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Mechanisms of homeostatic plasticity promote compensatory changes of cellular
excitability in response to chronic changes in the network activity. This type of plasticity is
essential for the maintenance of brain circuits and is involved in the regulation of neural
regeneration and the progress of neurodegenerative disorders. One of the most studied

homeostatic processes is synaptic scaling, where global synaptic adjustments take place
to restore the neuronal firing rate to a physiological range by the modulation of synaptic
receptors, neurotransmitters, and morphology. However, despite the comprehensive
literature on the electrophysiological properties of homeostatic scaling, less is known
about the structural adjustments that occur in the synapses and dendritic tree. In this
study, we performed a meta-analysis of articles investigating the effects of chronic network
excitation (synaptic downscaling) or inhibition (synaptic upscaling) on the dendritic spine
density of neurons. Our results indicate that spine density is consistently reduced after
protocols that induce synaptic scaling, independent of the intervention type. Then, we
discuss the implication of our findings to the current knowledge on the morphological
changes induced by homeostatic plasticity.

Key Words: chronic inhibition; chronic stimulation; dendritic spines; downscaling;
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Introduction

In order to maintain neural networks in a stable state, neurons
can perceive changes in their excitability and trigger negative-
feedback homeostatic mechanisms to restore their activity to
a physiological range (Turrigiano and Nelson, 2004). One of
the most intensively studied forms of homeostatic plasticity
is synaptic scaling, in which the synaptic strengths of a
neuron are adjusted in a compensatory manner following a
global multiplicative scaling factor (Abbott and Nelson, 2000;
Turrigiano, 2012). Moreover, the interaction between synaptic
scaling and other forms of neuronal plasticity is necessary
to maintain crucial brain mechanisms, such as sensory
information processing, learning, memory, and cellular
development (Fernandes and Carvalho, 2016; Keck et al.,
2017; Mendez et al., 2018).

Neuronal changes from homeostatic plastic have been
described for both in vitro and in vivo models (Moulin et
al., 2020), supporting the notion that this mechanism is
a fundamental feature for the proper functioning of the
neural system. However, the absence of synaptic scaling is
associated with improved neural regeneration and regression
of pathological conditions. For instance, during neurogenesis,
immature neurons do not adjust their synaptic strengths in a
homeostatic manner until fully integrated into the neuronal

network (Vlachos et al., 2013a; Strehl et al., 2018). Moreover,
there is evidence that synaptic scaling drives Alzheimer’s
disease progression (Yamamoto et al., 2015; Rodriguez et
al., 2020), as the hypoactivity caused by amyloid-p oligomers
induces compensatory synaptic changes that raise intracellular
calcium, resulting in neurotoxicity and cell death (Small, 2008).
It has also been hypothesized that synaptic scaling plays a role
in drug addiction (Moulin and Schioth, 2020). Thus, due to the
implications for the modulation of processes in the healthy
and unhealthy brain, the study of the cellular and network
modifications caused by synaptic scaling is gaining increasing
interest.

It is well known that the global adjustment of synaptic
strength is achieved by the concomitant modulation
of postsynaptic receptor trafficking and presynaptic
neurotransmitter release (De Gois et al., 2005; Wang et
al., 2012; Diering and Huganir, 2018). Protocols to induce
homeostatic plasticity also result in structural modifications,
such as changes in dendritic spine volume or density (Goold
and Nicoll, 2010; Keck et al., 2013; Barnes et al., 2017; Moulin
et al., 2019). Notably, the consequences of chronic activity
blockade at dendritic spines have been comprehensively
described (Barnes et al., 2017; Hobbiss et al., 2018); however,
to the best of our knowledge, no report has systematically
evaluated if these modifications are consistent between
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synaptic upscaling and downscaling processes.

In this study, we analyzed the experiments assessing the
effects of chronic excitability changes to neuronal dendritic
spine density, extracted from a systematic review of the
synaptic scaling literature (Moulin et al., 2020). Specifically,
we focus on the measurement of spine density, as previous
reports advocate that the formation of silent synapses and
increase in the number of spines are important steps for
the interaction between homeostatic and Hebbian types
of plasticity (Arendt et al., 2013; Mendez et al., 2018). Our
meta-analytic results indicate that dendritic spine density
is consistently reduced after protocols to induce synaptic
scaling, independent of the administration of inhibitory or
excitatory interventions. We then discuss the implication
of these findings to the current hypotheses on the
morphological changes induced by scaling and the interplay
of different types of synaptic plasticity.

Data and Methods

Systematic review of the synaptic scaling literature

To identify articles that measured the effects of scaling-
inducing stimulation protocols on the dendritic spine density,
we used the openly-available data from a recent systematic
review of the field (Moulin et al., 2020). Briefly, in the original
review, two distinct PubMed searches were performed to find
articles related to homeostatic plasticity. The first was based
on popular keywords (“homeostatic plasticity” OR “synaptic
scaling”), which returned 664 articles (Search #1). The second
search looked for publications that might have been missed by
the first search, based on the most common methods of the
field (“(mEPSC* OR mIPSC* OR patch clamp*) AND (scaling OR
homeostat* OR chronic* inhibit* OR chronic* excitat*) NOT
review”), which returned 618 studies (Search #2). Sixty-one
duplicated articles were removed.

The first screening stage analyzed titles and abstracts,
eliminating articles that were not written in English, not
describing original results, or not describing experiments of
chronic stimulation or inhibition of neurons. The second step
examined the full text of the publications. They were included
if they reported the effects of intensity- and time-controlled
chronic neuronal activation or inhibition; used interventions
with known effects on synaptic transmission and/ or firing of
neurons; and explored changes in the neuronal population
caused by synaptic homeostatic plasticity — defined by the
descriptions present in the publication.

As the original search was performed on May 31, 2018, we
updated the dataset by looking for recent articles discussing
synaptic scaling and dendritic spines density. On PubMed,
we searched for “(homeostatic plasticity OR synaptic scaling)
AND spine NOT review AND 2018/04/01:2020/11/25[dp]”,
performed on November 25, 2020, which returned 71 results
(Search #3). Screening stages were performed following the
same criteria as the previous systematic review. The selection
and inclusion process considering all searches is illustrated in
Figure 1.

Meta-analysis data extraction

Within the articles selected by the systematic review, we
looked for those that performed experiments measuring the
effect of synaptic scaling on dendritic spine density. Twenty-
one articles were included in the final sample following
this criterion (Figure 1). Outcomes were divided between
those studying chronic inhibition and chronic excitation, and
we extracted experimental information from cohort and
comparison levels. Each cohort corresponds to a different
set of animals. If more than one cohort was used in the
same experiment (e.g., for testing at different time points),
the source of the data for each cohort was clearly defined.

Records identified through Records identified through Records identified through
database searching — Search #1 database searching — Search #2 database searching — Search #3
(n=664) (n=618) (n=71)

[ Identification

Records after duplicates removed
(n=1292)

Records excluded:
Records screened
(n=1292)

)

Screening

(n=1069)

(

- Not written in English
- Without original results
- Not about homeostatic plasticity

Full-text articles excluded:
Full-text articles (n=50)
assessed for eligibility
(n=223) - No chronic stimulation or inhibition
- Intervention without known effect
on synaptic transmission
- Not objectively investigated
homeostatic plasticity

Eligibility

[

)

Screening within
synaptic scaling articles
(n=173)

Full-text articles excluded:
(n=152)

Included

- No results assessing changes in
dendritic spine density.

(

Studies included in the
meta-analyses
(n=21)

Figure 1 | PRISMA flowchart of article search and selection.

The systematic review retrieved 173 articles on synaptic scaling. After the
selection of articles assessing dendritic spine density, 21 studies were
included in the final analysis.

Therefore, both independent and non-independent data could
be identified and individually extracted at the comparison
level. Importantly, to avoid confounders to the assessment
of the synaptic scaling effects, we selected experiments that
described the effects of only chronic inhibition or excitation
interventions to induce scaling (i.e., trials in which genetic
or pharmacological manipulations were employed in parallel
with the scaling-inducing method were not included).

The comparison-level data referred to the comparison
between control and treated groups. We extracted the mean
and error for synaptic density in each group, either from
figures, using a software to digitize data points from the
article’s image files (Gsys 2.4, Hokkaido University, https://
www.jcprg.org/gsys/2.4/gsys-e.html) or from the article’s text
(which was preferred if available). The extracted variables
were: brief protocol characteristics (intervention method,
type, and animal model); mean effect of the control and
treated group; the standard deviation of the control and
treated group; sample size of the control and treated group. In
case the sample size informed was a range (e.g., 7-10 animals)
or the sum for all groups, the total sample was equally divided
into each group.

Meta-analysis parameters

All analyses were performed with the metafor package in R
4.0.2 (Viechtbauer, 2010). We applied the multi-level meta-
analysis random-effects model or the standard two-level
meta-analysis random-effects model, as stated in each figure.
Restricted maximume-likelihood was used as the estimator. All
results present effect sizes as Hedge’s g.

Publication bias was estimated through Egger’s regression
(Egger et al., 1997), while funnel plots were presented for
each meta-analysis in order to demonstrate the presence
or absence of asymmetry. Trim-and-fill analyses (Duval and
Tweedie, 2000) were performed in order to calculate the
number of missing studies and to correct the effect estimate.
As there is no way to perform these types of analyses on
multi-level data, we adjusted the weights of outcomes
corresponding to the same cohort by dividing the sample size
by the number of outcomes in the cohort to prevent data
redundancy.

Authorship bias was assessed as described in (Moulin and
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Amaral, 2020). Briefly, we generated a co-authorship network
from articles in both the excitation and inhibition meta-
analysis. To isolate the research group’s influence on the
results, we performed modularity analysis (Blondel et al.,
2008) on the network and used the generated clusters to
define a higher level on the multi-level analysis model, as
described previously.

Results

Meta-analyses of dendritic spine density assessments

In meta-analyses of preclinical studies, each article usually
contributes to several different outcomes (Vesterinen et al.,
2014); therefore, the non-independency of these results
should be considered. Thus, we grouped outcomes originated
from the same article, and from the same cohort of animals
or cultures within an article. To calculate estimates, we used
multi-level fully random-effects models, which separates the
article and cohort levels of influence on the overall variance.
We also plotted the standard two-level random-effects model
estimate for qualitative comparison.

The meta-analysis for the effect of chronic excitation on
spine density is shown in Figure 2. We could observe a strong
negative effect both in the standard two-level model and
in the multi-level model, although the latter computes a
smaller estimate and wider confidence interval (P two-level <
0.001; P multi-level = 0.002; n = 12 outcomes). The variance
component (0°) was 1.31 for the article level and null for the
cohort level. A Q-test for heterogeneity in the multi-level
model yielded Q =24.89 and P = 0.009. We did not observe
any effect of the different experimental models (i.e., in vivo
or in vitro) when running the multi-level analysis using it as
moderator (P = 0.71); however, only two experiments used an
in vivo intervention, limiting our conclusions in this regard.

Next, we performed the same type of analysis for the effects
of chronic inhibition (Figure 3). Surprisingly, as for chronic
excitation, both the standard two-level model and the multi-

Study Model Estimate [95% C.I.]

Seeburg 2008 8 invitro -0.17[-1.18, 084]

Goold 2010 9 invitro ~139(-232,-046]

Fiore 2014.1 14 invitro -065[-207, 077)

Fiore 20142 15 invitro ~1.12[-2:84, 060]

Chowdhury 2017 18 invitro -046(-208, 1.16]

Mendez 2018.1 19 invitro ~1.74[-3.04,-043]

Mendez 2018.2 19 invitro ~138(-288, 0.12]

Mendez 20183 20 invitro 176 -268,-084]

Mendez 2018.4 2 invitro -185[-279,-091]

Mendez 2018.5 2 invivo ~121(-283, 0.40]

Moulin 2019 25 invivo -6.83(-1045,-321)

Kesaf 2020.1 27 invitro -3.08(-438,-1.78]

Two-level model estimate 148 [-200,-0.97]

Multilevel model estimate -158[-258,-0.59]

-10 -625 -25 125 5
Hedge'sg

Figure 2 | Meta-analysis of dendritic spine density after chronic excitation.
The outer left column identifies the original article; the two middle columns
define the experimental cohort and type of model, respectively; while the
right column contains each experiment’s effect size (in Hedges’ g) and 95%
confidence interval. Square sizes are proportional to the relative weight
attributed to each study (for the multi-level model), and bars represent
confidence intervals. Diamonds represent estimate results for the standard
two-level random-effects model (top) and for the multi-level fully random-
effects model (bottom). Negative effects mean a decrease in spine density,
while positive effects would indicate an increase in this measure. Cl:
Confidence interval. All articles cited in this meta-analysis can be found at the
reference list (Seeburg and Sheng, 2008; Goold and Nicoll, 2010; Fiore et al.,
2014; Chowdhury et al., 2018; Mendez et al., 2018; Moulin et al., 2019; Kesaf
et al., 2020).

level model show a reduction in dendritic spine density, with
the multi-level model again indicating a smaller effect and
broader confidence interval (P two-level 0.002; P multi-level
= 0.028; n = 27 outcomes). The variance components (¢°) for
the article- and cohort-levels were 0.55 and 0.29, respectively,
and a Q-test for heterogeneity in the multi-level model
yielded Q = 95.65, P < 0.001. There was again no effect of the
experimental model as a moderator (P = 0.058), despite the
larger number of in vivo interventions in this case.

Analysis of publication and authorship biases

To evaluate whether publication bias could be detected in
the meta-analyses, we performed trim-and-fill and Egger’s
regression analyses (Egger et al., 1997; Duval and Tweedie,
2000). Figure 4 shows the funnel plots for the meta-analysis
of chronic excitation (Figure 4A) and chronic inhibition (Figure
4B). Trim-and-fill analysis estimated that there was no missing
study in either plot, while Egger’s regression did not reach
significance in any of the cases (P = 0.072 for Figure 4A; P =
0.235 for Figure 4B), indicating no evidence of publication bias.

Finally, we assessed authorship bias according to the methods
described in (Moulin and Amaral, 2020). We constructed
a co-authorship graph of all authors of studies included in
either of the two meta-analyses and segregated clusters
by modularity analysis (Additional Figure 1). For the meta-
analysis of excitatory interventions, each article belongs
to an independent cluster (Additional Table 1); therefore,
no authorship bias is detectable. On the other hand, there
were clustered articles in the meta-analysis of excitatory
interventions (Additional Table 2). To investigate if this had
any influence on the meta-analysis, we included the author
cluster as a level in the random-effects multi-level model. The
variance component (¢°) for the cluster level was null, while
the article- and cohort-levels o were maintained at 0.55 and
0.29. We thus conclude that no authorship influence could
be detected on effect sizes in the studied meta-analyses. All
findings are summarized in Table 1.

Study Model Estimate [95% C.I]
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4
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Figure 3 | Meta-analysis of dendritic spine density after chronic inhibition.
The left column identifies the original article; the two middle columns define
the experimental cohort within articles and type of model, respectively, while
the right column contains each experiment’s effect size (in Hedges’ g) and
95% confidence interval. Square sizes are proportional to the relative weight
attributed to each study (for the multi-level model), and bars represent
confidence intervals. Diamonds represent the estimated results for the
standard two-level random-effects model (top) and the multi-level fully
random-effects model (bottom). Negative effects mean a decrease in spine
density, while positive effects would indicate an increase in this measure. Cl:
Confidence interval. All articles cited in this meta-analysis can be found at the
reference list (Bacci et al., 2001; Tyler and Pozzo-Miller, 2003; Wallace and
Bear, 2004; Thiagarajan et al., 2005; Nakayama et al., 2005; Wierenga, 2005;
Fishbein and Segal, 2007; Mitra et al., 2012; Keck et al., 2013; Vlachos et al.,
2013b; Barnes et al., 2017; Hobbiss et al., 2018; Nakamura et al., 2019; Quinn
etal., 2019; Kesaf et al., 2020).
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Figure 4 | Funnel plots of chronic excitation (A) and chronic inhibition (B)
interventions on extinction experiments.
Each experiment is represented by a black circle, with the vertical line
marking the meta-analytic effect estimate and the white area representing a
confidence interval region based on the standard error of this estimate. No
missing study was found by trim-and-fill analysis.

Table 1 | Standard random-effects model and multi-level random-effects
model analyses

Standard two-level analysis

Intervention Estimate (95% Cl)  Pvalue 7

Chronic excitation
Chronic inhibition

~1.48 [-1.99,-0.965] <0.001 0.36
-0.62 [-1.00,-0.23] 0.002  0.66

Multi-level analysis (considering animal cohorts)

Intervention Estimate (95% Cl)  Pvalue 0°,ce Oconon

0.002 131 0
0.028 055 0.29

Chronic excitation —1.58 [-2.58, —0.59]

Chronic inhibition  —0.58 [-1.09, —0.06]

Multi-level analysis (authorship bias assessment)

Intervention Estimate (95% Cl)  Pvalue 0 uer Ouice O conort

Chronic excitation — - _ _ _

Chronic inhibition  -0.58 [-1.09, -0.06] 0.028 0 055 0.29

Cl: Confidence interval.

Discussion

Structured methods of literature synthesis and meta-analysis
from preclinical data have been substantially improving in
recent years (Vesterinen et al., 2014), particularly concerning
animal models of human disorders (Sena et al., 2014). These are
useful tools to appraise the available evidence and evaluating
whether a given conclusion shows signs of bias (Macleod et
al., 2015; Carneiro et al., 2018). A recent systematic review
showed that the analysis of morphological parameters, such as
dendritic spines, is highly neglected in the field (Moulin et al.,
2020); thus, a summarization of the existing literature could
bring new insights into the outcomes of chronic alterations
in global activity. In this study, we employed a systematic
approach to evaluating the existing data on the morphological
effects of protocols to induce homeostatic plasticity. Specifically,
we performed a meta-analysis of experiments measuring the
effects of chronic stimulation or inhibition on the spine density
in neuronal dendrites.

Interestingly, although our screening had no limiting criteria on
the experimental models, all selected articles describe analyses
of hippocampal or cortical neurons from rodents. Moreover,
most of the reports restricted their assessment to look at
synapses of excitatory neurons (e.g., by labelling only CaMKlla-
expressing cells) or did not describe the neuronal type under
analysis. This observation is in line with previous reports
showing that few synaptic scaling papers investigate exclusively
inhibitory synapses (Moulin et al., 2020). This somewhat
narrow range of models used for dendritic spine assessment
figures as a limitation of the field and, consequently, restricts
the generalization of our meta-analytic results. With that in
mind, our discussion focuses on the evidence provided by

synaptic scaling protocols within this scope.

First, we observed that chronic stimulation of the neuronal
circuitry led to spine density loss, which is consistent with
influential reports of the field (Goold and Nicoll, 2010; Fiore
et al., 2014). It was suggested that the reduction of spine
numbers could facilitate the disruption of the connectivity
in the neuronal groups specified during learning processes,
thus impairing memory recall, facilitating forgetting, and
assisting memory extinction (Mendez et al., 2018). Moreover,
synaptic downscaling has been indicated as the mechanistic
link to the extensively documented decrease in spine density
in human epilepsy (Swann et al., 2000; Goold and Nicoll,
2010). Homeostatic downregulation may also play a role in
the effects of electroconvulsive therapy, shown to reduce
spine density in rodent models of depression (Maynard et al.,
2018). Our results support these speculations by showing that
spine density loss is a robust outcome of chronic stimulation
experiments, both in vitro and in vivo models.

Furthermore, our meta-analysis of studies investigating
prolonged inhibition of neuronal activity also indicated a
reduction in the density of dendritic spines. These results are
surprising, given that previous evidence suggests that neurons
can respond to chronic inhibition activity by promoting the
emergence of new synapses, while globally increasing the
strength of existing synapses (Arendt et al., 2013). Moreover,
it is argued that synaptic upscaling may facilitate long-term
potentiation (LTP) through mechanisms such as silent synapse
formation, which would be expected to increase spine density
(Hulme et al., 2013).

The assumption that synaptic upscaling prompts the
formation of new spines is supported by evidence describing
that neuronal dendrites from hippocampal slices have a
greater spine density when synapses are inactivated for a few
hours (Kirov and Harris, 1999) — a protocol originally intended
to block Hebbian plasticity. However, a recent report in vivo
shows that neuronal activity deprivation causes a reduction
in the number of spines, which is then compensated by
increasing spine volume, not density, through synaptic scaling
mechanisms (Barnes et al.,, 2017). We suggest that these
seemly conflicting results can be explained by the modulation
of NMDAR-dependent spine pruning that takes place after
neuronal inactivation (Vlachos et al., 2013b). Methods such as
ex vivo brain slices, common for reports investigation Hebbian
plasticity, would first induce pruning after denervation, which
in turn would be prevented by NMDA receptor inactivation in
animals undergoing activity-blockage protocols, resulting in a
relative higher spine density. Conversely, for in vitro neuronal
cultures or in vivo imaging approaches, used for synaptic
scaling experiments, chronic inhibition would induce the
observed decrease in spine density, while excitatory synaptic
strength and spine volume increases in a homeostatic manner.

Accordingly, it is hypothesized that during upscaling, the
synapses of a given neuron are strengthened by the global
insertion of AMPA receptors. In turn, the number of AMPA
receptors in the synapse is correlated with spine size
(Matsuzaki et al., 2001; Zito et al., 2009). Thus, our results
indicating that spine density can be reduced after chronic
inhibition offers additional support for insertion of AMPA
receptors in existing synapses as the basis for synaptic scaling,
rather than silent synapse formation.

Lastly, we could not detect any evidence of publication or
authorship biases in our meta-analyses. It suggests that
these results were unlikely to be affected by unpublished
experiments or skewed by author-dependent features, such
as location or methodological approach. Nevertheless, more
studies are necessary to better characterize the relation
between spine density and synaptic strength after synaptic
scaling protocols, especially for chronic inhibition protocols.
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Additional Figure 1 Co-authorship network of the spine density meta-analyses.
The network graph was obtained through the tool developed in Moulin and Amaral (2020c), using authors from articles in both the
excitation and inhibition meta-analysis. Different colors were randomly assigned for individual clusters. Each node represents an

author, while edges represent collaborations between them within both meta-analyses (69 nodes, 186 edges, 14 clusters).
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Additional Table 1 Authorship clustering for meta-analysis of chronic excitation

Article Cluster ID

Seeburg and Sheng (2008) 1
Goold et al. (2010)
Fiore et al. (2014)
Chowdhury (2018)
Mendez et al. (2018)
Moulin et al. (2019)
Kesaf et al. (2020)

~N N AW

Each article contained in the meta-analysis belongs to a different research group.

Additional Table 2 Authorship clustering for meta-analysis of chronic inhibition

Article Cluster ID
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Bacci et al., 2001

—_

Tyler and Pozzo-Miller, 2003
Wallace and Bear, 2004
Wierenga et al, 2005
Nakayama et al., 2005
Thiagarajan et al., 2005
Mitra et al., 2011
Fishbein and Segal, 2007
Vlachos et al., 2013
Keck et al., 2017

Barnes et al., 2017
Hobbiss et al., 2018
Quinn et al., 2019

Kesaf et al., 2020
Nakamura et al., 2019

O © ®© 9 AN A N bW
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Two clusters of authors (6 and 9) contain more than one article.
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