
Copyright © 2020 Venkatesan et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: Methods/New Tools | Novel Tools and Methods

Differential scaling of synaptic molecules
within functional zones of an excitatory
synapse during homeostatic plasticity

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

Cite as: eNeuro 2020; 10.1523/ENEURO.0407-19.2020

Received: 3 October 2019
Revised: 3 March 2020
Accepted: 5 March 2020

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

1. Manuscript Title (50 word maximum): Differential scaling of synaptic molecules within 1 
functional zones of an excitatory synapse during homeostatic plasticity 2 

2. Abbreviated Title (50-character maximum): Multiplicative scaling by 3 
immunocytochemistry  4 

3. List all Author Names and Affiliations in order as they would appear in the 5 
published article   6 

1 Sridevi Venkatesan (Indian Institute of Science)  

2 Sandhya Subramaniam (Indian Institute of Science) 

3 Premchand Rajeev (Indian Institute of Science) 

4 Yukti Chopra (Indian Institute of Science) 

5 Dr. Mini Jose (Indian Institute of Science) 

6 Dr. Deepak Nair (Indian Institute of Science) (Corresponding Author) 

Sridevi Venkatesan Current address: Department of Physiology, University of Toronto  7 

4. Author Contributions:  SV, SS, DN designed the research, SV, SS, MJ performed 8 
research. SV, SS, YC, PR, DN analysed the data, SV, SS, MJ, DN wrote the paper. SV and 9 
SS contributed equally for the paper  10 

5.Correspondence should be addressed to (include email address): deepak@iisc.ac.in 11 

6. Number of Figures:     5, and Extended data Figures 7 12 

7. Number of Tables:   0 13 

8. Number of Multimedia: (None) 14 

9.  Number of words for Abstract: 210      15 

10. Number of words for Significance Statement: 119    16 

11. Number of words for Introduction:  813 17 

12. Number of words for Discussion: 1395 18 

13. Acknowledgements: We are grateful to Prof. Eric Gouaux, Vollum Institute, Portland for 19 
sharing the N terminal antibody against GluA2 subunit of AMPA receptors.  We thank Prof. 20 
Rishikesh Narayan, for helpful comments and suggestions. We thank the Bioimaging Facility 21 
and Central Animal Facility at IISc, Central Imaging Facility at National Centre for Biological 22 
Sciences, Bangalore. We are grateful to Science and Engineering Research Board (ECRA 23 
to MJ), Department of Biotechnology (Ramalingaswami Fellowships to DN, MJ, Innovative 24 
Biotechnologist Award to DN), University Grants Commission of India (UGC-IST grant), 25 
Indian Institute of Science (IISc-DBT Partnership Program), McGill University and Tata 26 
Program Grant for generous funding given to execute the project, creation of infrastructure 27 
and human resource management. PR, SS thank IISc for graduate fellowships and SV 28 
thanks IISc KVPY fellowship. 29 

14. Conflict of Interest: Authors report no conflict of interest 30 

15. Funding sources: DST-SERB (India), DBT (India), DBT-IISc Partnership Program 31 
(DBT-IISc) UGC (India), CIHR (McGill Sub Grant), Tata Program Grant (TATA Trusts) 32 

 33 



 

 2 

Title: Differential scaling of synaptic molecules within functional zones of an 34 
excitatory synapse during homeostatic plasticity 35 

Abstract 36 

Homeostatic scaling is a form of synaptic plasticity where individual synapses 37 
scale their strengths to compensate for global suppression or elevation of neuronal 38 
activity. This process can be studied by measuring miniature excitatory postsynaptic 39 
potential amplitudes and frequencies following the regulation of activity in neuronal 40 
cultures. Here we demonstrate a quantitative approach to characterize multiplicative 41 
synaptic scaling using immunolabelling of hippocampal neuronal cultures treated 42 
with tetrodotoxin or bicuculline to extract scaling factors for various synaptic proteins. 43 
This approach allowed us to directly examine the scaling of pre- and postsynaptic 44 
scaffolding molecules along with neurotransmitter receptors in primary cultures from 45 
mouse and rat hippocampal neurons. We show robust multiplicative scaling of 46 
synaptic scaffolding molecules namely, Shank2, PSD95, Bassoon, and AMPA 47 
receptor subunits and quantify their scaling factors. We use super-resolution 48 
microscopy to calculate scaling factors of surface expressed GluA2 within functional 49 
zones of the synapse and show that there is differential and correlated scaling of 50 
GluA2 levels within the spine, the postsynaptic density, and the perisynaptic regions. 51 
Our method opens a novel paradigm to quantify relative molecular changes of 52 
synaptic proteins within distinct subsynaptic compartments from a large number of 53 
synapses in response to alteration of neuronal activity, providing anatomical insights 54 
into the intricacies of variability in strength of individual synapses. 55 

 56 

Significance Statement 57 

Here we demonstrate a novel quantitative method based on rank ordered 58 
analysis to characterize multiplicative synaptic scaling from immunolabelling of 59 
hippocampal neuronal cultures after activity blockade. We show that along with 60 
glutamatergic receptors, several scaffolding molecules are scaled after blocking 61 
activity. This analysis paradigm can be generalized to any protein which alters its 62 
content post plasticity protocols. With the aid of conventional and super-resolution 63 
microscopy, we examine pools of AMPA type glutamatergic receptors, and confirm 64 
that they are scaled differentially within functional zones of synapses. Furthermore, 65 
we show that the AMPA receptor content within the postsynaptic density and 66 
perisynaptic compartments are altered differentially during homeostatic scaling, 67 
indicating a differential regulation of receptors within various subsynaptic 68 
compartments during homeostatic plasticity.   69 

  70 
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Introduction 71 

Specific changes in  synaptic activity are associated with  cognitive processes 72 
such as learning and memory (Martin et al., 2000; Lamprecht and LeDoux, 2004). 73 
These changes alter both the molecular and morphological characteristics of 74 
synapses and are referred to as synaptic plasticity. Last three decades of research 75 
have shown that the instantaneous distribution of synaptic molecules contributes to 76 
both the structure and function of individual synapses (Kandel et al., 2014; Bailey et 77 
al., 2015; Sossin, 2018). The spatiotemporal heterogeneity of AMPA type 78 
glutamatergic receptors at excitatory synapses have been directly correlated to short 79 
term plasticity and activity dependent changes in the synaptic strength (Henley and 80 
Wilkinson, 2016; Chen et al., 2018; Humeau and Choquet, 2019). Quantifying the 81 
variability in electrophysiological properties of AMPA receptor responses in synapses 82 
along with their localization and trafficking have enabled us to understand finer 83 
aspects of both basal synaptic transmission and activity dependent changes 84 
associated with it (Greger et al., 2017; Diering and Huganir, 2018). Homeostatic 85 
synaptic scaling is a form of synaptic plasticity where the excitatory synapses scale 86 
their strengths in response to prolonged alteration of neuronal activity. Homeostatic 87 
synaptic scaling was first experimentally demonstrated by suppressing neuronal 88 
activity in cultured cortical neurons with tetrodotoxin (TTX) for 48 hours, which 89 
resulted in an increase in the amplitudes of miniature excitatory postsynaptic 90 
currents (mEPSC) (Turrigiano et al., 1998). Subsequently, it has been demonstrated 91 
that this increase in mEPSC amplitudes is mediated by increased accumulation of 92 
postsynaptic AMPA receptors (O'Brien et al., 1998; Wierenga et al., 2005). 93 
Homeostatic scaling in response to activity suppression has been shown to involve 94 
structural and functional changes at both the pre- and postsynaptic compartments. 95 
These changes include modulation of the structure and size of the readily releasable 96 
pool, spine volume and PSD,  as well as increased mEPSC frequency and/or 97 
amplitude (Turrigiano, 2012; Vitureira et al., 2012; Fernandes and Carvalho, 2016). 98 
Homeostatic scaling is also dependent on the maturation of neurons in-vitro, with 99 
older neurons preferentially modulating the postsynaptic compartment (Wierenga et 100 
al., 2006; Han and Stevens, 2009). Homeostatic scaling down of excitatory synapses 101 
has also been observed upon elevation of neuronal activity induced by bicuculline; 102 
competitive antagonist for GABAA receptors at inhibitory synapses (Ibata et al., 2008; 103 
Tatavarty et al., 2013).  104 

Homeostatic scaling is one of the major phenomena widely employed to 105 
understand synaptic plasticity. Our understanding of functional changes in  synaptic 106 
activity has primarily evolved by correlating changes in the amplitude and frequency 107 
of mEPSCs (Han and Stevens, 2009; Kim et al., 2012; Turrigiano, 2012). These 108 
changes are often correlated with microscopic observation of changes in synaptic 109 
morphology and distribution of neurotransmitter receptor subunits in synapses. One 110 
of the most robust approaches to understand the variability in the properties of 111 
individual synapses using homeostatic scaling relies on comparing the mEPSC 112 
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recordings between the control neurons and those that have undergone homeostatic 113 
scaling. This analysis differentiates the increase or decrease in global strength of the 114 
synapses along with their relative scaling factors for each condition (Kim et al., 115 
2012). However, examining miniature EPSCs to study homeostatic scaling provides 116 
only a preview of all active synapses on the cell at any given time, while the 117 
variability underlying the structural and molecular changes in the pre- and 118 
postsynaptic compartments are overlooked. Though conventional microscopy data 119 
has shed light on instantaneous distribution and recycling of receptors in the 120 
synapses, it seldom focuses on the properties of individual synapses. Furthermore, 121 
advances in high-resolution microscopy in the recent years have enabled 122 
researchers to examine variability within individual synapses and map the topology 123 
of AMPA receptor distribution within functional zones such as the postsynaptic 124 
density and the perisynaptic region of excitatory synapses, spatially separated by 125 
few 100 nanometres (Chen et al., 2018; Scheefhals and MacGillavry, 2018; Humeau 126 
and Choquet, 2019). Here we have studied the spatial heterogeneity of proteins at 127 
synapses using conventional microscopy and calculated their individual scaling 128 
factors with a method similar to the one used for electrophysiological recordings (Kim 129 
et al., 2012). We have extracted multiplicative scaling factors for several key pre- 130 
and postsynaptic scaffolding molecules like Shank2, PSD95 and Bassoon as well as 131 
AMPA receptor subunits, from primary neuronal cultures of both mice and rats after 132 
the induction of homeostatic scaling by activity suppression (Brandstatter et al., 133 
2004; Schoch and Gundelfinger, 2006; Sheng and Hoogenraad, 2007; Chua et al., 134 
2010; Sudhof, 2012). Likewise, we demonstrate that the same method can also be 135 
used to estimate scaling factors following synaptic scaling down induced by blockade 136 
of GABAA receptors by bicuculline. Furthermore, with the aid of super-resolution 137 
microscopy of immunolabelled neurons, we were able to extract the population of 138 
AMPA receptors in both the post and perisynaptic compartments. This enabled us to 139 
calculate the scaling factors within spatially discrete functional zones of synapses 140 
segregated by few 100nms.  Our study provides an easily adaptable approach to 141 
obtain anatomical insights into the molecular basis of homeostatic changes across 142 
multiple synapses.  143 

Materials and Methods 144 

Neuronal Cultures  145 

Hippocampal neurons from postnatal day 1 C57B mouse pups and postnatal 146 
day 0 to 1 Sprague Dawley rat pups were cultured on poly-L-lysine (Sigma, USA) 147 
coated glass coverslips following the protocol as reported previously (Beaudoin et 148 
al., 2012). The dissected hippocampi were briefly trypsinized (Thermo Fisher 149 
Scientific, USA) and dissociated in Hibernate-A (Thermo Fisher Scientific, USA) 150 
media supplemented with 0.5X B27 (Thermo Fisher Scientific, USA), 0.25X 151 
GlutaMAX (Thermo Fisher Scientific, USA) and 100ug/ml Normocin (Invivogen, 152 
USA). The dissociated neurons were resuspended in Neurobasal A (Thermo Fisher 153 
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Scientific, USA) medium supplemented with 0.5X B27, 0.25X GlutaMAX and 154 
100ug/ml Normocin (InvivoGen, USA) and plated on poly-L-lysine coated coverslips. 155 
Fresh Neurobasal A medium was supplemented every week to maintain the culture. 156 
All experiments involving animals were performed in accordance with institutional 157 
guidelines for the use and care of animals under the approval of the animal ethics 158 
committee. 159 

Homeostatic Plasticity Induction Protocol 160 

Induction of homeostatic scaling in pyramidal neurons was carried out by 161 
incubation of DIV 14 (unless otherwise specified) mouse and rat hippocampal 162 
neuronal cultures with 2μM TTX (Alamone labs) for 24-48 hours as specified or 163 
40μM bicuculline (Tocris Bioscience) for 48 hours. The cultures treated with TTX will 164 
be referred to as TTX dataset and those treated with bicuculline will be referred to as 165 
bicuculline dataset. Untreated cultures of the corresponding age were used as 166 
control.  167 

Live Surface labelling of AMPA receptors 168 

For surface labelling of AMPA receptors, the neuronal cultures were 169 
incubated in conditioned Neurobasal media containing 25.5μg/ml GluA2- N terminal 170 
antibody for 10 minutes on ice (Sobolevsky et al., 2009; Nair et al., 2013).  171 

Immunocytochemistry 172 

The neuronal cultures were fixed in 4% paraformaldehyde and 4% sucrose in 173 
PBS for 10 mins at 4°C, permeabilized with 0.25% TritonX-100 and blocked with 174 
10% BSA solution for 30 mins.  Primary and secondary antibodies were diluted in 175 
3% BSA and incubated for 1 hour and 45 mins at room temperature, respectively. 176 
Coverslips were mounted on glass slides with ProLong Diamond antifade reagent 177 
(Thermo Fisher Scientific).  178 

The primary antibodies used in this study were, Guinea pig anti-Shank2 179 
(Synaptic Systems, Catalog No. 162204), Mouse anti-Bassoon (Synaptic Systems, 180 
Catalog No. 141021), Rabbit anti-GluA1 (Synaptic Systems, Catalog No. 182003), 181 
Guinea pig anti-GluA2 (Synaptic Systems, Catalog No.182105), Mouse anti-PSD95 182 
(Invitrogen, Catalog No. MA1-046), Guinea pig anti-Bassoon (Synaptic Systems, 183 
Catalog No. 141004). The above-mentioned antibodies were used at a dilution of 184 
1:500. Antibody against the extracellular domain of the GluA2 subunit of AMPA 185 
receptor was a kind gift from Dr. Eric Gouaux, Vollum institute and it was used at a 186 
dilution of 1:200. The secondary antibodies used were, Goat anti-mouse STAR RED 187 
(Abberior, Item No. STRED) (for STED microscopy), Goat anti-Guinea pig Alexa 188 
fluor 647 (Life Technologies, Catalog No. A21450), Goat anti-Guinea pig Alexa fluor 189 
594 (Life Technologies, Catalog No. A11076), Goat anti-mouse Alexa fluor 568 (Life 190 
Technologies, Catalog No. A11004), Goat anti-rabbit Alexa fluor 532 (Life 191 
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Technologies, Catalog No. A11009), Goat anti-mouse Alexa fluor 488 (Life 192 
Technologies, Catalog No. A11029). The secondary antibodies were used at a 193 
dilution of 1:500. 194 

Confocal Microscopy 195 

Images were acquired using a Zeiss confocal laser scanning microscope 196 
(Zeiss LSM 780 and Zeiss LSM 880, Carl Zeiss, Germany) equipped with a 63X oil 197 
immersion objective lens of numerical aperture 1.4. The refractive index of oil was 198 
1.51. The sampling size of each image acquired on the Zeiss microscope was 90 nm 199 
per pixel for the LSM 780 and 44 nm per pixel for the LSM 880, while using a zoom 200 
of 3. Sections of 380 nm along the Z-axis were imaged with an axial sampling of 30-201 
70nm. For tile scan imaging to differentiate proximal and distal synapses, a single 202 
plane tile scan was taken with the help of a confocal microscope (Zeiss LSM 880) 203 
keeping the cell body at the center and sampling at 190 nm to cover a total area of 204 
270X270 μm2  205 

STED Microscopy 206 

STED images were acquired with a sampling of 15 nm per pixel using a 100X 207 
oil immersion objective mounted on an Abberior STED microscope (Abberior GmBH, 208 
Germany). STED laser of 770nm was used and the imaging regions were chosen 209 
randomly. Optical sectioning was performed similar to the conventional Confocal 210 
microscope, as described in the previous section. 211 

Image Analysis 212 

Image analysis was done using MetaMorph software (Metamorph 7.8, 213 
Molecular Devices). Maximum projections of the Z-stacks acquired using the Zeiss 214 
confocal microscope were used for analysis. Synaptic protein puncta were identified 215 
using adaptive thresholding on each channel. The same adaptive threshold was 216 
used for the control and treated dataset. By thresholding, fluorescent puncta with an 217 
area above 0.02 μm2 and 0.038 μm2 were selected for mouse and rat neurons 218 
respectively for the confocal images. Fluorescent puncta with an area of 0.02-0.54 219 
μm2 (PSD area estimated in (Harris and Stevens, 1989) were chosen for the STED 220 
images. The properties of the puncta such as area, average, and total fluorescence 221 
intensity were measured using Integrated morphometry analysis. A minimum length 222 
filter of 0.18μm was used in Integrated morphometry analysis.  223 

We quantified the percentage of active synapses in the putative synaptic 224 
masks that we obtained from neuronal processes using diffraction limited 225 
microscopy, after segmentation with the aid of two additional paradigms. In the first 226 
paradigm, we performed a co-labelling of the postsynaptic marker of interest 227 
(Shank2) with a presynaptic marker (Bassoon). We then performed segmentation 228 
according to the previously mentioned measurement criteria and binarized the 229 
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regions corresponding to both the pre and postsynaptic markers. We measured if 230 
any binarized signal could be detected in the segmented image of the presynaptic 231 
marker corresponding to a region where the postsynaptic compartment was 232 
identified. Regions recording a signal would be considered as a functional synapse 233 
by the presence of both pre and postsynaptic machinery. In the second paradigm, 234 
we co-labelled two postsynaptic markers (PSD95 and Shank2) and repeated the 235 
protocol to identify the presence of these markers together, indicating functional 236 
postsynaptic machinery. We found that in 95.5% (n = 10 cells) of synapses, there 237 
was an overlap between pre and postsynaptic compartments and in 99.9% (n = 10 238 
cells) of synapses, there was an overlap between the two postsynaptic markers. 239 
These results further confirmed that the putative postsynaptic density masks 240 
identified by our segmentation protocol detect functional synapses with a high 241 
degree of accuracy. Thus, we will refer to the  molecules of interest (subunits of 242 
AMPA receptors and scaffolding molecules) detected within these masks as 243 
“synaptic” in the rest of the study.   244 

To study proximal and distal synapses, square regions of size 33X33 μm were 245 
chosen within 66 μm of the cell body and above 132 μm from the cell body and 246 
image analysis was performed with the help of adaptive thresholding and integrated 247 
morphometry analysis.  248 

Statistics 249 

The normality of the distributions was checked by D'Agostino & Pearson 250 
omnibus normality test. The frequency distributions used for constructing the 251 
probability density function histograms and the cumulative probability distribution 252 
function curves were normalized. Two sample Kolmogorov-Smirnov (KS) test was 253 
used to compare the distributions of control, treated and scaled data. For the KS 254 
test, significance level was set to 0.001 due to the high sample size. The p-value 255 
was differentiated into stars (*) by the following benchmarks: * = 10-3 ≥ p ≥ 10-4; ** = 256 
10-4 ≥ p ≥ 10-5; *** = 10-5 ≥ p ≥ 10-6; **** = p < 10-6. Unpaired t-test was used to 257 
compare cell-wise averages of average intensity between control and treated data, 258 
with 0.05 as the significance level. 259 

To generate rank-ordered plots of treated vs control fluorescence intensities, 260 
data of all puncta from all cells were pooled for the control and treated conditions. 261 
The same number of puncta were chosen randomly from both control and treated 262 
data. These data were rank ordered from lowest to highest fluorescence intensity 263 
and the treated data was plotted against the control data and a linear fit was 264 
calculated. The slope of the linear fit gave an estimate for the multiplicative scaling 265 
factor. To determine the accurate scaling factor using the method used in Kim et al. 266 
2012, the treated distribution was scaled down or up by an arbitrary multiplicative 267 
factor and only the scaled values greater than a threshold (the minimum intensity in 268 
the control condition) were included, i.e. scaled data = (treated data/ scaling factor) > 269 
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threshold). This was done for a range of hypothetical scaling factors and the KS test 270 
was used to compare the scaled distribution with the control distribution. The scaling 271 
factor corresponding to the highest p-value was considered as the most accurate. 272 
This process was repeated 100 times from different samplings of the puncta in order 273 
to obtain the average scaling factor ± standard error of mean. 274 

Additionally,  the control and scaled data were also compared with the help of 275 
the Anderson-Darling (AD) test to determine if there would be a different result with 276 
respect to  the KS test (Scholz and Stephens, 1987; Engmann and Cousineau, 277 
2011). The AD test gives us a set of critical values (ie. 0.325, 1.226, 1.961, 2.718, 278 
3.752) for different confidence intervals (ie. 75, 90, 95, 97.5 and 99% respectively). A 279 
statistic value is generated for the compared data which must be compared against 280 
the critical values in order to determine significance. The statistic value must be 281 
lower than the critical value for the null hypothesis (ie. the 2 distributions are not 282 
significantly different) to hold true. We only report results of the AD test if they were 283 
different from the KS test. 284 

Results 285 

Multiplicative scaling of synaptic proteins determined using Rank order 286 
analysis  287 

Homeostatic synaptic scaling is accompanied by increased expression of 288 
GluA1 and GluA2 AMPA receptor subunits. In order to study homeostatic synaptic 289 
scaling, we treated primary hippocampal neurons of DIV 14 from P1 C57B mice with 290 
2μM Tetrodotoxin (TTX) for 48 hours. We performed immunocytochemistry for 291 
AMPA receptor subunits, GluA1 and GluA2 and for the postsynaptic scaffolding 292 
molecule PSD95 (Figure 1A, B, and C) to study the effect of homeostatic plasticity 293 
on excitatory postsynaptic proteins. Confocal imaging was performed on a section of 294 
dendrite of pyramidal neurons identified by morphology. The GluA1 and GluA2 levels 295 
measured within PSD95 puncta are representative of synaptic AMPAR levels, and 296 
thereby in direct correlation with the electrophysiological characteristics encoded by 297 
mEPSCs. The overlay of GluA1 and GluA2 with PSD95 are shown in Figures 1D-F 298 
and 1H-J, respectively. We pooled the average fluorescence intensities of GluA1 and 299 
GluA2 segmented within the PSD95 puncta, representing the variability of 300 
postsynaptic density sizes, across all cells in control and TTX treated conditions to 301 
generate frequency distribution histograms (n = 9 and 12 cells, 534 and 454 302 
synapses for control and TTX dataset respectively) (Figure 1G and K). Comparing 303 
the intensity histograms between the control and TTX dataset showed a significant 304 
increase in the synaptic levels of both GluA1 and GluA2 subunits of AMPA receptors 305 
(synaptic GluA1: p < 10-6 and synaptic GluA2: p < 10-3, two sample KS test) after 306 
induction of homeostatic plasticity.  307 

To determine whether the nature of this scaling was multiplicative and to 308 
compute the exact multiplicative scaling factor, we performed rank order analysis on 309 
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the average puncta intensities of control and TTX datasets.  400 puncta were picked 310 
randomly from both the control and TTX datasets for synaptic GluA1 and GluA2. 311 
Their intensities were arranged in ascending order and the TTX dataset was plotted 312 
against the control (Figure 1L and O). The data fit to a linear model for both synaptic 313 
GluA1 (Figure 1L, linear fit: y= 1.56x - 6890, goodness of fit R2 = 0.97) and GluA2 314 
(Figure 1O, linear fit: y=1.22x -1190, R2 = 1). The slope of the linear fit could be 315 
considered as the multiplicative factor, however, the presence of an intercept value 316 
in the linear fit indicated an additive component to the synaptic scaling.  317 

The measurement of mEPSCs from primary cultured neurons has a set 318 
detection threshold for both control and TTX treated conditions. In the rank ordered 319 
plot, the lowest value of the TTX dataset should correspond to the lowest value in 320 
the control dataset. However, the lowest value of the TTX treated dataset seemed to 321 
be offset from that of the control value due to the detection threshold, contributing to 322 
the additive component of the scaling equation as discussed previously (Kim et al., 323 
2012). Therefore, a true multiplicative scaling factor could be calculated only for data 324 
where no thresholds have been applied. To account for this thresholding error and to 325 
determine the multiplicative scaling factor, we used the method previously reported 326 
to characterize scaling of mEPSC amplitudes (Kim et al., 2012). Here, the scaled 327 
TTX distribution was obtained by dividing the TTX values by arbitrary scaling factors, 328 
and only values greater than the threshold (lowest value in control) were included in 329 
the scaled TTX distribution. The scaling factor that provided the highest p-value on 330 
comparing scaled TTX and control distribution was taken as the multiplicative scaling 331 
factor. Figures 1M and P plot the p-values from KS tests comparing the control and 332 
scaled TTX distributions obtained with a range of scaling factors. The highest p-333 
value corresponded to a scaling factor of 1.28 for synaptic GluA1, indicating that 334 
1.28 was the multiplicative scaling factor for synaptic GluA1, whereas, for synaptic 335 
GluA2, it was 1.16.  Figure 1N and Q show that the scaled TTX distribution obtained 336 
by dividing the TTX dataset with the above mentioned scaling factors was not 337 
significantly different from the control distribution for synaptic GluA1 (p = 0.006, KS 338 
test) or GluA2 (p = 0.80, KS test). The sampling of the dataset was repeated 100 339 
times and the average multiplicative scaling factors for synaptic GluA1 and GluA2 340 
were determined to be 1.30 ± 0.002 and 1.16 ± 0.001, respectively. Thus, a 341 
multiplicative scaling factor was derived using this method on microscopy dataset, a 342 
task previously achieved only by electrophysiological characterization of mEPSC 343 
recordings.  344 

We used the Anderson-Darling test to compare the TTX and scaled TTX 345 
distributions. We observed that except for the GluA1 data, the AD test provided a 346 
statistic value far below the critical values for GluA2, confirming that the scaled TTX 347 
distributions were not significantly different from the control distributions. For GluA1, 348 
the statistic value for control versus scaled TTX was found to be greater than the 349 
critical value, but less than that of the control versus TTX dataset. We used the AD 350 
test to calculate the multiplicative scaling factor by determining the scaling factor at 351 
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which the test statistic for control vs scaled TTX showed the smallest value for GluA1 352 
and GluA2, and we obtained a scaling factor similar to the one obtained with the help 353 
of the KS test indicating that the scaling factor is indeed comparable across the 354 
statistical tests 355 

Additionally, we compared the scaling factor derived from a mean value per 356 
cell analysis which is a commonly used method, to that derived from the above 357 
described method which involves random sampling of synapses. We examined the 358 
cell-wise means of average fluorescence intensity of GluA1 puncta shown in Figure 359 
1A and observed that the mean of GluA1 average intensity of TTX-treated cells 360 
showed significant scaling in comparison to that of the control cells, corresponding to 361 
a scaling of 1.12 ± 0.028 ( Control – 1.00 ± 0.027, t (19) = 2.94, p = 0.008, unpaired 362 
t-test).  We observed that this scaling factor estimated from cell-wise averages is 363 
lesser than the one obtained from the random sampling method ie. 1.30 ± 0.002. The 364 
cell-wise average value provides equal weightage for every synapse for a cell 365 
without taking synaptic heterogeneity into account. Thus, cell-wise average maybe 366 
useful to detect the presence of scaling as an overall effect, but it is not reflective of 367 
true multiplicative changes within synapses. 368 

Multiplicative scaling of scaffolding molecules during homeostatic scaling in 369 
rodents 370 

We have observed rank order analysis to be an efficient tool to demonstrate 371 
multiplicative scaling and to calculate an accurate scaling factor for postsynaptic 372 
receptor molecules. In order to test the robustness of this method to study 373 
multiplicative scaling across rodent species, we studied postsynaptic scaffolding 374 
molecules in primary mice and rat cultures. Primary hippocampal cultures of DIV 14 375 
from P0 C57B mouse and P0/P1 Sprague Dawley rat pups were treated with 2μM 376 
TTX for 24 hours, and immunocytochemistry was performed for the postsynaptic 377 
density protein Shank2. Figure 2A shows the distribution of fluorescence intensities 378 
for Shank2 puncta in the control and TTX treated mouse neuronal cultures (n = 10 379 
cells, 1889 and 826 synapses for control and TTX  dataset, respectively), whereas 380 
Figure 2B shows the same for rat neuronal cultures (n = 10 cells, 1592 and 1821 381 
synapses for control and TTX dataset, respectively). Figures 2A and B demonstrate 382 
a significant scaling of Shank2 in the TTX treated cultures compared to control, as 383 
determined by a 2-sample KS test (Figure 2A and B: p < 10-6).  384 

To measure the scaling factor, we performed rank order analysis on 800 385 
Shank2 puncta randomly chosen from the control and TTX datasets for both the 386 
mouse and rat data. Figures 2C and D show the linear fit to the plot of rank ordered 387 
TTX vs control intensities of Shank2. Similar to AMPA receptor subunits, the data fit 388 
to a linear model for both the mouse (Figure 2C, linear fit: y = 1.36x – 5182, 389 
goodness of fit R2 = 0.97) and rat data (Figure 2D, linear fit: y =1.05x + 540.7, R2 = 390 
0.98), which supported multiplicative scaling. The scaling factor corresponding to the 391 
highest p-value on comparing control and scaled TTX distributions was 1.19 for the 392 
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mouse culture (Figure 2E) and 1.15 for the rat culture (Figure 2F). These scaling 393 
factors were used to empirically scale down the TTX distribution and the cumulative 394 
frequency distributions of the control, TTX and scaled TTX distributions are shown in 395 
Figures 2G and H. We observed that the scaled TTX distribution was not significantly 396 
different from the control distribution for both the mouse (Figure 2G, p=0.015, KS 397 
test) and the rat data (Figure 2H, p=0.063, KS test). After repeating the sampling 100 398 
times, we calculated a scaling factor of 1.19 ± 0.001 and 1.14 ± 0.001 for the mouse 399 
and rat Shank2 data, respectively. Thus, we were able to conclude that this 400 
quantitative method of analysing immunocytochemical data to estimate scaling 401 
factors can be reproduced across species and synaptic proteins. 402 

We also used the aforesaid method to determine multiplicative scaling factor 403 
following 24 hours of TTX treatment in mouse and rat cultures for other scaffolding 404 
molecules. The scaling factor for PSD95 in primary neuronal cultures of mice was 405 
1.1 (Figure 2-1A, D, G, J), whereas it was 1.2 for rat (Figure 2-1B, E, H, K). The 406 
scaling factor for the presynaptic protein Bassoon in primary neuronal cultures of 407 
mice was 1.25 (Figure 2-1C, F, I, L). Along with the changes in average intensity, 408 
total intensity was also characterized as a tool to understand increase in total protein 409 
expression level after the induction of homeostatic plasticity. We measured scaling 410 
factor using the total puncta intensity of PSD95 in both mouse and rat hippocampal 411 
neurons after 48 hours of TTX treatment. We obtained a scaling factor of 1.46 ± 412 
0.005 and 1.39 ± 0.005 for the mouse and rat data, respectively which was in 413 
agreement with previous observations (Sun and Turrigiano, 2011). We observed that 414 
the multiplicative scaling was comparable between Shank2 and PSD95 at synapses. 415 
Similar to PSD95, Shank2 is also known to associate with several molecules at the 416 
postsynaptic density (Brandstatter et al., 2004; Martinez-Monedero et al., 2016). 417 
Furthermore, Antibodies against Shank2 were available from a Guinea pig host 418 
which was more suitable in combination with several AMPA receptor subunit 419 
antibodies, which were of key interest to this paper. Therefore, we have used 420 
Shank2 as a postsynaptic marker for the rest of our study.  421 

Thus, the proposed novel method could be used to determine precise 422 
multiplicative scaling factors for both pre- and postsynaptic proteins as well for any 423 
protein involved in homeostatic synaptic plasticity. 424 

Effect of sampling on the accuracy of measurement of the scaling factor 425 

We estimated the effect of the sample size used on the accuracy of the 426 
scaling factor measured using this immunocytochemical method. In order to 427 
determine the accurate sample size to be accounted for calculating the scaling 428 
factor, we treated primary hippocampal cultures of DIV 14 from P0/P1 Sprague 429 
Dawley rat pups with 2μM TTX for 48 hours, and immunocytochemistry was 430 
performed for Shank2. The data was sampled to various degrees, i.e. random 431 
samples of 200, 400, 600, 800, 1000, 1200, 1400, 1600 and 1800 data points were 432 
taken from the total dataset. The process was repeated 100 times in order to 433 
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determine the mean scaling factor ± standard deviation. The distribution of scaling 434 
factors for each sample size were compared (Figure 2-2A). The variance of the 435 
scaling factor estimate was plotted against the sample size. The inflection point of 436 
this curve lay close to 800, suggesting that a sample size of 800-1000 (40-50 % of 437 
the total) puncta was sufficient to measure an accurate scaling factor (as indicated 438 
by the dashed lines in Figure 2-2B). In order to confirm that a low scaling factor 439 
indicated multiplicative scaling, similar sampling was done for the control and the 440 
TTX datasets individually and compared within each set, i.e. randomly chosen non-441 
overlapping control datasets were compared to each other for all aforementioned 442 
sample sizes.  The TTX dataset were also analysed in a similar manner. Scaling 443 
factors were determined as previously described. The control vs TTX comparison 444 
(Figure 2-3J) yielded a significantly different and right-shifted distribution of scaling 445 
factors compared to both the control vs control and the TTX vs TTX comparison for 446 
all sample sizes (Figure 2-3A-I). This validated that even a scaling factor as low as 447 
1.05 would confirm the presence of multiplicative scaling. 448 

The scaling factor is determined by the maximum p-value obtained from the 449 
KS test while comparing the scaled TTX distribution to the control. The p-value 450 
obtained thus depends on the size of the sample and the variation between the 451 
sampled distributions. We have observed a large variation in the p-values obtained 452 
from sampling the same dataset repeatedly (Figure 2-4A). We sampled the control 453 
and TTX dataset through a range of sample sizes such as 200, 400, 600, 800, 1000, 454 
1200, 1400, 1600 and 1800 as well as multiple times at each sample size ie. 100, 455 
500 and 1000 times. We compared the sampled control and TTX dataset within 456 
themselves as well as with each other. As we increased the sample sizes the 457 
variance of the scaling factor decreased which was consistent with Figure 2-2. In 458 
order to verify if the scaling factor that we have calculated is indeed representative, 459 
we calculated the “accuracy of scaling factor” for each sampling size and iterations. 460 
We plotted the distribution of the scaling factors estimated from repeated sampling 461 
for a given sample size and calculated the centre of the distribution using Gaussian 462 
approximation for each sampling size (Figure 2-4B). Secondly, we calculated the 463 
error associated with calculating the centre of this distribution by examining the 464 
distribution of the error from mean (i.e the difference between each scaling factor 465 
and the mean) and determined the standard deviation of this error (Figure 2-4C). 466 
The “accuracy of scaling factor” can thus be represented as the Centre of the 467 
Gaussian approximation with the error associated with each sampling. As the 468 
sampling size increased, the full-width half maximum of the Gaussian distribution 469 
decreased thus decreasing the error associated with the calculation of scaling 470 
factors. A sample of the data obtained for a sample size of 1000 data points is 471 
displayed as a table (Figure 2-4D). 472 

In Kim et al. 2012, mEPSCs were recorded from individual cells and random 473 
samples of 100 mEPSCs from each cell was taken, representative of active 474 
synapses in that cell. In our experiments, we have collected data from all synapses 475 
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in a cell contributing to a large heterogeneity in our data. We randomly sampled the 476 
total data to do an unbiased analysis, taking into account the heterogeneity. We also 477 
sampled equal number of synapses per cell ie. 10, 20, 30 and 40 synapses, and 478 
compared the control and TTX dataset. At lower sample sizes, the control and TTX 479 
dataset showed no significant difference, but as we increased the sample size, the 480 
differences between the control and TTX dataset became more apparent and was 481 
similar to the random synapses sampled from the total data across the cells.  482 

 483 

 484 

Differential scaling of global vs surface pools of GluA2 subunits of AMPA 485 
receptors at excitatory synapses 486 

In Figure 1, we looked at multiplicative scaling of synaptic GluA1 and GluA2 487 
sub-units of the AMPA receptor with the help of C-terminal antibodies targeted 488 
against these subunits, which provided us with an understanding of homeostatic 489 
scaling occurring in the global population of GluA1 and GluA2. However, only the 490 
surface expressed AMPA receptors would be involved in sensing the released 491 
neurotransmitters, and those would be the population of functional AMPA receptors 492 
affected by homeostatic scaling. Therefore, we compared multiplicative scaling of the 493 
GluA2 subunit using antibodies targeting the N-terminus (which identifies only the 494 
surface population) and the C-terminus (identifying the global population). Primary 495 
rat hippocampal neuronal cultures of DIV 14 were treated with 2μM TTX for 48 hours 496 
followed by immunocytochemistry using N- or C-terminal antibodies against the 497 
GluA2 subunit along with Shank2 marking the postsynaptic density (Figure 3-1). The 498 
distribution of average fluorescence intensities of GluA2 segmented within the 499 
Shank2 puncta (which indicates synaptic GluA2) showed significant scaling between 500 
the control and TTX conditions for both the global (Figure 3A, n = 10 cells, 1893 and 501 
1781 synapses for control and TTX dataset respectively, p < 10-6) and the surface 502 
(Figure 3E, n = 10 cells, 2259 and 2411 synapses for control and TTX dataset 503 
respectively, p < 10-6) population as determined by the KS test. A random sample of 504 
1000 data points were chosen from the control and TTX dataset, rank ordered and 505 
plotted in order to provide a multiplicative scaling equation for global (Figure 3B, 506 
linear fit: y = 0.95x + 1459, R2 = 0.98) and surface population (Figure 3F, linear fit: y 507 
= 1.04x + 0.5, R2 = 0.99). The scaling factor was determined by scaling down the 508 
TTX dataset by multiple arbitrary scaling factors and the scaled TTX dataset was 509 
compared to the control.  In order to determine the scaling factor, we repeated the 510 
sampling process 100 times and we derived an average multiplicative scaling factor 511 
of 1.18 ± 0.002 for global GluA2 and 1.08 ± 0.002 for the surface population of 512 
GluA2. A representative sampling of the scaling factor and the scaled distribution for 513 
global and surface pools of AMPA receptors are presented in Figure 3C, D and 514 
Figure 3G, H, respectively. This data displays a correlative scaling for the global and 515 
surface population of GluA2 containing AMPA receptors, indicating an increased 516 



 

 14 

recruitment of AMPA receptors to the surface in response to homeostatic plasticity. 517 
Considering that the C-terminal antibody for GluA2 marks both the intracellular and 518 
surface population of GluA2 containing AMPA receptors, it is expected that this 519 
scaling factor would be higher in comparison to that obtained exclusively for the 520 
surface expressed GluA2. This indicates that in response to homeostatic plasticity 521 
there is an increase in total number of receptors at the synapse, but only a fraction of 522 
these receptors is targeted to the surface. 523 

To evaluate the temporal heterogeneity in synaptic scaling we performed 524 
longitudinal experiments where the scaling factor in primary neuronal cultures were 525 
compared after 24 and 48 hours of TTX treatment. Synaptic GluA2 showed 526 
multiplicative scaling with a scaling factor of 1.06 ± 0.001 and 1.13 ± 0.001 after 24 527 
and 48 hours of TTX treatment, respectively. This indicates that there is an increase 528 
in multiplicative scaling of GluA2 containing AMPARs after 48 hours of TTX 529 
treatment in comparison to 24 hours which was in agreement with previous literature 530 
(Han and Stevens, 2009). In order to understand the spatial heterogeneity of 531 
synaptic scaling we analysed synapses in the proximal and distal dendritic 532 
compartments. Proximal dendrites were always chosen within 66μm of the cell body 533 
and distal dendrites were chosen more than 132μm from the cell body. Regions were 534 
selected, and image analysis was performed as explained in the methods. We 535 
calculated multiplicative scaling factors for them separately and observed that the 536 
distal dendrites showed 5.94 - 7.12% more scaling than the proximal dendrites. 537 

Scaling down of surface expressed AMPA receptors 538 

 Next, we wanted to investigate the scaling down of GluA2 containing AMPA 539 
receptors in response to inhibition of inhibitory synapses which leads to an elevation 540 
of activity in neuronal cultures. GABAA receptors are one of the major hyperpolarizing 541 
ion channels found in inhibitory synapses in hippocampal excitatory pyramidal 542 
neurons (Megias et al., 2001). Bicuculline is a well-known competitive antagonist of 543 
GABAA receptors which blocks Inhibitory Post Synaptic Potentials (IPSPs), and 544 
incubation of neuronal cultures with bicuculline has been shown to cause scaling 545 
down of excitatory synapses (Watt et al., 2000; Ibata et al., 2008; Tatavarty et al., 546 
2013). We treated 14 DIV rat hippocampal neurons with 40μM bicuculline for 48 547 
hours. We then fixed and performed immunocytochemistry for Shank2 and surface 548 
GluA2. The normalized frequency distribution of GluA2 average intensity segmented 549 
within the Shank2 puncta of the bicuculine dataset showed a significant difference 550 
from that of the control (Figure 4A, n = 10 cells, 1697 and 2988 synapses for control 551 
and bicuculline dataset respectively, p < 10-6). 1300 synapses were randomly 552 
sampled from the control and bicuculline dataset and plotted to provide a 553 
multiplicative scaling equation (Figure 4B, y = 0.885x + 67.20, R2 = 0.99). The 554 
average scaling factor calculated by repeating the sampling 100 times was found to 555 
be 0.90 ± 0.001. This shows that a multiplicative scaling factor can be reliably 556 
calculated for both scaling up and scaling down occurring during homeostatic 557 
plasticity. 558 
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Differential scaling of AMPA receptor pools within functional zones of an 559 
excitatory synapse 560 

Next, we explored if the surface expressed AMPA receptors were scaled 561 
differentially within functional zones of the synapse. Since the AMPA receptors 562 
present in the Postsynaptic Density (PSD) could directly modulate the signal 563 
reception at the synapse, we verified if the scaling observed at the total synapse was 564 
identical to that observed at the PSD. Though previous reports indicate an increase 565 
in synaptic AMPA receptors during scaling, it is still unclear if the origin of this 566 
increase is due to an increase of receptors in the PSD or in the adjoining 567 
perisynaptic compartment, which might serve as a reserve pool to deliver naïve 568 
receptors. We wanted to differentiate these two scenarios by studying the scaling 569 
behaviour of the receptors within the respective compartments. We used Stimulated 570 
Emission Depletion (STED) microscopy to examine the subsynaptic organization of 571 
surface expressed GluA2 containing AMPA receptors during homeostatic scaling. 572 
Shank2 was used as a marker for the postsynaptic density, and we estimated the 573 
multiplicative scaling factors for GluA2 localized to the synapse, the PSD, and the 574 
perisynapse.  575 

Primary rat hippocampal neurons of DIV 14 were treated with 2μM TTX for 48 576 
hours. Immunocytochemistry was performed for surface GluA2 and Shank2, and 577 
dendritic regions were imaged using confocal and STED microscopy (Figure 5 and 578 
Figure 5-1). The Shank2 confocal image was sampled the same way as the STED 579 
image. Due to the inability of confocal microscopy to differentiate the different 580 
subsynaptic zones, confocal image of Shank2 was utilized to determine the regions 581 
indicating the excitatory synapse on the dendrite. The Shank2 STED image was 582 
used to determine the PSD. The region on the Shank2 confocal image excluding the 583 
STED puncta were used to determine the perisynaptic region (Figure 5A, Figure 5-584 
1). Shank2 STED images were analysed for changes in the characteristics of PSD in 585 
control and TTX dataset. The PSD area and average intensity of Shank2 in the PSD 586 
showed significant scaling after TTX treatment (Figure 5-2A, B).  The scaling of 587 
Shank2 at the PSD was observed to be multiplicative with an average scaling factor 588 
of 1.18 ± 0.002 (Figure 5-2C, D). We have also observed a significant increase in the 589 
Shank2 confocal area (which indicates the synapse area) and the total intensity of 590 
GluA2 segmented within the Shank2 confocal and STED masks (data not shown). 591 
The average intensity of GluA2 segmented within the Shank2 confocal and STED 592 
images were used to determine GluA2 scaling within various subsynaptic 593 
compartments (Figure 5B, 1-6). A histogram plotted for the frequency distribution of 594 
average intensity of GluA2 in the synapse, PSD and perisynaptic region between 595 
control and TTX conditions indicated significant scaling with p-values of p < 10-6, p < 596 
10-4 and p < 10-6 respectively (n = 2217 and 2401 for GluA2 in the synapse, 2694 597 
and 2438 for GluA2 in the PSD and 2276 and 2353 for GluA2 in the perisynapse, for 598 
control and TTX dataset, respectively) (Figure 5C-5E). 1000 puncta were chosen 599 
randomly from the control and TTX dataset, rank ordered and plotted as control vs 600 
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TTX to provide a scaling equation for GluA2 at the synapse (linear fit: y = 1.08x + 601 
0.84, R2 = 0.99), within the PSD (linear fit: y = 0.23x + 16.00, R2 = 0.51 (green, 602 
Figure 5G), and at the perisynapse (linear fit: y = 1.02x + 0.82, R2 = 0.96) (Figure 5F-603 
5H). A small number of datapoints showed a large variance from majority of the data 604 
in the control dataset for GluA2 within PSD, leading to an aberrant nature for the 605 
slope in the rank ordered plot (Figure 5G, green). Therefore, the X-axis was curtailed 606 
at an average intensity of 80 to obtain a new linear fit (linear fit: y = 0.83x + 4.62, R2 607 
= 0.94 (Blue), Figure 5G). The sampling was repeated 100 times to determine an 608 
accurate scaling factor for the average intensity of GluA2 at the synapse, PSD and 609 
perisynapse as 1.13 ± 0.002, 1.09 ± 0.002 and 1.13 ± 0.002, respectively. The 610 
representative scaling factors for the synapse, PSD and perisynapse are shown in 611 
Figure 5I, J, K. The TTX dataset was scaled down with the calculated scaling factor 612 
and the cumulative frequency distribution was plotted between the control, TTX and 613 
scaled-TTX dataset, indicating no significant difference between the control and the 614 
scaled-TTX dataset for GluA2 within the synapse, PSD or at the perisynapse (Figure 615 
5L-5N). The correlative scaling factor between GluA2 at the synapse and 616 
perisynapse indicated an increased recruitment of GluA2 to the perisynapse in 617 
comparison to the PSD. This indicated that the receptors at the perisynaptic 618 
compartment could act as a reserve pool of naïve receptors, which would then be 619 
trafficked on an activity dependent manner to the PSD. 620 

Discussion 621 

Homeostatic scaling is characterized by direct alteration of the density of 622 
functional AMPA receptors at excitatory synapses. However, little is known about the 623 
changes that govern synaptic molecules which associate with AMPA receptors such 624 
as scaffolding molecules, cell adhesion molecules, transmembrane AMPA receptor 625 
regulatory proteins and other signaling molecules. Indeed, these molecules control 626 
the localization, trafficking and post-translational modification of receptors, thus 627 
directly influencing the receptor function during homeostatic plasticity and local 628 
plasticity mechanisms including long term potentiation/depression (Vitureira and 629 
Goda, 2013; Fernandes and Carvalho, 2016; Henley and Wilkinson, 2016; Diering 630 
and Huganir, 2018). Here we demonstrate a simple immunocytochemical method 631 
based on rank ordered analysis to quantitatively characterize multiplicative 632 
homeostatic scaling induced by activity blockade in neuronal cultures. We use this 633 
analysis paradigm to extract scaling factors for various AMPA receptor subunits and 634 
some of the key pre- and postsynaptic proteins. We observed that there is significant 635 
scaling on the content of both pre- and postsynaptic scaffolding molecules upon 636 
neuronal activity blockade. This is consistent with the observation that induction of 637 
homeostatic scaling in older cultures results in the augmentation of both the 638 
frequency and amplitude of the postsynaptic response when measured using 639 
electrophysiological techniques (Han and Stevens, 2009). Increase in the content of 640 
presynaptic scaffolding molecules such as Bassoon indicates strengthening of the 641 
cytomatrix of the active zone in the presynapse. Higher levels of cytomatrix proteins 642 
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such as Bassoon and Piccolo have been correlated with faster reloading of 643 
presynaptic vesicles modulating both the frequency and amplitude of EPSCs at 644 
central synapses (Hallermann et al., 2010; Mukherjee et al., 2010; Kittel and 645 
Heckmann, 2016). An alteration in the synaptic content of postsynaptic scaffolding 646 
molecules such as PSD95 and Shank is also known to affect the basal synaptic 647 
transmission affecting the expression, localization, and retention of AMPA receptors 648 
at excitatory synapses (Henley and Wilkinson, 2016; Diering and Huganir, 2018). We 649 
observed augmentation of scaling factor for AMPA receptor subunits upon activity 650 
blockade, confirming an increase in the synaptic numbers for both GluA1 and GluA2 651 
containing AMPA receptors. However, activity-dependent subunit, GluA1 showed a 652 
higher scaling in comparison to GluA2. Though there is an increase in both GluA1 653 
and GluA2 subunits, there might be a preferential recruitment of AMPA receptors 654 
containing both GluA2/GluA1 subunits in comparison to AMPA receptors containing 655 
GluA2 with other subunits. While comparing the control and scaled-TTX distributions, 656 
the GluA1 data alone showed a different statistical result while using the Anderson-657 
Darling test compared to the Kolmogorov-Smirnov test. This shows that GluA1 may 658 
undergo homeostatic scaling that is not purely multiplicative. This could be because 659 
of the differences in the subunit stoichiometry of AMPA receptors. (Diering and 660 
Huganir, 2018). Furthermore, it was observed that synapses localized to distal 661 
dendrites exhibit augmented scaling compared to their counterparts in proximal 662 
dendrites (Smith et al., 2003). Such a scaling up of synapses in distal dendrites 663 
might be a requirement to compensate for cable filtering, where the synapses would 664 
need to ensure the availability of more receptors for the EPSPs to reach the soma. 665 
Since the archetypal connectivity is not maintained in primary neuronal cultures it 666 
remains to be seen if this is the case is intact brain slices where the morphology and 667 
connectivity is preserved. 668 

The results obtained from rank order analysis of microscopy images is 669 
consistent with the electrophysiological data which has used comparable statistics to 670 
evaluate mEPSC recordings from control and TTX treated primary neuronal cultures 671 
(Kim et al., 2012). However, the scaling factor obtained for AMPA receptor subunits 672 
by immunocytochemistry was lower than that obtained for amplitude scaling of 673 
synaptic responses by electrophysiological data. These differences could be 674 
attributed to the differing methods for data collection in these techniques. 675 
Electrophysiological recording involves recording of mEPSC traces for a finite 676 
amount of time. Same synaptic responses can be recorded multiple times shifting 677 
the bias towards more active synapses during the time of recording. Contrary to 678 
electrophysiological recordings, observing random image fields by 679 
immunocytochemical labelling would result in unbiased inclusion of all the synapses 680 
in the field of view resulting in larger heterogeneity of synapses available for 681 
evaluation. The method that we have implemented could also be combined with 682 
electrophysiological recordings, thus bridging the gap between these two techniques. 683 
Another major strength of this method is the ability to show using random sampling 684 
of synapses that the variance in the calculation of the scaling factor reduces 685 
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asymptotically as the number of synapses used for the analysis increases. Sampling 686 
for rank order analysis could be performed with half the number of detected 687 
synapses to yield an accurate scaling factor. Furthermore, to confirm that the small 688 
scaling factors we obtained were indeed indicative of multiplicative scaling, we asked 689 
the question of how small a scaling factor could be considered significant. To 690 
address this, we randomly subdivided a control dataset of fluorescence intensities 691 
into two datasets and calculated a scaling factor between these control subsets. A 692 
similar procedure was adopted for the TTX dataset as well. We were able to show 693 
that a scaling factor as low as 1.05 between the control and TTX dataset was 694 
significantly greater than what was obtained from within group comparison of the 695 
control or TTX datasets, proving that this method is indeed a robust estimator for 696 
multiplicative homeostatic scaling. 697 

The neuronal synapse is a very dynamic and organized structure. The 698 
instantaneous receptor population can be divided into pools of receptors localized 699 
within specific functional zones of the synapse. We observed that these different 700 
pools of AMPA receptors are differentially scaled. For example, the global pool of 701 
AMPA receptors was scaled higher than the surface AMPA receptors. This 702 
differential scaling could arise since TTX suppresses action potentials which would 703 
significantly affect the large pool of receptors waiting to be inserted into the synaptic 704 
membrane during synaptic activity. Previous studies have indicated that AMPA 705 
receptors can be immobilized both in the post and perisynaptic compartments and 706 
the equilibrium between these subsynaptic zones can be maintained by lateral 707 
diffusion (Chen et al., 2018; Scheefhals and MacGillavry, 2018; Humeau and 708 
Choquet, 2019). With the help of super-resolution imaging, we were able to discern 709 
different pools of AMPA receptors associated with different functional zones of the 710 
synapse. Advanced microscopy paradigms with improved 2D and 3D resolution 711 
might give a better perspective of molecular distribution of receptors in the PSD; 712 
enabling a better discrimination of synaptic vs extrasynaptic pools on the functional 713 
zones of the synapse.  Though the rank order analysis does not consider nanoscale 714 
distributions of the molecules inside the functional zones, it remains a very good tool 715 
to evaluate the characteristics of AMPA receptor pools in the functional zones of the 716 
synapse. Using the rank order analysis, scaling in the perisynaptic compartment was 717 
found to be higher than that of the postsynaptic density compartment. Though there 718 
was an increase in size of the PSD, and density of scaffolding molecules in the PSD 719 
after induction of homeostatic scaling, a larger number of these synapses reached 720 
saturation for AMPA receptor density in comparison with the control. This indicates 721 
that there is a limiting size for the PSD and the maximum number of receptors that 722 
can be accommodated per PSD.  We observed that the AMPA receptor population at 723 
the PSD for the TTX distribution saturated at higher intensities, indicating that there 724 
was increased packing of receptors into the PSD. Furthermore, the PSD has a 725 
comparatively smaller area than the spine which accounts for the saturation of 726 
receptor molecules in the PSD compared to that in the spine. Irrespective of this size 727 
constraint for the PSD, the perisynaptic compartment showed higher scaling. A 728 
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larger number of receptors were localized to a reserve pool in the perisynaptic 729 
compartment where active processes such as endo- and exocytosis occur. This 730 
increase in reserve pool of receptors could access the PSD immediately by lateral 731 
diffusion upon activity and modulate the postsynaptic response. These results 732 
confirm a higher recruitment of GluA2 to the perisynapse upon homeostatic scaling. 733 
This could also be due to the constraints imposed on the size and molecular content 734 
of the PSD. Our observations are on par with previous studies on LTP, showing that 735 
AMPA receptor insertion first occurs at the perisynapse from whence the receptors 736 
laterally diffuse to the PSD (Vitureira and Goda, 2013; Bailey et al., 2015; Fernandes 737 
and Carvalho, 2016; Henley and Wilkinson, 2016; Diering and Huganir, 2018), 738 
suggesting that mechanisms may be conserved between homeostatic and long term 739 
plasticity. 740 

 741 

 742 

 743 

Conclusion 744 

It is currently known that there can be dendritically localized forms of 745 
homeostatic scaling (Yu and Goda, 2009; Fernandes and Carvalho, 2016; Barnes et 746 
al., 2017). The local plasticity mechanisms also involve an increase or decrease in 747 
the strength of individual synapses by recruiting more receptors and receptor 748 
associated proteins to the synapses. The rank order analysis to calculate the relative 749 
scaling factor from immunolabelled images can be used to determine the dendritic or 750 
synaptic contributions to different forms of plasticity. Since immunolabelling in vitro or 751 
in vivo is a routine technique that is performed across many laboratories, this 752 
analysis protocol can be used as a routine tool to measure synaptic increase of 753 
proteins of interest and thus bring in novel information regarding protein machinery 754 
involved in different forms of synaptic plasticity. Furthermore, the use of rank order 755 
analysis of microscopic images together with electrophysiology would enable us to 756 
address the dynamic nature of synaptic plasticity and provide insights into the 757 
molecular basis of plasticity at the finest detail possible.  758 
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Figure Legends: 868 

Figure 1: Multiplicative scaling of excitatory synapses using Rank order analysis 869 

(A-C) Mice hippocampal neurons of DIV14 treated for 48 hours with 2μM TTX to 870 
study homeostatic synaptic scaling. The cultures were fixed and immunolabelled for 871 
the C-terminus of AMPA receptor subunits GluA1 (A), GluA2 (B) and a postsynaptic 872 
density protein PSD95 (C). (D-F) and (H-J) are representative dendritic 873 
compartments of the images in (A-C) with PSD95 in magenta and GluA1 (D-F) or 874 
GluA2 (H-J) in green. The scale bars in A-C represent 10μm and in D-F and H-J 875 
represent 5μm. (G, K) A histogram was plotted for the average intensity of GluA1 (G) 876 
or GluA2 (K) per PSD95 puncta between the control and the TTX treated conditions 877 
(n = 534 and 454 synapses for control and TTX dataset respectively, p < 10-6 for 878 
GluA1 and p < 10-3 for GluA2 respectively, KS test). (L, O) A random sample of 400 879 
intensity values were chosen, rank ordered and plotted to provide a scaling equation 880 
for GluA1 (L) (y = 1.56x – 6890) and GluA2 (O) (y =1.22x -1190). (M, P) Using the 881 
slope of the equation as a reference, the TTX dataset was scaled using multiple 882 
values and compared to the control. The scaling factor providing the maximum p-883 
value between the scaled TTX and control dataset was chosen as the multiplicative 884 
scaling factor for GluA1 (1.28, p = 0.006, KS test) (M) and GluA2 (P) (1.16, p = 0.80, 885 
KS test). (N, Q) Cumulative frequency distribution between control, TTX and scaled 886 
TTX for GluA1 (N) and GluA2 (Q) showed no significant difference between the 887 
control and scaled TTX distributions.  888 

Figure 2: Multiplicative scaling of synaptic scaffolding molecules during Homeostatic 889 
scaling in Rodents 890 

(A, B) Histogram comparing the average intensity of Shank2 per puncta in the 891 
control and TTX conditions showed positive scaling after 24 hour treatment for both 892 
mouse (A) and rat (B) cultures (n = 1889 and 826 synapses for mouse and 1592 and 893 
1821 synapses for rat, for control and TTX dataset respectively, p < 10-6, KS test). 894 
(C, D) 800 random average intensity data points were chosen, rank ordered and 895 
plotted to provide a scaling equation for mouse (C) (y = 1.36x – 5182) and rat (D) (y 896 
=1.05x + 540.7) cultures. (E, F) The scaling factor providing the maximum p-value 897 
between control and scaled TTX  datasets was chosen as the multiplicative scaling 898 
factor for both mouse (E) (1.19, p = 0.015, KS test) and rat (F) (1.15, p = 0.063, KS 899 
test) cultures. (G, H) A cumulative frequency distribution was plotted for control, TTX 900 
and the scaled TTX (calculated with the help of the scaling factor) datasets for the 901 
mouse (G) and rat (H) showing no significant difference between the control and the 902 
scaled TTX dataset. For comparison of multiplicative scaling of other synaptic 903 
scaffolding molecules please refer to Figure 2-1. A detailed analysis of sampling 904 
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efficiency for calculating multiplicative scaling factor and significance of scaling 905 
factors are detailed in Figure 2-2 and 2-3 respectively. Analysis referring to accuracy 906 
of scaling in homeostatic plasticity is shown in Figure 2-4 907 

Figure 2-1: Multiplicative scaling of scaffolding molecules in rodents 908 

Immunocytochemistry was performed for PSD95 in mouse and rat cultures (DIV 14) 909 
and Bassoon in mouse cultures (DIV 21) following treatment with 2μM TTX for 24 910 
hours. (A-C) Histograms constructed for the average intensity of PSD95 and 911 
Bassoon in both control and TTX-treated condition showed significant scaling in both 912 
mouse (A and C) and rat (B) cultures (n = 1836 and 977 synapses for mouse 913 
PSD95, p < 10-5 (A), 1747 and 2072 synapses for rat PSD95, p < 10-6 (B) and 751 914 
and 1798 synapses for mouse Bassoon, p < 10-6 (C), KS test). (D-F) 800 random 915 
puncta (700 in the case of mouse Bassoon) were chosen from both the control and 916 
TTX dataset and plotted to obtain the scaling equation for mouse (PSD95: y = 1.32x 917 
– 5175; Bassoon: y = 1.32x - 2573) (D and F) and rat (PSD95: y = 1.30x – 1604) (E) 918 
data. (G-I) The TTX dataset was scaled using a number of arbitrary scaling factors 919 
and compared to the control. The factor providing the largest p-value was chosen as 920 
the multiplicative scaling factor for mouse (PSD95 – 1.11, p = 0.026; Bassoon – 921 
1.25, p = 0.14, KS test) (G and I) and rat (1.2, p = 0.106, KS test) (H) cultures. (J-L) 922 
A cumulative frequency distribution was plotted for the control, TTX and scaled-TTX 923 
showing that the control and the scaled-TTX dataset were not significantly different 924 
for either mouse (J and L) or rat (K) cultures. 925 

 926 

Figure 2-2: Sampling efficiency for calculating multiplicative scaling factor 927 

(A) Rat hippocampal neurons (DIV 14) were treated with 2μM TTX for 48 hours and 928 
immunolabelled for Shank2. The Shank2 confocal dataset for this condition was 929 
sampled at 200, 400, 600, 800, 1000, 1200, 1400, 1600 and 1800 data points for 930 
both the control and TTX datasets. A scaling factor was calculated 100 times for 931 
each sampling level with the help of previously described methods. The range of 932 
scaling factors obtained for each sampling level is plotted in the form of a box and 933 
whiskers plot (A). (B) A graph of the sampling factor variance was plotted against the 934 
sampling level for the dataset. 935 

Figure 2-3: Significance of a low scaling factor 936 

(A-I) The Shank2 confocal data for DIV 14 rat cultures treated with 2μM TTX for 48 937 
hours and sampled at 200, 400, 600, 800, 1000, 1200, 1400, 1600 and 1800 data 938 
points for both the control and TTX data. The sampled data from the control and TTX 939 
dataset were compared within themselves as well as between each other (i.e. control 940 
to control, TTX to TTX and control to TTX). 100 scaling factors were obtained in 941 
each case. A cumulative frequency distribution was plotted for the scaling factors 942 
obtained in the case of control vs control, TTX vs TTX and control vs TTX 943 
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comparison for the sampling levels 200 (A), 400 (B), 600 (C), 800 (D), 1000 (E), 944 
1200 (F), 1400 (G), 1600 (H), 1800 (I). (J) The scaling factors obtained for each 945 
sampling level was compared between the control vs control, TTX vs TTX and 946 
control vs TTX dataset with the help of a KS test, and the p-value was plotted 947 
against the sampling level. 948 

Figure 2-4: Accuracy of Scaling in homeostatic plasticity of Shank2 at 48 hours 949 

(A) The maximum p-values obtained while comparing 1000 randomly sampled 950 
synapses from the control and TTX distribution during the calculation of scaling 951 
factor repeated 500 times. (B) Gaussian fits of the normalized frequency distribution 952 
of scaling factors obtained while comparing the control and TTX datasets for each 953 
sampling size repeated 500 times. (C) Gaussian fit of the normalized frequency 954 
distribution of the error from mean of the scaling factors obtained in Figure 1B. (D) 955 
Tabular column detailing the average scaling factor and standard deviation of error 956 
obtained for 1000 randomly sampled synapses from the control and TTX dataset 957 
repeated 100, 500 and 1000 times 958 

Figure 3: Differential scaling of synaptic AMPA receptor pools at excitatory synapses 959 
during homeostatic scaling 960 

(A, E) Histograms were constructed to compare the control and TTX dataset for the 961 
average intensity of GluA2 segmented within the Shank2 puncta for global synaptic 962 
GluA2 using the C-terminal antibody (A) and surface gluA2 using the N-terminal 963 
antibody (E) (n = 1893 and 1781 synapses for global and 2259 and 2411 for surface 964 
GluA2, for control and TTX dataset respectively, p < 10-6, KS test). (B, F) 1000 965 
random puncta were chosen from both the control and TTX dataset, rank ordered 966 
and plotted to provide the scaling equation for global gluA2 (B) (y = 0.95x + 1459) 967 
and surface gluA2 (F) (y = 1.04x + 0.5). (C, G) The random sample of the TTX 968 
dataset was scaled down using multiple prospective scaling factors and the factor 969 
providing the maximum p-value between the control and the scaled-TTX dataset was 970 
chosen as the multiplicative scaling factor for global gluA2 (C) (1.19, p = 0.084, KS 971 
test) and surface gluA2 (G) (1.08, p = 0.680, KS test). (D, H) The cumulative 972 
distribution was plotted between the control, TTX and the scaled-TTX (obtained with 973 
the help of the scaling factor) for the global (D) and surface (H) GluA2 levels, 974 
indicating no significant difference between the control and the scaled-TTX dataset. 975 
A gallery of immunocytochemical images for global and surface distribution of GluA2 976 
is presented in Figure 3-1 977 

Figure 3-1: Immunocytochemistry for global and surface GluA2 978 

(A-D) Images of GluA2 labelling with the help of C-terminal and (E-H) N-terminal 979 
antibodies against the GluA2 subunit were obtained on a confocal microscope to 980 
indicate the global and surface population of GluA2 containing AMPA receptors. All 981 
the images are scaled similarly. The scale bar indicates 100μm. 982 
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Figure 4: Scaling down of synaptic pool of surface AMPA receptors 983 

(A) The normalized frequency distribution of average intensity of surface expressed 984 
synaptic GluA2 segmented within Shank2 puncta is plotted for control neurons and 985 
neurons treated with 40μM bicuculline for 48 hours. There is a a significant 986 
difference between the control and bicuculline dataset (n = 10 cells, 1697 and 2988 987 
synapses for control and bicuculline dataset respectively, p < 10-6). (B) 1300 988 
synapses were randomly sampled from the control and bicuculline dataset, rank 989 
ordered and plotted to obtain the scaling equation (y = 0.885x + 67.20). (C) The 990 
sampled bicuculline dataset was scaled with a number of arbitrary multiplicative 991 
scaling factors and compared to the control data. The scaling factor providing the 992 
maximum p-value was chosen as the multiplicative scaling factor (0.90, p = 0.791). 993 
(D) The cumulative distribution of the control, bicuculline and scaled bicuculline 994 
population was plotted showing that the scaled bicuculline population was not 995 
significantly different from the control distribution. 996 

Figure 5: Differential scaling of synaptic AMPA receptor pools within functional zones 997 
of an excitatory synapses during homeostatic scaling 998 

(A-B) Confocal and STED imaging were performed for Shank2 (A) and GluA2 (B). 999 
(A) An adaptive threshold mask was created for Shank2 observed on the synapse 1000 
(Red + Blue), perisynapse (Red) and PSD (Blue) image, and the puncta regions 1001 
were used to determine different subsynaptic compartments. Analysis scheme for 1002 
spatial differentiation of functional zones of the synapse using Confocal and STED 1003 
imaging is presented in Figure 5-1  (B) GluA2 STED image overlaid with red outline 1004 
indicating the synapse, blue outline indicating the postsynaptic density and the 1005 
region enclosed between the red and blue regions indicating the perisynaptic 1006 
compartment. (1-6) The insets display different zoomed regions of the GluA2 STED 1007 
image. The scale bars in A and B indicate 4.5μm and 1-6 indicate 1μm. (C-E) 1008 
Histograms constructed for the average intensity of GluA2 segmented within the 1009 
Shank2 confocal (C), Shank2 STED (D) and the area between the Shank2 confocal 1010 
and STED puncta or the perisynaptic area (E) between the control and the TTX 1011 
dataset showed significant scaling of GluA2 within various subsynaptic 1012 
compartments (n = 2217 and 2401  for GluA2 in the synapse, p < 10-6, 2694 and 1013 
2438 for GluA2 in the PSD, p < 10-4 and 2276 and 2353 for GluA2 in the 1014 
perisynapse, p < 10-6, for control and TTX dataset respectively, KS test). (F-H) 1000 1015 
random puncta were chosen from each dataset and the control set was plotted 1016 
against TTX dataset to provide a scaling equation for the GluA2 scaling within the 1017 
synapse (F) (y = 1.08x + 0.84), the PSD (G) (y = 0.23x + 16.00 (green) and y = 0.83x 1018 
+ 4.62(blue)) and the perisynapse (H) (y = 1.02x + 0.82). (I-K) Representative 1019 
scaling factors providing the maximum p-value between the control and the scaled-1020 
TTX dataset was chosen as the multiplicative scaling factor for GluA2 within the 1021 
synapse, (I) in the PSD (J) and in the peri-synapse (K). (L-N) Cumulative frequency 1022 
distribution between the control, TTX and Scaled-TTX dataset showed no significant 1023 
difference between the control and the scaled-TTX dataset for GluA2 within the 1024 
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synapse (L), PSD (M) and the perisynapse (N). Multiplicative scaling of Shank2 at 1025 
the postsynaptic density  is presented in Figure 5-2 1026 

Figure 5-1: Spatial differentiation of functional zones of the synapse using Confocal 1027 
and STED imaging  1028 

(A) Shank2 confocal and (D) STED images were utilized to identify different 1029 
subsynaptic compartments in the dendrite. (B) Adaptive thresholding method was 1030 
used to create a mask of the Shank2 confocal and (E) the Shank2 STED image. (C) 1031 
Regions indicating the confocal puncta (red) were overlaid on the Shank2 confocal 1032 
image to determine synaptic regions in the dendrite. (F) Regions of the Shank2 1033 
STED puncta (blue) were overlaid on the Shank2 STED image to determine the PSD 1034 
in the dendrite. (G) The Shank2 STED mask was subtracted from the Shank2 1035 
confocal mask to provide a mask of the perisynaptic region. (H) shows an overlay of 1036 
the synapse (red) and the PSD (blue) regions. (1-6) indicate different zoomed in 1037 
regions of the mask and red and blue region to clearly define the distinction in the 1038 
subsynaptic compartments. The scale bar in (A-H) indicates 4.5μm, whereas in (1-6) 1039 
indicates1μm. 1040 

Figure 5-2: Multiplicative scaling of Shank2 at the postsynaptic density  1041 

(A, B) Comparison of the distribution of the area (A) of Shank 2 puncta (PSD area) 1042 
and average intensity (B) of Shank2 per puncta using STED images from the control 1043 
and TTX conditions showed scaling after 48 hour treatment (n = 2732 and 2442 1044 
synapses, for control and TTX dataset respectively, p < 10-5 for area and p < 10 -6 for 1045 
average intensity, KS test). (C) 1000 random average intensity data points were 1046 
chosen, rank ordered and plotted to provide a scaling equation (Y = 0.94*X + 22.31) 1047 
for the density of Shank2 in the PSD. (D) The scaling factor providing the maximum 1048 
p-value between control and scaled TTX datasets was chosen as the multiplicative 1049 
scaling factor (1.14, p = 0.067, KS test) for this repeat. 1050 












