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Abstract

To perform computations with the efficiency necessary for animal survival,
neocortical microcircuits must be capable of reconfiguring in response to ex-
perience, while carefully regulating excitatory and inhibitory connectivity to
maintain stable function.This dynamic fine-tuning is accomplished through
a rich array of cellular homeostatic plasticity mechanisms that stabilize im-
portant cellular and network features such as firing rates, information flow,
and sensory tuning properties. Further, these functional network proper-
ties can be stabilized by different forms of homeostatic plasticity, including
mechanisms that target excitatory or inhibitory synapses, or that regulate
intrinsic neuronal excitability. Here we discuss which aspects of neocorti-
cal circuit function are under homeostatic control, how this homeostasis
is realized on the cellular and molecular levels, and the pathological con-
sequences when circuit homeostasis is impaired. A remaining challenge is
to elucidate how these diverse homeostatic mechanisms cooperate within
complex circuits to enable them to be both flexible and stable.
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INTRODUCTION

With the advent of new tools for monitoring and manipulating identified mammalian neurons,
there has been an explosion of interest into how complex microcircuits are wired up to perform
specific computations. One extraordinary aspect of most such circuits is their complexity. Within
neocortex, a common circuit motif is recurrent excitation, where glutamatergic pyramidal neu-
rons excite each other to amplify signals. Such positive feedback can quickly get out of control
and is held in check by a variety of feedback and feedforward inhibitory circuit motifs, mediated
by a variety of γ aminobutyric acid–ergic (GABAergic) interneurons that self-organize into con-
voluted inhibitory and disinhibitory loops (Chiu et al. 2019) (Figure 1). Further complicating
matters, these loops can be dynamically adjusted through changes in modulatory tone during dis-
tinct behavioral states and by experience-dependent adjustment of synaptic weights. Despite this
dynamism, excitation must consistently recruit sufficient inhibition to prevent activity from blow-
ing up uncontrollably, but not so much that it dies down prematurely. The idea that excitation and
inhibition are carefully balanced—and that disruptions in this balance might contribute to circuit
disfunction and thus myriad neurological disorders—has become almost a truism in neuroscience
(Nelson & Valakh 2015, Sohal & Rubenstein 2019), yet we still do not fully understand how this
balance is achieved and actively maintained within complex and dynamic central circuits.

One solution to this instability problem in neocortical networks is to deploy a set of homeo-
static plasticity rules that use negative feedback to actively adjust the excitation-inhibition balance
(Turrigiano &Nelson 2004). In theory, stable circuit function can emerge through local rules that
allow neurons to sense and adjust their gain.A rich variety of plasticity mechanisms that fit roughly
within the conceptual framework of homeostatic plasticity have now been identified (Chen et al.
2022, Gainey & Feldman 2017, Turrigiano 2012, Wefelmeyer et al. 2016), and in some cases, in-
roads have been made into describing the molecular pathways that mediate them (Chowdhury &
Hell 2018, Fernandes & Carvalho 2016).
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Figure 1

Modularity of cellular homeostatic mechanisms for independent control of distinct network features. The complexity of neocortical
microcircuits arises from interconnected common circuit motifs formed by different types of neurons. These motifs include recurrent
excitation between PYNs as well as feedback and feedforward inhibition between PYNs, PVs, and SSTs; additional interneuron types
are not pictured for simplicity. In a properly functioning circuit, excitation and inhibition are carefully balanced by a set of cellular
homeostatic mechanisms to maintain circuit stability and improve network function, and distinct aspects of network function are
constrained by different homeostatic mechanisms. Based on the current evidence, network features that are subjected to homeostatic
feedback control include (a) mean firing rates (or firing rate homeostasis), (b) network criticality [illustrated as the probability (P) of
observing an avalanche of a given number of spikes (S), which can be fit by power laws; τ, the exponent generated from the best fit, is
depicted as the slope of the dashed black line], and (c) local correlation structure (illustrated as a correlation matrix, where each grid
indicates the correlation value for a given pair of neurons). In particular, there is evidence that homeostatic regulation of excitatory
network nodes through synaptic scaling and intrinsic homeostatic plasticity can stabilize mean firing rates and network correlation
structure, while the regulation of inhibitory nodes can stabilize the network near a critical regime. Abbreviations: P, probability; PDF,
probability distribution function; PV, parvalbumin-positive interneuron; PYN, pyramidal neuron; S, spike; SST, somatostatin-positive
interneuron. Illustrations in panels b and c are adapted, with permission, from data published by Ma et al. (2019) and Wu et al. (2020),
respectively. Neuron images created with Biorender.com.

Despite this progress, we are just beginning to understand how homeostasis manifests within
highly recurrent and complex microcircuits in vivo. Here we focus on recent in vivo work illu-
minating which aspects of circuit function are under direct homeostatic control, the cellular and
molecular mechanisms that mediate these phenomena, and whether defects in homeostatic plas-
ticity might contribute to the genesis of neurological disorders. Because of space limitations, we
focus here on mammalian neocortex, and we direct the reader to recent excellent reviews of im-
portant work on homeostasis in other brain regions and organisms (Davis & Müller 2015, Frank
et al. 2020, Goel & Dickman 2021, Wenner 2014). While the conceptual framework we outline
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here likely generalizes to many neural circuits, we wish to emphasize that different circuits have
unique needs and constraints, and homeostatic plasticity is likely to be carefully tuned to match
these regional needs.

HOMEOSTATIC PLASTICITY AND NETWORK STABILITY IN VIVO

The last decade has seen exciting advances in our understanding of which circuit features are con-
strained by homeostatic negative feedback and how this constraint improves circuit function. If we
loosely define a variable as being under homeostatic control if it (a) is maintained within a confined
range and (b) returns precisely back to that range when perturbed, then there is now good evi-
dence in neocortex that mean firing rates (Hengen et al. 2013, 2016), sensory tuning curves (Noda
et al. 2023, Rose et al. 2016), measures of network criticality (Ma et al. 2019), and the correlation
structure of the local network (Wu et al. 2020) are all homeostatically regulated. A fascinating re-
cent development is the emergence of converging experimental and computational evidence that
different forms of homeostatic plasticity are instrumental in controlling these distinct aspects of
network function (Figure 1)—something we touch on at the end of this section.

Firing Rate Homeostasis

One way to help stabilize overall circuit activity is to endow each component neuron with the
ability to homeostatically regulate its own firing rate. The first in vitro description of homeosta-
tic synaptic scaling (described in detail in following sections) implicated this mechanism in the
slow (over many hours) stabilization of neuronal firing rates (Turrigiano et al. 1998), and many
subsequent studies support the idea that mean neuronal firing rates in vitro are indeed under ho-
meostatic control (Burrone et al. 2002, Gonzalez-Islas & Wenner 2006, Slomowitz et al. 2015).
Consistent with this idea, imaging studies in intact primary visual cortex (V1) established that net-
work activity is homeostatically restored to baseline during prolonged visual deprivation (Kaneko
et al. 2008, Keck et al. 2013, Mrsic-Flogel et al. 2007), but because these approaches did not al-
low firing rates to be carefully resolved, they left open the question of how precisely the firing of
individual neocortical neurons is regulated.

Stability of the firing rate distribution. Recent technological advances have made it possible to
record and analyze extracellular spiking in ensembles of neurons continuously over many days in
freely behaving animals. These rich data sets allow the characteristics and stability of individual
neurons and ensembles to be assessed and the monitoring of homeostatic regulation of circuit
properties in real time as it unfolds. One of the most striking features of cortical ensemble activity
is the broad distribution of mean firing rates, which spans three to four orders of magnitude and
follows a skewed, lognormal distribution (Buzsáki &Mizuseki 2014). Equally striking, the average
firing of each regular-spiking (mostly glutamatergic) neuron is constrained to a narrow zone, even
across distinct environments and behavioral states, and together, these zones tile this very broad
distribution (Dhawale et al. 2017; Hengen et al. 2016; Torrado Pacheco et al. 2019, 2021). Fur-
thermore, when mean firing rates are perturbed by prolonged visual deprivation, this distribution
is homeostatically restored (Hengen et al. 2013), suggesting that this broad firing rate distribution
plays some critical role(s) within these circuits (Buzsáki & Mizuseki 2014). One speculative pos-
sibility is that, because the rate of Hebbian plasticity depends on firing rates (Abbott & Nelson
2000, Lim et al. 2015, Wilmes & Clopath 2023), having a wide range of mean firing rates might
allow circuits to reconfigure (or learn) in response to both slow and fast external events.

Homeostatic regulation around individual set points.How might the distribution of mean
firing rates be maintained over time in highly plastic circuits? One possibility is that individual
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neurons regulate around an individual set point range [a firing rate set point (FRSP)]. Consistent
with this idea, during visual deprivation, the firing of individual putative pyramidal neurons first
drops and then, over approximately two days, is slowly regulated back to the original baseline
(Hengen et al. 2016). Conversely, when the eye is reopened, individual firing rates first overshoot
and then again are regulated precisely back (Torrado Pacheco et al. 2021). Similar observations at
the population and single-cell levels show that in V1 and primary somatosensory (S1) and auditory
(A1) cortices of young animals, sensory deprivation drives a bimodal response in which sponta-
neous or sensory-driven activity first drops (due to Hebbian mechanisms) and then rebounds to
baseline on a slow timescale due to homeostatic plasticity (Espinosa & Stryker 2012, Gainey &
Feldman 2017, Kaneko et al. 2008, Keck et al. 2013, Teichert et al. 2017) (Figure 1a).

Homeostasis is likely needed over a range of slow and fast timescales to stabilize circuits against
the various perturbations they will encounter. During the early phase (day 1) of sensory depriva-
tion in S1 and V1, there is—paradoxically—very little change in the firing rates of pyramidal
neurons. In contrast, firing rates of fast-spiking (FS) inhibitory neurons drop almost immediately
and also rebound more quickly (Gainey et al. 2018, Hengen et al. 2013, Kuhlman et al. 2013).
Thus the initial stability in pyramidal firing is likely due to disinhibition mediated by a rapid drop
in inhibitory firing. On even faster timescales, even very rapid and extreme changes in sensory
input have little effect on mean pyramidal neuron firing rates (measured over seconds to min-
utes) in juvenile V1 (Torrado Pacheco et al. 2019). This suggests that these circuits are tuned so
that excitation and inhibition instantaneously adjust to stabilize firing in response to changes in
external drive; exactly how this tuning is accomplished and maintained is not fully understood,
but mechanisms that locally match excitation and inhibition could contribute (Haider et al. 2006,
Iascone et al. 2020, Tao & Poo 2005, Xue et al. 2014). Taken together, these studies show that
within neocortical networks there exist strong homeostatic forces that operate on a number of
timescales to constrain the mean activity of both networks and individual neurons and regulate
the firing of individual neurons around an individual FRSP. An open question is the degree to
which these FRSPs are malleable and can be modified either developmentally or by experience.

Homeostatic Maintenance of Higher-Order Network Properties

To function effectively, neocortical circuits must keep firing rates from blowing up or decaying
away to nothing, be capable of refining and then maintaining the correlation structure of the local
network in response to experience-dependent plasticity, and remain well tuned to detect or influ-
ence events in the external world. To achieve all this in a dynamic way most certainly requires that
other features of neocortical networks besides firing rates are under direct homeostatic control. A
flurry of recent studies have begun to explore this possibility.

Criticality.Neocortical networks are thought to operate in a critical regime where excitation-
inhibition balance ensures that each spike in the network evokes (on average) one spike in a
downstream partner.Networks that operate near criticality generate internally or externally driven
spike trains that exhibit a wide (power law) distribution of temporal and spatial scales (avalanche
distribution), thus maximizing the potential for information transfer (Cocchi et al. 2017). While
approximations of this balanced state have been observed both in vitro and in vivo (Cocchi et al.
2017), it has been controversial whether this is epiphenomenal or arises through a process of active
regulation (Shew & Plenz 2013). Consistent with previous reports from in vitro systems (Beggs
& Plenz 2004, Shew et al. 2015), V1 networks recorded chronically in vivo operate close to crit-
icality. More strikingly, within hours of initiating visual deprivation, network dynamics become
subcritical but then quickly regulate back to near-criticality (Ma et al. 2019), strongly suggesting
that network features that promote criticality are under homeostatic control. Interestingly, the
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return to criticality precedes the rebound in pyramidal neuron firing and instead tracks the faster
drop and rebound in FS inhibitory activity (Hengen et al. 2013, Ma et al. 2019), suggesting that
the restoration of criticality is mediated by homeostatic mechanisms that target inhibitory circuit
elements (Figure 1b).

Correlation structure and tuning properties. Local network connectivity is modified by expe-
rience to store information and refine functional properties, and this is reflected in the correlation
structure of spiking activity. It has been an open question whether homeostatic recovery fromma-
jor perturbations can preserve or restore this local correlation structure. Analysis of the pairwise
correlation structure of ensembles of V1 neurons in freely behaving rats revealed that—although
mean firing rates are stable throughout the classical critical period—the pairwise correlations in-
crease and are stronger in the light than in the dark, suggesting that they carry meaningful signals
(Torrado Pacheco et al. 2019, Wu et al. 2020). While visual deprivation initially reduces these
correlations, they are slowly restored during prolonged deprivation with a time course that mir-
rors the recovery in pyramidal neuron firing rates (Figure 1c). Interestingly, the sensory tuning
properties of individual neocortical neurons, which are strongly influenced by local network con-
nectivity, are also restored after recovery from sensory deprivation (Rose et al. 2016) or loss of
neurons (Noda et al. 2023), and homeostatic rules can stabilize tuning in the face of significant
representational drift (Rule & O’Leary 2022). Taken together these studies suggest that homeo-
static mechanisms operate on the local network to amplify a backbone of maintained (or slowly
drifting) network correlations and can thus help to restore function even in the face of network
degradation driven by cell loss or other traumatic perturbations.

Homeostatic Plasticity Mechanisms that Control These Network Features

In the following sections we discuss three major cellular forms of homeostatic plasticity that have
been implicated in the homeostatic regulation of firing rates, criticality, and correlation structure.
These are excitatory synaptic scaling (in which neurons proportionally scale excitatory postsynap-
tic strength up or down in the right direction to compensate for perturbations in firing), inhibitory
homeostatic plasticity (where inhibition is adjusted, often in the opposite direction from excita-
tion), and intrinsic homeostatic plasticity (IHP, where neurons regulate ion channels to adjust
excitability).

There is strong evidence that excitatory synaptic scaling and IHP are necessary for firing rate
homeostasis, as genetic or pharmacological manipulations that block these forms of plasticity pre-
vent it (Barnes et al. 2015, Kaneko et al. 2008, Tatavarty et al. 2020). Modeling studies suggest
that these two forms of plasticity—which target synaptic and intrinsic properties, respectively—
can control distinct features of network activity (Cannon & Miller 2016, 2017; Wu et al. 2020)
(Figure 1a,c). For example, IHP can still restore firing rates when synaptic scaling is absent but
cannot restore correlation structure; in contrast, synaptic scaling is well suited to restore net-
work correlation structure because it acts to proportionally scale up excitation and so preserves
the differences between synaptic weights that drive these correlations (Wu et al. 2020). Finally,
homeostatic adjustment of inhibition through excitatory synaptic scaling onto GABAergic in-
terneurons is effective at restoring criticality (Ma et al. 2019). While the exact network features
that can be conserved via a given homeostatic mechanism likely depend on details of network ar-
chitecture, these studies illustrate that these distinct forms of homeostatic compensation are not
functionally redundant and can be harnessed to provide dynamic control over a wide range of
network features.

While closing an eye drives uniform recovery of firing and pairwise correlation structure dur-
ing the critical period through synaptic scaling and IHP in V1 (Hengen et al. 2013, Lambo &
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Turrigiano 2013, Wu et al. 2020), imaging in adult animals following eye removal revealed that
only a subset (∼50%) of neurons with highly correlated activity underwent homeostatic recovery
(Barnes et al. 2015). Further, this recovery was driven by a decrease in inhibition onto pyramidal
neurons rather than synaptic scaling up. Interestingly, directly suppressing activity in adult V1
does induce synaptic scaling up (Wen & Turrigiano 2021), and homeostatic recovery in adult A1
also relies on synaptic scaling (Teichert et al. 2017). It is thus likely that the mode of sensory depri-
vation (e.g., eye closure versus removal) can drive distinct sequences of Hebbian and homeostatic
plasticity that lead to different functional outcomes at the network level.

CELLULAR BUILDING BLOCKS OF CIRCUIT HOMEOSTASIS

As discussed above, there is growing evidence that different network features can be stabilized
by distinct forms of homeostatic plasticity. The cellular building blocks of homeostatic compen-
sation can be roughly divided into those that target excitatory synapses, inhibitory synapses, or
intrinsic neuronal excitability. Further, within each of these broad classes there are functionally
and mechanistically distinct subclasses that depend on various aspects of cell identity and operate
over a variety of temporal and spatial scales and with different activity requirements for induc-
tion (Maffei & Turrigiano 2008, Turrigiano 2011). Many of these appear to be modular in that
they can be independently expressed at different nodes within a neural circuit and can be mixed
and matched to endow the network with developmentally appropriate compensatory capabili-
ties (Maffei & Turrigiano 2008, Pan-Vazquez et al. 2020, Ranson et al. 2012, Wen & Turrigiano
2021). The resulting enormous complexity has not been fully explored, and it remains unclear
exactly how many distinct forms of homeostatic plasticity exist within neocortical circuits. Below
we highlight forms of homeostatic plasticity known to operate within intact neocortical circuits
in vivo.

Homeostatic Regulation of Excitatory Synapses

Compelling evidence shows that central neurons adjust the strength of excitatory synapses to
maintain activity around a homeostatic set point. Given the complexity of neocortical circuits, it
is not surprising thatmechanisms targeting excitatory synapses operate across a variety of temporal
and spatial scales. For example, there are global mechanisms that adjust the entire synapse pop-
ulation of a neuron (e.g., synaptic scaling) and local mechanisms that act on a subset of synapses.
Furthermore, homeostatic compensations can occur at either the presynaptic or postsynaptic
side of the synapse to adjust distinct aspects of circuit function. Below, we discuss some of the
best-studied homeostatic mechanisms that operate on excitatory synapse.

Synaptic scaling.One of the best-studied forms of synaptic homeostatic plasticity is synaptic
scaling of excitatory synapses onto excitatory pyramidal neurons (Turrigiano et al. 1998). Synap-
tic scaling operates in a cell-wide and cell-autonomous manner to slowly scale the postsynaptic
strength of glutamatergic synapses in the right direction to compensate for prolonged pertur-
bations to neuronal firing (Turrigiano 2008). Over the past quarter century, synaptic scaling has
been demonstrated under many in vitro and in vivo conditions and in response to a variety of
activity perturbations (Pozo & Goda 2010, Turrigiano 2012). Most studies that perturb firing
over long timescales have observed compensatory changes in the distribution of excitatory
postsynaptic weights that are best fit by a multiplicative function (hence scaling) (e.g., Gainey
et al. 2009, Keck et al. 2013, Kim & Tsien 2008, Schaukowitch et al. 2017, Stellwagen &Malenka
2006, Teichert et al. 2017, Torrado Pacheco et al. 2021, Turrigiano et al. 1998, Zubov et al.
2022), but deviations from scaling have been observed (e.g., Hanes et al. 2020, Pekala & Wenner
2022). These deviations may reflect measurement error or the simultaneous induction of synaptic
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scaling and additional forms of local homeostatic (see below) or Hebbian plasticity. Finally, it is
not known whether multiplicative scaling operates at the level of individual synapses or at the
level of the distribution of synaptic weights due to the difficulty of following individual synaptic
strength over the long periods of time required to induce scaling.

Excitatory synaptic scaling up has been observed in many regions of neocortex and hippocam-
pus following activity manipulations that lower firing in vivo, including sensory deprivation (Desai
et al. 2002, Greenhill et al. 2015, Hengen et al. 2013, Keck et al. 2013, Kotak et al. 2005, Teichert
et al. 2017) and genetic or pharmacological manipulations (Echegoyen et al. 2007, Wen &
Turrigiano 2021, Wu et al. 2021). Not surprisingly, the expression of synaptic scaling depends
on cell type, cortical layer, and developmental stage (Chen et al. 2022, Gainey & Feldman 2017,
Tien & Kerschensteiner 2018, Turrigiano 2011), indicating that not all neuron types within a
circuit need to express it. Scaling up of excitatory synapses contributes to slow upward firing
rate homeostasis in V1 during sensory deprivation (Hengen et al. 2013, 2016), the restoration
of network activity after scotoma (Keck et al. 2013), the restoration of tuning properties in A1
(Teichert et al. 2017), and the maintenance of breathing networks during hibernation (Zubov
et al. 2022). Scaling down is less well studied in vivo, but its induction correlates with downward
firing rate homeostasis during eye reopening (Torrado Pacheco et al. 2021) and is necessary for
the emergence of memory specificity in insular cortex (Wu et al. 2021).

Local forms of synaptic compensation. For classic synaptic scaling induced by changes in fir-
ing, there is good evidence that the unit of computation is the neuron (Goold & Nicoll 2010,
Ibata et al. 2008, Turrigiano 2008). In contrast, some compensatory processes act at the level of
dendritic branches or even individual synapses, which may enhance information processing capa-
bilities (Barnes et al. 2017, Poirazi et al. 2003, Rabinowitch & Segev 2006). First, there is evidence
for local synaptic normalization that redistributes a set total dendritic synaptic weight during long-
term potentiation (Bourne &Harris 2011, El-Boustani et al. 2018). Second, homeostatic increases
in spine size induced by some forms of visual deprivation occur selectively on dendritic branches
that have undergone recent spine loss (Barnes et al. 2017), suggesting that synaptic scaling can be
either locally induced or locally gated under some conditions, possibly by similar mechanisms to
those that underlie behavior-state gating (Diering et al. 2017,Hengen et al. 2016,Torrado Pacheco
et al. 2021). At an even more local level, blockade or potentiation of synaptic transmission at one
or a few synapses in culture can lead to compensatory changes in local synaptic strength under
some conditions (Dubes et al. 2022, Hou et al. 2008, Letellier et al. 2019, Sutton et al. 2006) but
not others (Harms et al. 2005, Ibata et al. 2008). Such ultralocal compensation in central neurons
has not been documented in vivo, so its functional significance is still unclear. Finally, distinct
synapse types onto the same postsynaptic neuron can be differentially sensitive to homeostatic
regulation (Turrigiano 2017). An important future goal is to understand when and how synaptic
compensation is spatially restricted.

Homeostatic Regulation of Inhibitory Synapses

The magnitude, timing, and placement of excitation and inhibition a neuron receives will strongly
influence its firing properties and thus its role in information processing (Haider & McCormick
2009, Isaacson & Scanziani 2011, Keck et al. 2017b, McFarlan et al. 2023). Conceptually, regula-
tion of pyramidal neuron firing might be best achieved through reciprocal changes at excitatory
and inhibitory synapses, and there is a long literature on the activity-dependent regulation of in-
hibition in sensory cortex (Chen & Nedivi 2013; Gainey & Feldman 2017; Jones 1993; Maffei
et al. 2004, 2006; Morales et al. 2002; Sanes & Kotak 2011). In cultured neocortical neurons, the
same manipulation (blocking spiking) that induces synaptic scaling up indeed scales inhibitory
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postsynaptic strength down and also reduces inhibitory synapse number (Kilman et al. 2002);
bidirectional scaling up and down of GABAergic synapses has now been widely reported in
both cortical and hippocampal cultures (Ge et al. 2018, Hartman et al. 2006, Peng et al. 2010,
Pribiag et al. 2014, Rannals & Kapur 2011, Saliba et al. 2007, Swanwick et al. 2006) as well as
in vivo in response to sensory deprivation (House et al. 2011, Takesian et al. 2011, Yang et al.
2011). Most reports on inhibitory scaling document coordinated changes in synapse number and
strength (Hartman et al. 2006, Kilman et al. 2002, Peng et al. 2010, Yang et al. 2011).

In the intact developing cortex, inhibitory circuits are especially sensitive to sensory perturba-
tions (Ribic 2020), and proper homeostatic regulation of these circuits likely plays a key role in
stabilizing certain higher-order network properties such as criticality (Ma et al. 2019). Inhibitory
plasticity often occurs faster than excitatory plasticity, so that dynamic changes in inhibition can
precede (and even trigger) changes in excitatory circuitry (Gainey & Feldman 2017; Hengen et al.
2013, 2016; Kuhlman et al. 2013). The direction and magnitude of inhibitory plasticity is tightly
coupled to the developmental stage (Karmarkar & Buonomano 2006, Compans & Burrone 2023,
Sanes & Kotak 2011); for example, inhibitory plasticity can flip sign at the transition from early
to later postnatal development (Lefort et al. 2013; Maffei et al. 2004, 2006). Finally, there is great
diversity in cortical GABAergic cell types, which is reflected in diverse wiring patterns within
the network (Chiu et al. 2019) as well as in their subcellular targeting of postsynaptic partners.
This complexity is mirrored in the cell type specificity of inhibitory plasticity (Maffei et al. 2004,
Pan-Vazquez et al. 2020). For example, while elevated network activity during early postnatal de-
velopment downregulates axo-axonic GABAergic synapses (at a stage when they are depolarizing)
from chandelier cells, it upregulates axo-somatic synapses from basket cells (Pan-Vazquez et al.
2020). Presumably, much of this complexity ensures that, at the circuit level, the net effect of in-
hibitory homeostatic changes is to stabilize network function. These few examples make clear
that unraveling the rules for homeostatic plasticity of inhibition, and deciphering its expression
and function within complex microcircuits, will require considerable future effort.

Homeostatic Regulation of Intrinsic Excitability

Neuronal excitability is determined not only by the number, strength, and timing of synaptic in-
puts but also by the input-output function of the neuron: how much current (input) is required
to make the neuron fire (output). This is determined by both passive cable properties and the
distribution of ionic conductance across the entire neuron (Daoudal & Debanne 2003, Zhang &
Linden 2003). One important factor in shaping intrinsic excitability is the identity and membrane
distribution of voltage-gated ion channels (Marder & Goaillard 2006). Just like ligand-gated ion
channels that mediate synaptic transmissions, voltage-gated ion channels are subject to activity-
dependent regulation, and the contribution of intrinsic plasticity to some forms of learning and
memory has been well documented (Sehgal et al. 2013,Zhang&Linden 2003).Naturally, neurons
also use negative feedback to regulate their intrinsic excitability. This was first demonstrated in in-
vertebrate central pattern generator neurons where outward and inward conductance are actively
adjusted to maintain burst firing (Marder & Prinz 2002, Turrigiano et al. 1994), and subsequent
work in neocortical and hippocampal neurons found that homeostatic regulation of intrinsic ex-
citability, or IHP, is a common mechanism in the central nervous system (Cudmore et al. 2010,
Desai et al. 1999, Karmarkar & Buonomano 2006, Lee et al. 2015, O’Leary et al. 2010) and plays
essential roles in circuit homeostasis.

Similar to synaptic homeostatic mechanisms, IHP exhibits great cell type and developmental
diversity (Gainey & Feldman 2017, Turrigiano 2011); for example, in V1, IHP can be induced
in layer 2/3 pyramidal neurons before and during the critical period (Lambo & Turrigiano 2013,
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Maffei & Turrigiano 2008, Wen & Turrigiano 2021) but is absent in adults (Wen & Turrigiano
2021). Interestingly, in S1 and A1, sensory deprivation rapidly reduces intrinsic excitability in FS
interneurons, which contributes to the rapid disinhibition of pyramidal neurons during the early
phase of sensory deprivation (Gainey et al. 2018, Henton et al. 2023, Li et al. 2014, Takesian et al.
2011). Intrinsic plasticity in FS cells thus does not stabilize their own firing but instead serves to
homeostatically regulate downstream pyramidal neuron firing.

Intrinsic plasticity can differentially modify neuronal output by fine-tuning excitability in sub-
cellular compartments. Some examples include changes in dendritic voltage-gated ion channels
that locally boost or dampen excitatory postsynaptic potentials to influence spike generation
(Campanac et al. 2008, Losonczy et al. 2008, vanWelie et al. 2004,Wierenga et al. 2005); conduc-
tance changes in the somatic region that alter the resting potential/conductance to make it easier
or harder to reach threshold (Chen et al. 2014, Henton et al. 2023, Lombardo et al. 2018); and
regulation of the structure and channel composition of the axon initial segment to influence spik-
ing threshold (Grubb & Burrone 2010, Morgan et al. 2019, Zbili et al. 2021). There is one report
of action potential broadening induced by activity deprivation (Li et al. 2020a), but other studies
have failed to observe this despite robust changes in the input-output function (Trojanowski &
Turrigiano 2021,Wen & Turrigiano 2021), suggesting that this is not a common feature of IHP.

Synaptic and intrinsic plasticity can be simultaneously (Echegoyen et al. 2007,Kotak et al. 2005,
Lambo & Turrigiano 2013,Wen & Turrigiano 2021, Zbili et al. 2021) or independently engaged
(Gainey & Feldman 2017, Karmarkar & Buonomano 2006, Maffei & Turrigiano 2008, Wen &
Turrigiano 2021) and may regulate distinct aspects of circuit dynamics (Cannon & Miller 2016,
Wu et al. 2020). Because the activity manipulations used to study homeostatic plasticity perturb
multiple calcium-dependent signaling pathways in parallel, it remains unclear whether synaptic
plasticity and IHP are activated by the same activity sensors.

Other Forms of Compensatory Plasticity

Many other forms of compensatory plasticity that could contribute to network stability have been
identified.These include presynaptic homeostatic plasticity (Chipman et al. 2022,Davis &Müller
2015,Nair et al. 2021), heterosynaptic plasticity (Chater & Goda 2021, Oh et al. 2015), and meta-
plasticity (Keck et al. 2017a, Lee & Kirkwood 2019). Given the intense need for neural circuits to
maintain stability on many temporal and spatial scales, it is no doubt strategically advantageous
for networks to have a wide palette of mechanisms to deploy as needed.

MOLECULAR MECHANISMS OF HOMEOSTATIC PLASTICITY

To homeostatically regulate excitability, neurons must be able to detect deviations from some
activity set point and then set in motion signal transduction cascades to ultimately regulate ion
channel abundance and distribution. As the reader can imagine, this requires the participation of
myriad signaling pathways, cell biological processes, and molecular players. Here we provide a
broad overview of our current understanding of these processes.

Excitatory Synaptic Scaling

There is good evidence that synaptic scaling is induced by changes in a neuron’s own firing,
triggered by changes in calcium influx through voltage-gated ion channels and modulation of
calcium-dependent kinases (Fernandes & Carvalho 2016,Goold &Nicoll 2010, Ibata et al. 2008);
ultimately, this results in changes in N-methyl-d-aspartate receptor (NMDAR) and α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) accumulation at synaptic sites to
modulate postsynaptic strength (Pérez-Otaño & Ehlers 2005, Turrigiano 2008). Though induced
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by changes in firing, scaling can be modulated by activity-dependent release of secreted factors
(Barnes et al. 2017, Reimers et al. 2014, Rutherford et al. 1998, Steinmetz & Turrigiano 2010,
Stellwagen & Malenka 2006). Furthermore, while classic synaptic scaling induced by changes in
firing is independent of NMDAR activation (Turrigiano et al. 1998), suppressed firing in combi-
nation with local NMDAR blockade or dendritic hyperpolarization can trigger distinct forms of
local homeostatic compensation (Hou et al. 2008, Kavalali & Monteggia 2023, Reese & Kavalali
2015, Sutton et al. 2006) mediated by local translation (Sutton et al. 2006, 2007) or retinoic acid
and fragile Xmental retardation protein (FMRP)-dependent pathways (Bockaert et al. 2021,Chen
et al. 2014). In V1, sensory deprivation paradigms that alter neocortical firing trigger NMDAR-
independent synaptic scaling (Barnes et al. 2015; Hengen et al. 2013, 2016; Keck et al. 2013;
Torrado Pacheco et al. 2021), while manipulations that have little effect on average firing [such
as prolonged dark rearing (Torrado Pacheco et al. 2019)] instead trigger NMDAR-dependent
metaplasticity of synaptic strength (Bridi et al. 2018, Rodriguez et al. 2019). Finally, blockade
of neurotransmission may override spiking signals and directly trigger compensatory changes in
synaptic strength under some conditions (Fong et al. 2015). Presumably, different activity manip-
ulations modulate distinct sources of calcium or other activity-dependent signals and thus activate
distinct downstream pathways.

Downstream of altered calcium influx, scaling is accomplished through transcription and
translation-dependent changes in trafficking pathways and synaptic scaffolds (Schanzenbächer
et al. 2016, 2018; Schaukowitch et al. 2017; Steinmetz et al. 2016; Valakh et al. 2023), as well
as through changes in kinase and phosphatase activity that induce wide-spread changes in the
phosphoproteome (Desch et al. 2021, Schanzenbächer et al. 2016, Wu et al. 2022). A long list
of molecular players has now been implicated in scaling, including transcriptional and epigenetic
regulators that can induce (Schaukowitch et al. 2017, Sweatt 2016) or constrain (Valakh et al.
2023) homeostatic changes, cell adhesion molecules (Thalhammer & Cingolani 2014), postsy-
naptic scaffolding proteins required for AMPAR trafficking (Fernandes & Carvalho 2016, Gainey
et al. 2015, Tan et al. 2015, Tatavarty et al. 2020), and complexes involved in protein recycling
and degradation (Dörrbaum et al. 2020, Steinmetz et al. 2016). Importantly, excitatory synapses
onto GABAergic interneurons can also be homeostatically adjusted (Chang et al. 2010, Gu et al.
2013, Rutherford et al. 1998), and the activity-dependent transcriptional networks activated in
interneurons are distinct from those activated in pyramidal neurons to allow for a fine-tuned re-
sponse (Spiegel et al. 2014). Finally, the molecular players involved in scaling down are in many
cases distinct from those involved in scaling up (Chowdhury &Hell 2018, Turrigiano 2012). Alto-
gether, it is still challenging to fit all of this information into a unified mechanistic understanding
of synaptic scaling.

Inhibitory Homeostatic Plasticity

Due to the great functional diversity of inhibitory cell types, homeostatic changes at inhibitory
synapses are not fully explored, and it seems that not all sources of inhibition are under homeostatic
control (Chiu et al. 2018, Maffei et al. 2004, Xue et al. 2014). Inhibitory scaling up and down
may also have distinct induction requirements: Upscaling can be cell-autonomously induced by
elevated postsynaptic spiking (Peng et al. 2010), whereas downscaling requires the suppression
of network activity (Hartman et al. 2006). The calcium dependence of inhibitory scaling has not
been directly established, but it can rely on calcium-calmodulin-dependent kinase II (CaMKII)
but not IV (CaMKIV) signaling (Battaglia et al. 2018, Joseph & Turrigiano 2017). Like excitatory
scaling, inhibitory scaling is modulated by secreted factors, including brain-derived neurotrophic
factor (BDNF) and endocannabinoids (Kim & Alger 2010, Peng et al. 2010, Rutherford et al.
1997, Swanwick et al. 2006).

www.annualreviews.org • Homeostatic Regulation of Network Function 51

, .•
·�-

Review in Advance first posted on 
February 21, 2024. (Changes may 
still occur before final publication.)



NE47_Art3_Turrigiano ARjats.cls February 7, 2024 11:29

To date, relatively few molecular players have been implicated in inhibitory homeostatic plas-
ticity. These players include presynaptic GABA transporters (Gois et al. 2005, Hartmann et al.
2008), postsynaptic glycosylation of a cell adhesion molecule (Pribiag et al. 2014), the ubiquitina-
tion level of the GABA receptor β3 subunit (Saliba et al. 2007), and postsynaptic scaffold proteins
(Battaglia et al. 2018, Ge et al. 2018).

Intrinsic Homeostatic Plasticity

Both synaptic scaling and IHP are driven by changes in intracellular calcium (Ibata et al. 2008, Li
et al. 2020a) but likely from different calcium sources since they can be independently recruited
(Maffei & Turrigiano 2008, Wen & Turrigiano 2021). There is evidence that both depend on
CaMKIV signaling in vitro ( Joseph & Turrigiano 2017), but conditional knockout of CaMKIV
does not prevent IHP induction in vivo, suggesting that there is compensation from other kinase
pathways (Trojanowski & Turrigiano 2021). In hippocampal neurons, chronic inactivity reduces
extracellular signal–regulated kinase 1/2 (ERK1/2) activation to increase intrinsic excitability
(Baculis et al. 2022), while elevated activity reduces intrinsic excitability through a protein kinase
A (PKA)-dependent pathway (Wu et al. 2008).

IHP manifests as changes in voltage-gated ion channels in a variety of subcellular membrane
compartments, and this is likely accomplished through cell biological processes that are similar
to those that regulate ligand-gated ion channel trafficking and membrane accumulation. Which
channels are targets of homeostatic regulation depends on cell type, and they can include sodium
channels (Desai et al. 1999, Driscoll et al. 2013, Grubb & Burrone 2010), potassium channels
(Cudmore et al. 2010, Henton et al. 2023, Lee et al. 2015), and hyperpolarization-activated cyclic
nucleotide-gated channels (Campanac et al. 2008, van Welie et al. 2004). Understanding the
mechanisms that regulate ion channel accumulation within subcellular compartments to home-
ostatically tune excitability will be key to understanding when and how synaptic and intrinsic
homeostatic mechanisms are jointly recruited.

Activity Set Points

One of the deep remaining mysteries in the field is exactly how homeostatic activity set points
are instantiated at the molecular or network level. The presumption is that neurons have a target
intracellular calcium concentration, and calcium-dependent processes that regulate, for example,
the kinetics of ion channel insertion and removal to achieve this target will drive the neuron to
some equilibrium activity state (O’Leary et al. 2014). FRSPs are individually tuned to span a very
broadmean rate distribution (Hengen et al. 2013, 2016) due to differences in synaptic and intrinsic
properties (Trojanowski et al. 2021), but the molecular differences that underlie this variation are
not understood. Interestingly, at the network level, FRSPs can be modified by manipulations that
change mitochondrial function and energy metabolism, suggesting interactions between calcium
targets and energy homeostasis (Ruggiero et al. 2021, Styr et al. 2019). Finally, whether the conser-
vation of network features such as criticality and correlation structure emerges entirely from the
interactions of cell-autonomous activity set points, or whether there exist additional network-level
targets and feedback mechanisms, is unknown.

Sleep/Wake and Gating of Homeostatic Plasticity

A fascinating feature of firing rate homeostasis is that it is gated by sleep and wake states. Upward
firing rate homeostasis (dependent on synaptic scaling up and IHP) only occurs during active
waking states (Hengen et al. 2016) and is dependent on wake-active cholinergic inputs to V1
(Bottorff et al. 2023). In contrast, downward firing rate homeostasis (correlated with scaling down)
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only happens during sleep states (Torrado Pacheco et al. 2021) and relies on state-dependent reg-
ulation of the immediate early gene product Homer1a and constitutive metabotropic glutamate
receptor activity (Diering et al. 2017). The functional consequences of temporally segregating
upward and downward homeostasis are not entirely clear, but this segregation might ensure
strong unidirectional homeostatic compensation when it is needed most and perhaps allow
unopposed Hebbian changes during limited windows of time to enable some temporal features of
learning to emerge (Wu et al. 2021). Finally, an interesting possibility is that the same molecular
pathways that are important for temporal gating of homeostatic plasticity could also be used to
spatially restrict its induction during local forms of homeostatic plasticity.

PATHOLOGICAL CONSEQUENCES WHEN HOMEOSTASIS
BREAKS DOWN

Defects in homeostatic plasticity have been described in a wide range of rodent monogenic dis-
ease models, including autism spectrum disorders (ASDs) and Alzheimer’s disease (Ellingford et al.
2021, Pratt et al. 2011, Radulescu et al. 2023, Ruggiero et al. 2021, Tatavarty et al. 2020), and
a number of therapeutic agents (including lithium and ketamine) have been shown to interact
with the homeostatic plasticity machinery (Gideons et al. 2017, Suzuki et al. 2021, Tatavarty et al.
2020). These findings have led to widespread speculation that disruptions in the cellular building
blocks of homeostatic plasticity could contribute to circuit disfunction in many neurological dis-
orders by impairing the ability of circuits to dynamically adjust their excitability in response to
developmental or experience-dependent perturbations.

Perhaps the best evidence for this is in the domain of ASDs/intellectual disability, where several
high-confidence genes associated with these human disorders—including Shank3,Mecp2, Fmr1,
and Chd8—lead to the impairment or absence of one or more of the cellular building blocks of
homeostatic plasticity (Ellingford et al. 2021, Nelson & Valakh 2015, Park et al. 2021, Tatavarty
et al. 2020). For example, loss of the synaptic scaffold protein Shank3 impairs bidirectional synaptic
scaling, IHP, and vision-dependent learning (Kuhnle et al. 2022), and prevents firing rate homeo-
stasis (Tatavarty et al. 2020). Activity-dependent changes in Shank3 phosphorylation can toggle
synapses between expression of scaling up and scaling down, presumably by altering signaling
within the postsynaptic density (Wu et al. 2022), and homeostatic plasticity can be restored after
Shank3 loss through lithium treatment or inhibition of the lithium-sensitive glycogen synthase
kinase 3 (GSK3) (Tatavarty et al. 2020), suggesting that some therapeutic effects of lithium could
work through the reinstatement of homeostatic plasticity.

Interestingly, in many of these ASD models, baseline and/or sensory evoked activity in sen-
sory cortex is relatively unimpaired (Antoine et al. 2019, Tatavarty et al. 2020), suggesting that
when one homeostatic mechanism is missing, others can to some extent fill in (Antoine et al.
2019, Booker et al. 2020). Nonetheless, it seems that the loss of one or more forms of homeostatic
plasticity leaves networks vulnerable to perturbations, which manifests as impaired experience-
dependent plasticity or learning (Kuhnle et al. 2022, Li et al. 2020b, Tatavarty et al. 2020, Wu
et al. 2021). In light of our larger discussion, this work suggests that the features of network
homeostasis (firing rates, criticality, correlation structure, or memory specificity) that are dysreg-
ulated in a given disease model will depend on exactly which cellular homeostatic mechanisms are
disrupted.
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