlap-
ping control datasets were compared with each other for
all aforementioned sample sizes. The TTX dataset were
also analyzed in a similar manner. Scaling factors were
determined as previously described. The control versus
TTX comparison (Extended Data Fig. 2-3J) yielded a sig-
nificantly different and right-shifted distribution of scaling
factors compared with both the control versus control
and the TTX versus TTX comparison for all sample sizes
(Extended Data Fig. 2-3A-/). This validated that even a
scaling factor as low as 1.05 would confirm the presence
of multiplicative scaling.

The scaling factor is determined by the maximum p
value obtained from the KS test while comparing the
scaled-TTX distribution to the control. The p value ob-
tained thus depends on the size of the sample and the
variation between the sampled distributions. We have ob-
served a large variation in the p values obtained from
sampling the same dataset repeatedly (Extended Data
Fig. 2-4A). We sampled the control and TTX dataset
through a range of sample sizes such as 200, 400, 600,
800, 1000, 1200, 1400, 1600, and 1800 as well as multiple
times at each sample size, i.e., 100, 500, and 1000 times.
We compared the sampled control and TTX dataset within
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Figure 2. Multiplicative scaling of synaptic scaffolding molecules during homeostatic scaling in rodents. A, B, Histogram comparing
the average intensity of Shank2 per puncta in the control and TTX conditions showed positive scaling after 24 h of treatment for
both mouse (A) and rat (B) cultures (n=1889 and 826 synapses for mouse and 1592 and 1821 synapses for rat, for control and TTX
dataset, respectively, p < 107, KS test). C, D, A total of 800 random average intensity data points were chosen, rank ordered, and
plotted to provide a scaling equation for mouse (C; y=1.36x — 5182) and rat (D; y =1.05x + 540.7) cultures. E, F, The scaling factor
providing the maximum p value between control and scaled-TTX datasets was chosen as the multiplicative scaling factor for both
mouse (E; 1.19, p=0.015, KS test) and rat (F; 1.15, p =0.063, KS test) cultures. G, H, A cumulative frequency distribution was plot-
ted for control, TTX, and the scaled-TTX (calculated with the help of the scaling factor) datasets for the mouse (G) and rat (H) show-
ing no significant difference between the control and the scaled-TTX dataset. For comparison of multiplicative scaling of other
synaptic scaffolding molecules, please refer to Extended Data Figure 2-1. A detailed analysis of sampling efficiency for calculating
multiplicative scaling factor and significance of scaling factors are detailed in Extended Data Figures 2-2, 2-3, respectively. Analysis
referring to accuracy of scaling in homeostatic plasticity is shown in Extended Data Figure 2-4.
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themselves as well as with each other. As we increased
the sample sizes the variance of the scaling factor de-
creased which was consistent with Extended Data Figure
2-2. In order to verify whether the scaling factor that we
have calculated is indeed representative, we calculated
the “accuracy of scaling factor” for each sampling size
and iterations. We plotted the distribution of the scaling
factors estimated from repeated sampling for a given
sample size and calculated the center of the distribution
using Gaussian approximation for each sampling size
(Extended Data Fig. 2-4B). Second, we calculated the
error associated with calculating the center of this distri-
bution by examining the distribution of the error from
mean (i.e., the difference between each scaling factor and
the mean) and determined the SD of this error (Extended
Data Fig. 2-4C). The accuracy of scaling factor can thus
be represented as the Centre of the Gaussian approxi-
mation with the error associated with each sampling. As
the sampling size increased, the full-width half maxi-
mum of the Gaussian distribution decreased thus de-
creasing the error associated with the calculation of
scaling factors. A sample of the data obtained for a
sample size of 1000 data points is displayed as a table
(Extended Data Fig. 2-4D).

In Kim et al. (2012), mEPSCs were recorded from indi-
vidual cells and random samples of 100 mEPSCs from
each cell was taken, representative of active synapses in
that cell. In our experiments, we have collected data from
all synapses in a cell contributing to a large heterogeneity
in our data. We randomly sampled the total data to do an
unbiased analysis, taking into account the heterogeneity.
We also sampled equal number of synapses per cell, i.e.,
10, 20, 30, and 40 synapses, and compared the control
and TTX dataset. At lower sample sizes, the control and
TTX dataset showed no significant difference, but as we
increased the sample size, the differences between the
control and TTX dataset became more apparent and was
similar to the random synapses sampled from the total
data across the cells.

Differential scaling of global versus surface pools of
GluA2 subunits of AMPA receptors at excitatory
synapses

In Figure 1, we looked at multiplicative scaling of synap-
tic GIuA1 and GIuA2 subunits of the AMPA receptor with
the help of C-terminal antibodies targeted against these
subunits, which provided us with an understanding of ho-
meostatic scaling occurring in the global population
of GluA1 and GIuA2. However, only the surface expressed
AMPA receptors would be involved in sensing the released
neurotransmitters, and those would be the population of
functional AMPA receptors affected by homeostatic scal-
ing. Therefore, we compared multiplicative scaling of the
GIuA2 subunit using antibodies targeting the N terminus
(which identifies only the surface population) and the C ter-
minus (identifying the global population). Primary rat hippo-
campal neuronal cultures of DIV14 were treated with 2 um
TTX for 48 h followed by immunocytochemistry using N-
terminal or C-terminal antibodies against the GIUA2 subunit
along with Shank2 marking the PSD (Extended Data Fig. 3-

March/April 2020, 7(2) ENEURO.0407-19.2020

Research Article: Methods/New Tools 9 of 16
1). The distribution of average fluorescence intensities of
GluA2 segmented within the Shank2 puncta (which indi-
cates synaptic GluA2) showed significant scaling between
the control and TTX conditions for both the global (Fig. 3A;
n=10 cells, 1893 and 1781 synapses for control and TTX
dataset, respectively, p < 107°) and the surface (Fig. 3E;
n=10 cells, 2259 and 2411 synapses for control and TTX
dataset, respectively, p < 10~°) population as determined
by the KS test. A random sample of 1000 data points were
chosen from the control and TTX dataset, rank ordered
and plotted to provide a multiplicative scaling equation for
global (Fig. 3B; linear fit: y=0.95x + 1459, R® = 0.98) and
surface population (Fig. 3F; linear fit: y=1.04x + 0.5, R? =
0.99). The scaling factor was determined by scaling down
the TTX dataset by multiple arbitrary scaling factors and
the scaled-TTX dataset was compared with the control. In
order to determine the scaling factor, we repeated the
sampling process 100 times and derived an average multi-
plicative scaling factor of 1.18 £0.002 for global GIuA2
and 1.08 = 0.002 for the surface population of GIuA2. A
representative sampling of the scaling factor and the
scaled distribution for global and surface pools of AMPA
receptors are presented in Figure 3C,D, G,H, respectively.
This data displays a correlative scaling for the global and
surface population of GIuA2 containing AMPA receptors,
indicating an increased recruitment of AMPA receptors to the
surface in response to homeostatic plasticity. Considering
that the C-terminal antibody for GIuA2 marks both the in-
tracellular and surface population of GIUA2 containing
AMPA receptors, it is expected that this scaling factor
would be higher in comparison to that obtained exclusively
for the surface expressed GIuA2. This indicates that in re-
sponse to homeostatic plasticity there is an increase in
total number of receptors at the synapse, but only a frac-
tion of these receptors is targeted to the surface.

To evaluate the temporal heterogeneity in synaptic scal-
ing we performed longitudinal experiments where the scal-
ing factor in primary neuronal cultures were compared after
24 and 48 h of TTX treatment. Synaptic GIuA2 showed mul-
tiplicative scaling with a scaling factor of 1.06 == 0.001 and
1.13 £ 0.001 after 24 and 48 h of TTX treatment, respec-
tively. This indicates that there is an increase in multiplica-
tive scaling of GIuA2 containing AMPARSs after 48 h of TTX
treatment in comparison to 24 h which was in agreement
with previous literature (Han and Stevens, 2009). In order to
understand the spatial heterogeneity of synaptic scaling we
analyzed synapses in the proximal and distal dendritic com-
partments. Proximal dendrites were always chosen within
66 um of the cell body and distal dendrites were chosen
>132 um from the cell body. Regions were selected, and
image analysis was performed as explained in the methods.
We calculated multiplicative scaling factors for them sepa-
rately and observed that the distal dendrites showed 5.94-
7.12% more scaling than the proximal dendrites.

Scaling down of surface expressed AMPA receptors
Next, we wanted to investigate the scaling down of
GIuA2 containing AMPA receptors in response to inhibition
of inhibitory synapses which leads to an elevation of activity
in neuronal cultures. GABAA receptors are one of the major
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Figure 3. Differential scaling of synaptic AMPA receptor pools at excitatory synapses during homeostatic scaling. A, E, Histograms
were constructed to compare the control and TTX dataset for the average intensity of GIuA2 segmented within the Shank2 puncta
for global synaptic GIuA2 using the C-terminal antibody (A) and surface gluA2 using the N-terminal antibody (E); n=1893 and 1781
synapses for global and 2259 and 2411 for surface GIuA2, for control and TTX dataset, respectively, p <107°, KS test. B, F, A total
of 1000 random puncta were chosen from both the control and TTX dataset, rank ordered, and plotted to provide the scaling equa-
tion for global gluA2 (B; y=0.95x + 1459) and surface gluA2 (F; y=1.04x + 0.5). C, G, The random sample of the TTX dataset was
scaled down using multiple prospective scaling factors and the factor providing the maximum p value between the control and the
scaled-TTX dataset was chosen as the multiplicative scaling factor for global gluA2 (C; 1.19, p=0.084, KS test) and surface gluA2
(G; 1.08, p=0.680, KS test). D, H, The cumulative distribution was plotted between the control, TTX, and the scaled-TTX (obtained
with the help of the scaling factor) for the global (D) and surface (H) GIUA2 levels, indicating no significant difference between the
control and the scaled-TTX dataset. A gallery of immunocytochemical images for global and surface distribution of GIUA2 is pre-
sented in Extended Data Figure 3-1.
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Figure 4. Scaling down of synaptic pool of surface AMPA receptors. A, The normalized frequency distribution of average intensity
of surface expressed synaptic GluA2 segmented within Shank2 puncta is plotted for control neurons and neurons treated with 40
M bicuculline for 48 h. There is a a significant difference between the control and bicuculline dataset (n=10 cells, 1697 and 2988
synapses for control and bicuculline dataset, respectively, p < 107°). B, A total of 1300 synapses were randomly sampled from the
control and bicuculline dataset, rank ordered and plotted to obtain the scaling equation (y =0.885x + 67.20). C, The sampled bicu-
culline dataset was scaled with a number of arbitrary multiplicative scaling factors and compared with the control data. The scaling
factor providing the maximum p value was chosen as the multiplicative scaling factor (0.90, p=0.791). D, The cumulative distribu-
tion of the control, bicuculline and scaled bicuculline population was plotted showing that the scaled bicuculline population was not
significantly different from the control distribution.

hyperpolarizing ion channels found in inhibitory synapses in ~ functional zones of the synapse. Since the AMPA recep-
hippocampal excitatory pyramidal neurons (Megias et al.,  tors present in the PSD could directly modulate the signal

2001). Bicucullineis a well-known competitive antagonist of  reception at the synapse, we verified whether the scaling
GABAA receptors which blocks IPSPS, and incubation of observed at the total synapse was identical to that ob-

neuronal cultures with bicuculline has been shown to cause served at the PSD. Although previous reports indicate an

scaling down of excitatory synapses (Watt et al., 2000; increase in s : : o
i ynaptic AMPA receptors during scaling, it is
Ibata et al., 2008; Tatavarty et al., 2013). We treated 14 DIV still unclear if the origin of this increase is due to an in-

rat hippocampal neurons with 40 um bicuculline for 48 h. , ; L .
We tﬁgn fixeg and performed imﬁanunocytochemistry for Crease of receptors in the PSD or in the adjoining perisy-

Shank2 and surface GluA2. The normalized frequency dis- ~ naptic compartment, which might serve as a reserve pool
tribution of GIUA2 average intensity segmented within the ~ to deliver naive receptors. We wanted to differentiate
Shank2 puncta of the bicuculine dataset showed a signifi-  these two scenarios by studying the scaling behavior of
cant difference from that of the control (Fig. 4A; n=10cells, the receptors within the respective compartments. We
1697 and 2988 synapses for control and bicuculline data-  used STED microscopy to examine the subsynaptic orga-
set, respectively, p < 10‘6). 1300 synapses were randomly  nization of surface expressed GIuA2 containing AMPA re-
sampled from the control and bicuculline dataset and plot-  ceptors during homeostatic scaling. Shank2 was used as
ted to provide a multiplicative scaling equation (Fig. 4B; 5 marker for the PSD, and we estimated the multiplicative

2 .
y=0.885x + 67.20, R = 0.99). Thg average scaling factor scaling factors for GIuA2 localized to the synapse, the
calculated by repeating the sampling 100 times was found PSD, and the perisynapse

to be 0.90 = 0.001. This shows that a multiplicative scaling Primarv rat hiopocampal neurons of DIV14 were treated
factgr can be reliab_ly calc.ulated for bot_h scaling up and with 2 M'\); TTX Ff)é)r 48 hplmmunocytochemistry was per-
scaling down oceurring during homeostatic plasticity. formed for surface GluA2 and Shank2, and dendritic re-
gions were imaged using confocal and STED microscopy

Differential scaling of AMPA receptor pools within (Fig. 5; Extended Data Fig. 5-1). The Shank2 confocal
functional zones of an excitatory synapse image was sampled the same way as the STED image.
Next, we explored whether the surface expressed Because of the inability of confocal microscopy to differ-
AMPA receptors were scaled differentially within  entiate the different subsynaptic zones, confocal image of

March/April 2020, 7(2) ENEURO.0407-19.2020 eNeuro.org


https://doi.org/10.1523/ENEURO.0407-19.2020.f5-1

eMeuro

Shank2 was used to determine the regions indicating the
excitatory synapse on the dendrite. The Shank2 STED
image was used to determine the PSD. The region on the
Shank2 confocal image excluding the STED puncta were
used to determine the perisynaptic region (Fig. 5A;
Extended Data Fig. 5-1). Shank2 STED images were ana-
lyzed for changes in the characteristics of PSD in control
and TTX dataset. The PSD area and average intensity of
Shank2 in the PSD showed significant scaling after TTX
treatment (Extended Data Fig. 5-2A,B). The scaling of
Shank?2 at the PSD was observed to be multiplicative with
an average scaling factor of 1.18 = 0.002 (Extended Data
Fig. 5-2C,D). We have also observed a significant increase
in the Shank2 confocal area (which indicates the synapse
area) and the total intensity of GIuA2 segmented within the
Shank2 confocal and STED masks (data not shown). The
average intensity of GIuA2 segmented within the Shank2
confocal and STED images were used to determine GluA2
scaling within various subsynaptic compartments (Fig.
5B,1-6). A histogram plotted for the frequency distribution
of average intensity of GIuA2 in the synapse, PSD and
perisynaptic region between control and TTX conditions
indicated significant scaling with p values of p <107,
p<10"% and p <1075, respectively (n1=2217 and 2401
for GIUA2 in the synapse, 2694 and 2438 for GIUA2 in the
PSD and 2276 and 2353 for GIUA2 in the perisynapse, for
control and TTX dataset, respectively; Fig. 5C-E). 1000
puncta were chosen randomly from the control and TTX
dataset, rank ordered and plotted as control versus TTX to
provide a scaling equation for GIuA2 at the synapse (linear
fit: y=1.08x + 0.84, R? = 0.99), within the PSD (linear fit:
y=0.23x + 16.00, R? = 0.51 (Fig. 5G, green), and at the
perisynapse (linear fit: y=1.02x + 0.82, R? = 0.96; Fig. 5F-
H). A small number of datapoints showed a large variance
from majority of the data in the control dataset for GIuA2
within PSD, leading to an aberrant nature for the slope in
the rank-ordered plot (Fig. 5G, green). Therefore, the x-axis
was curtailed at an average intensity of 80 to obtain a new
linear fit (linear fit: y=0.83x +4.62, R = 0.94; Fig. 5G,
blue). The sampling was repeated 100 times to determine
an accurate scaling factor for the average intensity of
GIuA2 at the synapse, PSD, and perisynapse as 1.13 =
0.002, 1.09 £0.002, and 1.13 £0.002, respectively. The
representative scaling factors for the synapse, PSD and
perisynapse are shown in Figure 5/-K. The TTX dataset
was scaled down with the calculated scaling factor and the
cumulative frequency distribution was plotted between the
control, TTX and scaled-TTX dataset, indicating no signifi-
cant difference between the control and the scaled-TTX
dataset for GIuA2 within the synapse, PSD or at the perisy-
napse (Fig. 5L-N). The correlative scaling factor between
GIuA2 at the synapse and perisynapse indicated an in-
creased recruitment of GIuA2 to the perisynapse in com-
parison to the PSD. This indicated that the receptors at the
perisynaptic compartment could act as a reserve pool of
naive receptors, which would then be trafficked on an ac-
tivity dependent manner to the PSD.

Discussion

Homeostatic scaling is characterized by direct altera-
tion of the density of functional AMPA receptors at excita-
tory synapses. However, little is known about the
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changes that govern synaptic molecules which associate
with AMPA receptors such as scaffolding molecules, cell
adhesion molecules, transmembrane AMPA receptor regu-
latory proteins and other signaling molecules. Indeed, these
molecules control the localization, trafficking and post-
translational modification of receptors, thus directly influ-
encing the receptor function during homeostatic plasticity
and local plasticity mechanisms including long-term poten-
tiation/depression (Vitureira and Goda, 2013; Fernandes
and Carvalho, 2016; Henley and Wilkinson, 2016; Diering
and Huganir, 2018). Here we demonstrate a simple immu-
nocytochemical method based on rank ordered analysis to
quantitatively characterize multiplicative homeostatic scal-
ing induced by activity blockade in neuronal cultures. We
use this analysis paradigm to extract scaling factors for
various AMPA receptor subunits and some of the key pre-
synaptic and postsynaptic proteins. We observed that
there is significant scaling on the content of both presynap-
tic and postsynaptic scaffolding molecules on neuronal ac-
tivity blockade. This is consistent with the observation that
induction of homeostatic scaling in older cultures results in
the augmentation of both the frequency and amplitude of
the postsynaptic response when measured using electro-
physiological techniques (Han and Stevens, 2009).
Increase in the content of presynaptic scaffolding mole-
cules such as Bassoon indicates strengthening of the cyto-
matrix of the active zone in the presynapse. Higher levels
of cytomatrix proteins such as Bassoon and Piccolo have
been correlated with faster reloading of presynaptic
vesicles modulating both the frequency and amplitude of
EPSCs at central synapses (Hallermann et al., 2010;
Mukherjee et al., 2010; Kittel and Heckmann, 2016). An al-
teration in the synaptic content of postsynaptic scaffolding
molecules such as PSD95 and Shank is also known to af-
fect the basal synaptic transmission affecting the expres-
sion, localization, and retention of AMPA receptors at
excitatory synapses (Henley and Wilkinson, 2016; Diering
and Huganir, 2018). We observed augmentation of scaling
factor for AMPA receptor subunits on activity blockade,
confirming an increase in the synaptic numbers for both
GluA1 and GIuA2 containing AMPA receptors. However,
activity-dependent subunit, GluA1 showed a higher scaling
in comparison to GIluA2. Although there is an increase in
both GluA1 and GIuA2 subunits, there might be a preferen-
tial recruitment of AMPA receptors containing both GluA2/
GIuA1 subunits in comparison to AMPA receptors contain-
ing GIuA2 with other subunits. While comparing the control
and scaled-TTX distributions, the GIuA1 data alone
showed a different statistical result while using the AD test
compared with the KS test. This shows that GIuA1 may
undergo homeostatic scaling that is not purely multiplica-
tive. This could be because of the differences in the subunit
stoichiometry of AMPA receptors. (Diering and Huganir,
2018). Furthermore, it was observed that synapses local-
ized to distal dendrites exhibit augmented scaling com-
pared with their counterparts in proximal dendrites (Smith
et al., 2003). Such a scaling up of synapses in distal den-
drites might be a requirement to compensate for cable fil-
tering, where the synapses would need to ensure the
availability of more receptors for the EPSPs to reach the
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Figure 5. Differential scaling of synaptic AMPA receptor pools within functional zones of an excitatory synapses during homeostatic
scaling. A, B, Confocal and STED imaging were performed for Shank2 (A) and GIuA2 (B). A, An adaptive threshold mask was cre-
ated for Shank2 observed on the synapse (red + blue), perisynapse (red), and PSD (blue) image, and the puncta regions were used
to determine different subsynaptic compartments. Analysis scheme for spatial differentiation of functional zones of the synapse
using confocal and STED imaging is presented in Extended Data Figure 5-1. B, GIuA2 STED image overlaid with red outline indicat-
ing the synapse, blue outline indicating the PSD and the region enclosed between the red and blue regions indicating the
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continued

perisynaptic compartment. -6, The insets display different zoomed regions of the GluA2 STED image. Scale bars: 4.5 um (A, B) and
1 um (1-6). C-E, Histograms constructed for the average intensity of GIuA2 segmented within the Shank2 confocal (C), Shank2 STED
(D), and the area between the Shank2 confocal and STED puncta or the perisynaptic area (E) between the control and the TTX dataset
showed significant scaling of GIuA2 within various subsynaptic compartments (n=2217 and 2401 for GIUA2 in the synapse, p <1075,
2694 and 2438 for GIUA2 in the PSD, p < 10~ and 2276 and 2353 for GIUA2 in the perisynapse, p < 1075, for control and TTX dataset,
respectively, KS test). F-H, A total of 1000 random puncta were chosen from each dataset and the control set was plotted against
TTX dataset to provide a scaling equation for the GIuA2 scaling within the synapse (F; y=1.08x + 0.84), the PSD [G; y=0.23x + 16.00
(green) and y=0.83x + 4.62 (blue)], and the perisynapse (H; y=1.02x + 0.82). I-K, Representative scaling factors providing the maxi-
mum p value between the control and the scaled-TTX dataset was chosen as the multiplicative scaling factor for GIuA2 within the syn-
apse, (/) in the PSD (J) and in the perisynapse (K). L-N, Cumulative frequency distribution between the control, TTX, and scaled-TTX
dataset showed no significant difference between the control and the scaled-TTX dataset for GIuA2 within the synapse (L), PSD (M),

and the perisynapse (N). Multiplicative scaling of Shank2 at the PSD is presented in Extended Data Figure 5-2.

soma. Since the archetypal connectivity is not maintained
in primary neuronal cultures, it remains to be seen whether
this is the case is intact brain slices where the morphology
and connectivity is preserved.

The results obtained from rank order analysis of micros-
copy images is consistent with the electrophysiological data
which has used comparable statistics to evaluate mEPSC
recordings from control and TTX-treated primary neuronal
cultures (Kim et al., 2012). However, the scaling factor ob-
tained for AMPA receptor subunits by immunocytochemis-
try was lower than that obtained for amplitude scaling of
synaptic responses by electrophysiological data. These dif-
ferences could be attributed to the differing methods for
data collection in these techniques. Electrophysiological re-
cording involves recording of mEPSC traces for a finite
amount of time. Same synaptic responses can be recorded
multiple times shifting the bias toward more active synapses
during the time of recording. Contrary to electrophysiologi-
cal recordings, observing random image fields by immuno-
cytochemical labeling would result in unbiased inclusion of
all the synapses in the field of view resulting in larger hetero-
geneity of synapses available for evaluation. The method
that we have implemented could also be combined with
electrophysiological recordings, thus bridging the gap be-
tween these two techniques. Another major strength of this
method is the ability to show using random sampling of syn-
apses that the variance in the calculation of the scaling factor
reduces asymptotically as the number of synapses used for
the analysis increases. Sampling for rank order analysis
could be performed with half the number of detected synap-
ses to yield an accurate scaling factor. Furthermore, to con-
firm that the small scaling factors we obtained were indeed
indicative of multiplicative scaling, we asked the question of
how small a scaling factor could be considered significant.
To address this, we randomly subdivided a control dataset
of fluorescence intensities into two datasets and calculated a
scaling factor between these control subsets. A similar pro-
cedure was adopted for the TTX dataset as well. We were
able to show that a scaling factor as low as 1.05 between the
control and TTX dataset was significantly greater than what
was obtained from within group comparison of the control or
TTX datasets, proving that this method is indeed a robust es-
timator for multiplicative homeostatic scaling.

The neuronal synapse is a very dynamic and organized
structure. The instantaneous receptor population can be
divided into pools of receptors localized within specific
functional zones of the synapse. We observed that these
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different pools of AMPA receptors are differentially scaled.
For example, the global pool of AMPA receptors was scaled
higher than the surface AMPA receptors. This differential
scaling could arise since TTX suppresses action potentials
which would significantly affect the large pool of receptors
waiting to be inserted into the synaptic membrane during
synaptic activity. Previous studies have indicated that
AMPA receptors can be immobilized both in the postsynap-
tic and perisynaptic compartments and the equilibrium be-
tween these subsynaptic zones can be maintained by lateral
diffusion (Chen et al., 2018; Scheefhals and MacGillavry,
2018; Humeau and Choquet, 2019). With the help of super-
resolution imaging, we were able to discern different
pools of AMPA receptors associated with different func-
tional zones of the synapse. Advanced microscopy para-
digms with improved 2D and 3D resolution might give a
better perspective of molecular distribution of receptors
in the PSD; enabling a better discrimination of synaptic
versus extrasynaptic pools on the functional zones of the
synapse. Although the rank order analysis does not con-
sider nanoscale distributions of the molecules inside the
functional zones, it remains a very good tool to evaluate
the characteristics of AMPA receptor pools in the func-
tional zones of the synapse. Using the rank order analysis,
scaling in the perisynaptic compartment was found to be
higher than that of the PSD compartment. Although there
was an increase in size of the PSD, and density of scaf-
folding molecules in the PSD after induction of homeo-
static scaling, a larger number of these synapses reached
saturation for AMPA receptor density in comparison with
the control. This indicates that there is a limiting size for
the PSD and the maximum number of receptors that can
be accommodated per PSD. We observed that the AMPA
receptor population at the PSD for the TTX distribution
saturated at higher intensities, indicating that there was in-
creased packing of receptors into the PSD. Furthermore,
the PSD has a comparatively smaller area than the spine
which accounts for the saturation of receptor molecules in
the PSD compared with that in the spine. Irrespective of
this size constraint for the PSD, the perisynaptic compart-
ment showed higher scaling. A larger number of receptors
were localized to a reserve pool in the perisynaptic com-
partment where active processes such as endo- and exo-
cytosis occur. This increase in reserve pool of receptors
could access the PSD immediately by lateral diffusion on
activity and modulate the postsynaptic response. These re-
sults confirm a higher recruitment of GIuA2 to the
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perisynapse on homeostatic scaling. This could also be
due to the constraints imposed on the size and molecular
content of the PSD. Our observations are on par with previ-
ous studies on LTP, showing that AMPA receptor insertion
first occurs at the perisynapse from whence the receptors
laterally diffuse to the PSD (Vitureira and Goda, 2013;
Bailey et al., 2015; Fernandes and Carvalho, 2016; Henley
and Wilkinson, 2016; Diering and Huganir, 2018), suggest-
ing that mechanisms may be conserved between homeo-
static and long-term plasticity.

Conclusion

It is currently known that there can be dendritically lo-
calized forms of homeostatic scaling (Yu and Goda,
2009; Fernandes and Carvalho, 2016; Barnes et al.,
2017). The local plasticity mechanisms also involve an
increase or decrease in the strength of individual synap-
ses by recruiting more receptors and receptor associ-
ated proteins to the synapses. The rank order analysis to
calculate the relative scaling factor from immunolabelled
images can be used to determine the dendritic or synap-
tic contributions to different forms of plasticity. Since im-
munolabelling in vitro or in vivo is a routine technique
that is performed across many laboratories, this analysis
protocol can be used as a routine tool to measure synap-
tic increase of proteins of interest and thus bring in novel
information regarding protein machinery involved in dif-
ferent forms of synaptic plasticity. Furthermore, the use
of rank order analysis of microscopic images together
with electrophysiology would enable us to address the
dynamic nature of synaptic plasticity and provide in-
sights into the molecular basis of plasticity at the finest
detail possible.
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