bioRxiv preprint doi: https://doi.org/10.1101/2024.06.01.596982; this version posted June 2, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Modular Arrangement of Synaptic and Intrinsic Homeostatic
Plasticity within Visual Cortical Circuits

Wei Wen! and Gina G. Turrigianol.2
1Department of Biology, Brandeis University, Waltham, MA 02453, USA

2Corresponding Author: turrigiano@brandeis.edu

Abstract

Neocortical circuits use synaptic and intrinsic forms of homeostatic plasticity to stabilize
key features of network activity, but whether these different homeostatic mechanisms act
redundantly, or can be independently recruited to stabilize different network features, is
unknown. Here we used pharmacological and genetic perturbations both in vitro and in vivo
to determine whether synaptic scaling and intrinsic homeostatic plasticity (IHP) are
arranged and recruited in a hierarchical or modular manner within L2 /3 pyramidal
neurons in rodent V1. Surprisingly, although the expression of synaptic scaling and IHP was
dependent on overlapping trafficking pathways, they could be independently recruited by
manipulating spiking activity or NMDAR signaling, respectively. Further, we found that
changes in visual experience that affect NMDAR activation but not mean firing selectively
trigger IHP, without recruiting synaptic scaling. These findings support a modular model in
which synaptic and intrinsic homeostatic plasticity respond to and stabilize distinct aspects

of network activity.
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Introduction

To reliably maintain computational power in the face of experience-dependent
modifications, neocortical networks use homeostatic forms of plasticity to constrain
important features of network activity (Turrigiano and Nelson, 2004). Defects in
homeostatic plasticity contribute to pathological changes in network function by rendering
circuits unable to compensate for perturbations arising during development or experience-
dependent plasticity (Ellingford et al., 2021; Nelson and Valakh, 2015; Pratt et al., 2011;
Radulescu et al., 2023; Ruggiero et al., 2021; Sohal and Rubenstein, 2019; Tatavarty et al.,
2020). Many network features are under homeostatic control (Wen and Turrigiano, 2024),
including mean firing rates (Hengen et al., 2016, 2013), sensory tuning curves (Noda et al.,
2023; Rose et al., 2016), nearness to criticality (Ma et al,, 2019), and the local correlation
structure (Wu et al., 2020). There is also a great diversity in the underlying cellular
homeostatic plasticity mechanisms, but whether particular cellular mechanisms operate in
a modular manner to regulate specific network features is still unknown (Wen and
Turrigiano, 2024). For example, while computational work suggests that circuits may
independently recruit synaptic and intrinsic homeostatic plasticity to regulate distinct
aspects of network function (Cannon and Miller, 2017, 2016; Ma et al., 2019; Wu et al,,
2020), recent experimental work has instead suggested that they are functionally and
mechanistically coupled and are thus recruited in tandem (Li et al., 2020). Here we set out
to determine whether synaptic and intrinsic homeostatic plasticity are arranged in a
coupled, hierarchical manner, or whether they sense different features of network activity

and thus can be independently recruited.

Circuit homeostasis is realized through careful adjustments of excitatory and
inhibitory elements at a number of network nodes. Cellular mechanisms of homeostatic
plasticity include those that modulate excitatory synapses, inhibitory synapses, or intrinsic
neuronal excitability (Debanne et al., 2019; Gainey and Feldman, 2017; Maffei and
Turrigiano, 2008; Wen and Turrigiano, 2024). Among these, excitatory synaptic scaling and
[HP have been observed in neocortical and hippocampal pyramidal neurons under a variety
of experimental conditions (Breton and Stuart, 2009; Desai et al., 1999; Echegoyen et al.,

2007; Greenhill et al., 2015; Karmarkar and Buonomano, 2006; Lambo and Turrigiano,
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2013; Maffei and Turrigiano, 2008; Turrigiano et al.,, 1998; Wen and Turrigiano, 2021; Zbili
etal, 2021), and can be triggered together by global activity manipulations and sensory
deprivation (Lambo and Turrigiano, 2013; Wen and Turrigiano, 2021). In the primary
visual cortex (V1), monocular deprivation during the classic visual system critical period
initially suppresses firing rates and reduces pairwise network correlations (Hengen et al.,
2013; Lambo and Turrigiano, 2013; Tatavarty et al., 2020); both of these network features
are then homeostatically restored in parallel with the induction of synaptic scaling and IHP
onto layer 2/3 (L2/3) pyramidal neurons (Hengen et al., 2016; Wu et al., 2020), and this
homeostatic restoration is absent when these forms of plasticity are genetically ablated
(Tatavarty et al., 2020; Wen and Turrigiano, 2021). Despite their co-induction during
sensory deprivation, it is still unclear whether synaptic scaling and IHP respond to the
same features of altered activity, or whether they might be differentially sensitive to
changes in firing rates and network correlations. A major factor in this information gap is
the lack of knowledge about the induction and expression mechanisms of IHP, and the
degree to which these are shared with synaptic scaling. For example, many of the classic
activity manipulations used to study homeostatic plasticity, including blockade of spiking
with tetrodotoxin (TTX), disrupt multiple calcium-dependent signaling pathways in parallel

(Wen and Turrigiano, 2024), and which of these is necessary to trigger IHP is unknown.

To determine whether synaptic scaling and IHP share induction and expression
mechanisms, and are arranged hierarchically or in a modular manner within neocortical
circuits, we first propose two models (Figures 1A and 1B). In the first hierarchical scenario,
the expression of synaptic scaling occurs prior to and results in the induction of IHP (Li et
al., 2020; Turrigiano, 2011; Figure 1A), implying that they should always be triggered by
the same activity manipulations. Alternatively, synaptic scaling and I[HP could be arranged
in a modular manner in which they sense changes in distinct aspects of activity (Figure 1B);
in this model it is still possible that the two forms of plasticity converge onto shared

trafficking pathways (Figure 1B, upper panel).

To differentiate between these models, we perturbed different aspects of circuit
activity in vitro and in vivo, and disrupted known trafficking pathways for synaptic scaling,

to determine the co-dependence between synaptic scaling and IHP. We found that synaptic
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scaling and IHP share many aspects of their expression mechanisms, including time course,
sensitivity to tumor necrosis factor a (TNFa), and intracellular trafficking pathways.
Surprisingly, we also found that synaptic scaling and IHP are independently induced by
reduced spiking and diminished NMDA receptor (NMDAR) signaling, respectively. Further,
we found that a light-driven increase in pairwise correlations in V1 downregulates intrinsic
excitability through an NMDAR-dependent mechanism, without inducing synaptic scaling.
These data establish that synaptic scaling and IHP are driven by different activity sensors
and are thus sensitive to distinct changes in circuit activity, yet rely on similar molecular
pathways for their expression. Our results are consistent with a modular model in which
synaptic scaling and IHP can be independently recruited to serve distinct functions within

V1 circuits.

Results
IHP follows a similar expression timeline as synaptic scaling in vitro

If synaptic scaling and [HP share either activity-sensors or induction pathways, then
they should follow a similar timecourse and be sensitive to the same molecular
manipulations. In cultured cortical and hippocampal neurons, both synaptic scaling and
[HP can be robustly induced by chronic activity silencing using TTX (Desai et al., 1999; Lee
et al,, 2015; Stellwagen and Malenka, 2006; Turrigiano et al., 1998). Further, synaptic
scaling can be induced in vitro within 4 hours (Ibata et al., 2008), and by 6 hours is robust
and almost as large in magnitude as at 24 hours (Steinmetz and Turrigiano, 2010). To
determine whether IHP follows a similar timecourse in vitro, we treated sister cultures with
TTX for either 2 or 6 hours (Figure 1C), and measured the intrinsic excitability of pyramidal
neurons by generating firing rate versus current (F-I) curves while blocking all synaptic
transmissions (Figures 1D and 1E). There was already an upward shift in the F-I curve after
2 hours of TTX treatment compared to the non-treated (NT) condition (Figures 1E, 2h TTX
vs. NT), although the difference in the areas under the F-I curve was not statistically
significant (Figure 1F 2h TTX vs. NT). Intrinsic excitability increased significantly after 6
hours of TTX treatment, (Figures 1E and 1F 6h TTX vs. NT), and was associated with lower

rheobase current (Figure 1G), shorter latency to the first spike (Figure 1H), a subtle but


https://doi.org/10.1101/2024.06.01.596982
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.01.596982; this version posted June 2, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

significant narrowing of the first spike evoked at rheobase (Figure S1A, with no difference
observed in the spike peak amplitude, Figure S1B), and higher neuronal input resistance
(Figure S1C). In contrast, we did not observe any significant difference in action potential
voltage threshold, spike frequency adaptation, or resting membrane potential (Figures S1D-
S1F). Therefore, IHP expression also occurs rapidly in the first few hours of TTX treatment,

closely following the timecourse of synaptic scaling.

A hallmark of TTX-induced synaptic scaling is its requirement for gene transcription
(Gainey et al., 2015; Ibata et al., 2008; Schaukowitch et al., 2017; Steinmetz et al., 2016). To
test whether IHP expression is also transcription-dependent, we co-treated cultures with
actinomycin D (ActD) and TTX for 6 hours (Figures 1C and 1D). This prevented the normal
TTX-induced change in the F-I curve (Figures 1E and 1F ActD+TTX not different from NT),
and there were no significant differences in other cellular and spiking properties (Figures
1G, 1H, S1A-S1F). Thus, like synaptic scaling, TTX-induced IHP depends on transcription in

the early stage of its expression.

IHP expression requires TNFa signaling

The expression of synaptic scaling is dependent on the cytokine TNFa, which
maintains synapses in a plastic state that allows them to respond to perturbations in firing
(Barnes etal., 2017; Steinmetz and Turrigiano, 2010; Stellwagen and Malenka, 2006).
Whether [HP is also dependent upon TNFa signaling is unknown. To test this, we began by
assessing the dependence of IHP on TNFa in cultured cortical neurons, following the same
experimental paradigm described in Steinmetz and Turrigiano, 2010 (Figure S2A). An
important finding of this study was that pretreating neurons with a TNFa scavenger protein
(Kaneko et al., 2008), sSTNFR, for 24 hours completely blocked scaling up induced by 6
hours of TTX treatment. In contrast, co-treating neurons with sTNFR and TTX for 6 hours
did not affect scaling up, indicating that a prolonged period of reduced TNFa signaling was
necessary to block synaptic scaling. Intriguingly, the expression of TTX-induced IHP
exhibited similar characteristics. While we still observed an increase in intrinsic excitability
after 6 hours of TTX and sTNFR co-treatment (Figure S2B and S2C, sTNFR vs. Co),
pretreating these neurons with sTNFR for 14-17 hours before adding TTX prevented this
increase in excitability (Figure S2B and S2C, sTNFR vs. Pre). Analyses of spiking properties
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revealed the same suite of changes as observed above (Figure S2D-S2F). These results
demonstrate that - as for synaptic scaling - TNFa signaling plays a permissive role in TTX-

induced IHP in vitro.

To determine whether this co-dependence on TNFa signaling is maintained in more
mature in vivo circuits, we employed a previously validated activity suppression method,
using the inhibitory DREADD hM4Di (Wen and Turrigiano, 2021; Figure 2A). We targeted
hM4Di to excitatory neurons in V1 by delivering a Cre-dependent hM4Di construct
packaged in an adeno-associated viral vector into the V1 of Emx1-Cre mice during the
classical visual system critical period. After waiting 7-10 days for robust DREADD
expression, we administered CNO to the animals via drinking water for 24 hours to
suppress V1 network activity (Wen and Turrigiano, 2021). In addition, we inhibited TNFa
signaling in vivo by administering Xpro1595 (Xpro), a small-molecule TNFa scavenger that
can pass the blood brain barrier (Barnes et al., 2017). Based on our in vitro results, we
pretreated animals with either Xpro or saline vehicle for 24 hours prior to the onset of the
hM4Di silencing paradigm, followed by a second Xpro dose administered at the time

animals were switched to CNO-containing drinking water (Figure 2A).

First, we confirmed that Xpro blocks synaptic scaling. We cut slices of V1 and
recorded miniature excitatory postsynaptic currents (mEPSCs) from L2 /3 pyramidal
neurons, and compared mEPSC amplitude after activity suppression combined with either
Xpro or vehicle administration (Figure 2B). Comparing hM4Di-positive and hM4Di-
negative neurons in the presence of saline vehicle revealed a significant increase in the
mean mEPSC amplitude (Figure 2C, Saline, DR+CNO vs. CNO) and a clear rightward shift of
the cumulative distribution of the entire mEPSC event population (Figure 2D), indicating
synaptic scaling had occurred in these hM4Di-poisitive neurons, as expected (Wen and
Turrigiano, 2021). In contrast, the same comparison in animals that received Xpro revealed
no significant increase in mEPSC amplitude (Figure 2C, Xpro, DR+CNO vs. CNO), and
superimposable cumulative distributions (Figure 2E). There were no significant differences
in either the mean mEPSC frequency or waveform Kkinetics across conditions (Figures S2G-
S2], Insets of Figures 2D and 2E). Thus, inhibiting TNF« signaling is sufficient to block
DREADD-induced synaptic scaling up in V1 L2/3 pyramidal neurons.
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Next, we repeated the hM4Di-mediated silencing paradigm but instead measured F-I
curves from L2 /3 pyramidal neurons, in the presence of synaptic blockers (Figure 2F).
Consistent with our previous results (Wen and Turrigiano, 2021), we observed normal IHP
expression in saline-treated animals, indicated by comparable increases in both the area
under F-I curve and the slope of the linear region (Figures 2G and 2H, DR+CNO vs. CNO).
Further analyses of spike waveforms and trains revealed that this increase in intrinsic
excitability in saline-treated animals was accompanied by reductions in both the rheobase
current and the latency to the first spike (Figures 3G and 3H, Saline) and an increase in
input resistance (Figure 3F, Saline). No significant differences were observed in the spike
width at half-maximum (Figure 3B, Saline), the action potential voltage threshold (Figures
3A and 3C, Saline), the afterhyperpolarization amplitude (Figure 3D, Saline), or in spike
frequency adaptation (Figure 3I, Saline). Strikingly, IHP was absent in Xpro-treated
littermates, with no significant difference in the intrinsic excitability of hM4Di-negative and
-positive neurons (Figures 2I and 2], DR+CNO vs. CNO). In line with these findings, neurons
from both conditions in Xpro-treated animals had no significant difference in any measures
of excitability (Figures 3B-3D, 3F-3], Xpro). Interestingly, hM4Di-mediated activity
suppression led to a small elevation of the spike peak amplitude in both saline- and Xpro-
treated animals (Figure 3A, left; Figure 3E), suggesting that some more subtle effects of
activity suppression are not dependent on TNFa signaling. In conclusion, TNFa signaling is
required for maintaining the expression of both synaptic scaling and IHP in the intact visual

cortex.

IHP is sensitive to molecular blockade of synaptic scaling expression in vivo

Our results so far establish that the induction of synaptic scaling and [HP share a
number of features, suggesting that their induction might be interdependent. This could be
explained by a hierarchical model, in which [HP is initiated by signaling pathways
downstream of synaptic scaling expression (Figure 1A). This model predicts that blocking

the expression of synaptic scaling will also abolish THP.

To test this hypothesis, we manipulated a well-established molecular trafficking
pathway for synaptic scaling to disrupt its expression. In neocortical and hippocampal

pyramidal neurons, synaptic scaling relies on receptor trafficking interactions involving the
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GluA2 subunit of AMPA receptors (AMPARs) (Gainey et al., 2015, 2009; Goold and Nicoll,
2010; Tan et al., 2015), and can be blocked in L2/3 pyramidal neurons by the expression of
a GluA2 C-terminal tail (C-tail) fragment (Lambo and Turrigiano, 2013; Wen and
Turrigiano, 2021). To determine whether the GluA2 C-tail also blocks IHP, we virally co-
expressed hM4Di and the GluA2 C-tail in one hemisphere of V1, while only expressing
hM4Di in the other hemisphere as a positive control (Wen and Turrigiano, 2021) (CT+ and
CT-, Figures 4A and 4B). After administering CNO for 24 hours, we measured intrinsic
excitability of L2 /3 hM4Di-positive pyramidal neurons (Figures 4C and 4D). While the F-I
curve from CT- neurons shifted upward and leftward as expected (Figures 4D and 4E, CT-
vs. CT+), there was no significant change in intrinsic excitability of CT+ neurons (Figure 4E,
CT+ vs. NT). As expected, CT- neurons had a lower rheobase current (Figure 4F), a shorter
latency to the first spike (Figure 4G), and a slightly higher neuronal input resistance (Figure
4H) than CT+ neurons. In summary, these results show that DREADD-induced IHP
expression, like synaptic scaling, is susceptible to blockade by the GluA2 C-tail fragment.

Synaptic Scaling and IHP can be Independently Induced by suppressing spikes or
NMDAR signaling, respectively

The sensitivity of IHP to manipulations that affect AMPAR trafficking is consistent
with two different models for how synaptic scaling and IHP interact. First, as illustrated in
the hierarchical model, I[HP induction could be triggered by effectors downstream of
synaptic scaling induction, such as calcium influx through glutamate receptors added
during scaling (Li et al., 2020; Figure 1A). In this scenario, IHP should not be inducible in
the absence of synaptic scaling expression. Alternatively, synaptic scaling and IHP might be
induced through separate signaling pathways, but rely on similar receptor/channel
trafficking mechanisms during their expression (Figure 1B). To investigate these
possibilities, we aimed to determine whether we could dissociate the induction of scaling

and IHP by pharmacologically perturbing distinct aspects of circuit activity.

We started by treating cortical neurons from sister cultures either with TTX to block
all spiking activity, or with an NMDAR antagonist, APV, to block NMDAR-mediated
transmissions (Figure 5A). Importantly, TTX, which reduces but does not completely

eliminate NMDAR activity (Sutton et al.,, 2006; Watt et al., 2000), robustly induces scaling
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(Turrigiano et al., 1998), whereas APV, which blocks NMDAR signaling but has little effect
on spiking activity, does not induce scaling (Leslie et al., 2001; Turrigiano et al., 1998). To
determine whether IHP is also insensitive to NMDAR blockade, we measured the intrinsic
excitability of neurons treated with TTX, APV, or both (Figures 5B and 5C). Surprisingly, we
found that APV treatment alone induced IHP with a comparable magnitude to that induced
by TTX treatment (Figures 5C-5E, APV: 227% [area] and 148% [slope] of NT, TTX: 194%
[area] and 167% [slope] of NT). Further, co-application of TTX and APV did not lead to a
larger shift of the F-1 curve (Figures 5C-5E, TTX+APV, 200% [area] and 154% [slope] of
NT), indicating that these two manipulations are not additive. Last, the IHP expression
observed under all three conditions was accompanied by similar changes in rheobase, spike
latency, and input resistance (Figures 4F, S3F, and S3G), suggesting that the expression
mechanisms are similar. As in previous datasets we found no major difference in other
cellular properties including action potential voltage threshold, spike width at half-
maximum, spike peak amplitude, spike adaptation index, and resting membrane potential
(Figures S3A-S3E, S3H). Importantly, we verified that APV does not induce synaptic scaling
(Figure 7E). Together these data show that IHP can be induced independently of synaptic
scaling expression, and suggest that it is driven by reduced intracellular calcium influx

through NMDARs.

It has been suggested that a form of intrinsic homeostatic plasticity featuring action
potential broadening can be triggered by calcium influx through calcium-permeable GluA1-
containing AMPARs targeted to the synapses during chronic TTX silencing (Li et al., 2020).
If activation of calcium-permeable AMPARSs is critical for intrinsic plasticity, then blocking
their activity should prevent IHP from occurring. We therefore treated cultured neurons
with philanthotoxin (PhTX), a selective antagonist for calcium-permeable AMPARs, and
assayed TTX-induced IHP (Figure 5G). Unlike TTX or APV, chronic PhTX treatment did not
induce IHP on its own (Figures 5G and 5H, PhTX vs. NT). Furthermore, addition of PhTX did
not prevent TTX-induced IHP (Figures 5G and 5H, PhTX+TTX vs. TTX), and there was no
broadening of action potentials in any condition (Figures 5 and 5]), consistent with our
previous datasets (Figures S1A, S3A and S3C). These results demonstrate that action

potential broadening is not a feature of TTX- or APV-induced IHP in cortical pyramidal
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neurons measured either in vitro (Figure 5C) or ex vivo (Figure 2G), and activation of

calcium-permeable AMPARs does not contribute to this form of IHP.

We next wished to test whether suppressing NMDAR activity alone in vivo would
also induce [HP. We used CPP, an NMDAR antagonist that blocks NMDAR-dependent
Hebbian plasticity with little impact on visual function (Sato and Stryker, 2008; Torrado
Pacheco et al., 2021; Toyoizumi et al., 2014). We used the same paradigm developed for the
Xpro experiments, but instead of Xpro, we injected animals with CPP (Figure 6A). Following
DREADD-mediated induction of IHP, we recorded F-I curves from L2 /3 pyramidal neurons
in the V1 of animals treated with either CPP or saline (Figures 6A-6C). Analyses of the F-I
curves from these two groups of animals revealed two clear effects (Figures 6C and 6D).
First, neurons from CPP-treated animals exhibited higher intrinsic excitability than those
from saline-treated littermates at baseline (Figure 6D, CPP-CNO vs. Saline-CNO). Second,
despite the normal IHP expression in hM4Di-positive neurons from saline-treated animals
(Figure 6D, Saline, DR+CNO vs. CNO), CPP induced no additional increase in intrinsic
excitability in the hM4Di-positive neurons, indicating a lack of additivity (Figure 6D, CPP,
DR+CNO vs. CNO, 95% of CNO). As for DREADD-mediated IHP, this CCP-induced increase in
intrinsic excitability was associated with a lower rheobase, a shorter latency to the first
spike, and a higher input resistance (Figures 6E-6G). These results show that CPP-mediated
suppression of NMDAR activity induces IHP in the intact visual cortex, and likely occludes

further DREADD-mediated IHP.

Together these in vitro and ex vivo data provide strong evidence that IHP and
synaptic scaling can be induced independently, and are sensitive to distinct aspects of
neuronal activity: IHP by reduced NMDAR signaling and synaptic scaling through reduced
spike-mediated calcium influx (Ibata et al., 2008). These data argue against the hierarchical
model (Figure 1A) and instead favor a model in which they are induced in parallel (Figure

1B).

10
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IHP, but not synaptic scaling, can be suppressed through allosteric modulation of
NMDAR signaling

We found that reducing NMDAR activity pharmacologically induces IHP but not
scaling, arguing for differential sensitivities to NMDAR signaling. An important prediction of
this finding is that TTX should not be able to induce IHP under conditions where NMDAR
activity is enhanced. To test this prediction, we used a positive allosteric modulator of
NMDAR, GLYX-13 (GLYX) (Moskal et al., 2005), and examined its effect on TTX-induced IHP
in cultured cortical neurons (Figure 7A). Strikingly, co-application of TTX and GLYX
completely abolished IHP (Figures 7B and 7C, TTX+GLYX vs. NT), indicating that, when
spiking is blocked, enhancing NMDAR activity is sufficient to prevent the induction of [HP.
Examination of other cellular properties also revealed no difference between TTX +GLYX

and the NT group (Figures S4A-S4F).

If NMDAR signaling is unimportant for the induction of synaptic scaling, then GLYX
should have no impact on the ability of TTX to induce scaling up. To test this, we repeated
the GLYX treatment and examined synaptic scaling by recording mEPSCs (Figure 7D). As
expected, mEPSC amplitudes of neurons co-treated with GLYX and TTX were still scaled up
when compared to the NT group (Figure 7E, TTX+GLYX vs. NT), showing a similar
magnitude of increase as the neurons treated with TTX alone (Figure 7E, TTX vs. NT). We
then generated cumulative distributions of mEPSC amplitude from these conditions, and
found that TTX and TTX+GLYX populations were statistically indistinguishable, but both
were significantly different from the NT population (Figure 7F). GLYX had no effect on
mEPSC frequency, waveform kinetics, or passive neuronal properties (Figures S4G-S41).
Thus, synaptic scaling will occur as long as spiking activity is suppressed. Finally, we
verified that APV alone was not able to induce scaling up (Figure 7E, APV vs. NT), consistent
with previous work (Turrigiano et al.,, 1998). These data show that neither reducing nor

enhancing NMDAR signaling influences synaptic scaling.

Synaptic Scaling and IHP can be independently recruited during normal sensory
experience

Taken together, the results described above show that IHP is induced via changes in

NMDAR signaling, while synaptic scaling induction relies on altered spiking activity. An

11
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important implication of this finding is that it should be possible to independently recruit
[HP without inducing synaptic scaling in vivo during experience-dependent manipulations
that change NMDAR activation but leave mean firing rates unaffected. We showed
previously that - while mean firing rates of V1 cortical neurons are stable across light and
dark conditions - their pairwise correlations are significantly higher in the light than in the
dark (Torrado Pacheco et al., 2019). Given that correlated pre- and postsynaptic firing is a
strong trigger for calcium influx through postsynaptic NMDARs (Malenka and Bear, 2004),
we predicted that L2/3 pyramidal neurons would have higher intrinsic excitability in the
dark (when correlations and thus NMDAR signaling is low) than in the light (when
correlations and thus NMDAR signaling is high), while synaptic scaling should be

unaffected.

To test this idea, we first verified that pairwise correlations in V1 are higher in the
light than in the dark, by re-analyzing chronic electrophysiological recordings of single-unit
activity from V1 of freely behaving animals (Torrado Pacheco et al., 2021). To follow the
change in correlation across light and dark, we picked a 24-hour period spanning 12 hours
of light and 12 hours of dark, and computed the pairwise correlation coefficients for all
pairs of regular-spiking units (putative pyramidal neurons) in consecutive 30-minute bins.
Plotting the mean normalized pairwise correlation against time clearly illustrated a higher
average correlation in the light period, with a rapid drop in correlation at the transition to
dark (Figure 8A). Comparing the correlation matrices from an ensemble of continuously
recorded neurons within one animal across the light and dark periods revealed that the
same pairwise correlations exist in both conditions, but are stronger in the light (Figure
8B). Comparing the normalized correlation for each pair of neurons demonstrates that the
majority of these neuronal pairs exhibited higher correlation in the light (Figure 8C, 21/25
pairs). In contrast, across multiple V1 datasets mean firing rates remain stable across light

and dark periods (Hengen et al., 2016, 2013; Torrado Pacheco et al,, 2019).

If the light-driven increase in correlations enhances postsynaptic NMDAR activation,
this should trigger a slow reduction in intrinsic excitability that should be robustly
expressed after 6 hours (e.g. Figures 1E and 1F). To test this, we cut acute slices from

littermates at two timepoints: right before the end of the 12-hour dark period (Figure 8D,
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left, ZT Oh), and 6 hours into the subsequent light period (Figure 8D, left, ZT 6h). We then
examined intrinsic excitability of V1 L2/3 pyramidal neurons at these two timepoints by
recording F-I curves (Figures 8E and 8F). Indeed, intrinsic excitability was lower after
animals spent 6 hours in the light than at the end of the dark period (Figures 8F and 8G,
Light 6h vs. Dark Oh). To verify that this reduction in excitability was driven by light rather
than circadian time, we kept a third group of littermates in the dark for an additional 6
hours before sacrificing them for recordings (Figure 8D, right, ZT 6h). Remarkably, when
animals were kept in prolonged darkness there was no reduction in intrinsic excitability
(Figures 8F and 8G, Dark 6h vs. Dark 0h), indicating that IHP is driven by light exposure
rather than circadian entrainment. Further analyses of spike trains revealed that the light-
driven reduction in intrinsic excitability was accompanied by increases in the rheobase
(Figure S5], left three groups) and latency to the first spike (Figure S5K, left three groups),
and a reduction in the neuronal input resistance (Figure S5L, left three groups), just as for
DREADDs- and TTX-induced IHP. In sum, these results show that perturbations associated

with light-driven changes in pairwise correlations trigger [HP in freely behaving animals.

Since the mean firing rates of V1 neurons are stable across light and dark, and we
have shown that synaptic scaling is insensitive to changes in NMDAR signaling, mEPSC
amplitude should be stable across the same light/dark conditions. To test this, we recorded
mEPSCs from V1 L2/3 pyramidal neurons from acute slices obtained at the same
timepoints (Figure S5A). As expected, there was no difference in either the mean mEPSC
amplitudes or the cumulative amplitude distributions across all three timepoints (Figures
S5B and S5C). Furthermore, light/dark exposure had no impact on mEPSC kinetics (Figure
S5C, inset; Figures S5D and S5E). On the other hand, we noticed a small increase in mEPSC
frequency in the light condition that was absent in the prolonged dark condition (Figures
S5F and S5G); this may reflect additional forms of plasticity set in motion by changes in

correlation or other light-driven effects.

[f light-driven correlations reduce intrinsic excitability by enhancing NMDAR
activation, then this should be blocked or reduced by acutely suppressing NMDAR activity
in vivo during light exposure. To test this, we administered either CPP or saline to the

animals at the dark-to-light transition (Figure 8H), and again measured intrinsic
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excitability. We first verified that acute CPP administration had only minor effects on
activity, by quantifying cFos expression in V1 (Figure S5H), and found no significant impact
on the number of cFos-positive neurons relative to saline (Figure S5I, CPP vs. Saline). Next,
we administered saline or CPP to littermates just before the dark/light transition (Figure
8H, ZT 0Oh), and exposed them to light for 6 hours before sacrificing them for slice
electrophysiology (Figure 8H, ZT 6h). Consistent with our prediction, neurons from animals
treated with CPP had higher intrinsic excitability than saline-treated animals, indicating
that CPP-mediated NMDAR inhibition was sufficient to partially reverse the light-driven
changes in intrinsic excitability (Figures 81-8K, CPP vs. Saline). This change in excitability
was accompanied by the usual cellular changes associated with IHP (Figures S5]-S5L, right
two groups). These data demonstrate that the light-driven reduction in intrinsic excitability
is realized through downstream signaling involving NMDARs. More broadly, our results
make clear that synaptic scaling and IHP in L2 /3 pyramidal neurons are driven by different

activity-sensors, and are thus sensitive to distinct aspects of network activity.

Discussion

Several distinct forms of homeostatic plasticity have been documented within the
same neocortical circuits, but the degree to which they act redundantly, or can be
independently recruited to stabilize different aspects of network activity, is unclear. Here
we used both in vitro and ex vivo electrophysiology paired with pharmacological and
genetic manipulations to determine whether two such mechanisms, synaptic scaling and
[HP, are arranged hierarchically or in parallel in neocortical pyramidal neurons. We found
that synaptic scaling and IHP rely on many of the same molecular pathways for their
expression, yet are sensitive to and activated by different features of network activity: while
synaptic scaling is induced by changes in mean firing rates, IHP is instead induced by
changes in NMDAR activation. Further, we demonstrated that sensory experience that alters
NMDAR signaling but leaves mean firing rate unaffected selectively recruits IHP but not
synaptic scaling. Our results show that synaptic scaling and [HP are triggered by different
activity sensors, supporting a model where individual homeostatic plasticity mechanisms

act in a modular manner to regulate distinct network features.
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Despite a growing computational literature arguing that distinct cellular
homeostatic mechanisms could be used to independently control important circuit features
(Cannon and Miller, 2017, 2016; Ma et al., 2019; Wu et al,, 2020), we have only a
rudimentary understanding of when and how different forms of homeostatic plasticity are
engaged within biological circuits. Like other forms of plasticity, homeostatic plasticity can
be roughly split into induction and expression pathways (Figures 1A and 1B). During
induction neurons detect a perturbation away from some activity set-point to initiate
plasticity, while expression requires changes in ion channel surface abundance and
distribution to generate a compensatory response. There is convincing evidence that
synaptic scaling is induced when mean firing rate deviates from a firing rate set point
(Goold and Nicoll, 2010; Hengen et al.,, 2016; Ibata et al., 2008; Turrigiano et al., 1998), and
since synaptic scaling and IHP are often induced in parallel (Desai et al., 1999; Lambo and
Turrigiano, 2013; Turrigiano et al., 1998; Wen and Turrigiano, 2021), it was reasonable to
assume they are initiated by the same activity sensor during induction. One study
compatible with this view proposed that a hierarchy exists between the induction of
synaptic and intrinsic plasticity (Li et al.,, 2020). In this scenario (Figure 1A), synaptic
scaling occurs prior to IHP, enhances calcium influx through calcium-permeable AMPARSs,
and this then initiates a form of intrinsic plasticity that involves spike broadening. In
contrast, our results clearly demonstrate that IHP can be induced independently of scaling;
blocking NMDAR-mediated signaling in vitro or in vivo induces IHP but not synaptic scaling,
[HP induction can be suppressed during spiking blockade by enhancing NMDAR signaling
even though synaptic scaling still occurs, and IHP is not affected by block of calcium-
permeable AMPARs. While it is possible that spike broadening occurs under some
conditions via different induction rules, we found no evidence for spike broadening in any
of our in vitro or in vivo manipulations that dramatically modulate firing rates, here
(Figures 3B, 51, S1A, S3C, S4D) or in previous work from our lab and others (Ritzau-Jost et
al,, 2021; Trojanowski and Turrigiano, 2021; Wen and Turrigiano, 2021). Our data showing
that scaling and IHP can each be induced independently of the other rule out a hierarchical
model, and instead establish that scaling and IHP are sensitive to distinct aspects of

network activity (Figure 1B).
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These results are surprising in light of many observations that scaling and IHP can
be disrupted by the same molecular manipulations. For example, both are driven by
changes in intracellular calcium (Goold and Nicoll, 2010; Ibata et al., 2008; Li et al., 2020),
are modulated by CaMKIV signaling (Joseph and Turrigiano, 2017, but see Trojanowski and
Turrigiano, 2021), and are sensitive to loss of the multidomain scaffolding protein Shank3
(Tatavarty et al,, 2020; Wen and Turrigiano, 2021). Our findings strongly suggest that the
calcium sources that trigger these two forms of plasticity are different; while scaling is
more sensitive to spike-driven calcium influx (Ibata et al., 2008), we show here that [HP is
likely dependent on calcium influx through NMDAR, consistent with a previous study (Lee
et al, 2015). Taken together, this suggests that scaling and IHP are triggered via different
calcium sources, but converge onto overlapping molecular pathways downstream of
calcium influx during plasticity expression. This dependence on distinct calcium sources is
an efficient way to allow synaptic scaling and IHP to sense different aspects of network

activity, and thus serve distinct compensatory roles within the circuit.

A variety of molecular players have been implicated in the expression of scaling
(Fernandes and Carvalho, 2016; Turrigiano, 2012), but very little is known about the
mechanisms underlying IHP. We show here that I[HP expression shares many features and
dependencies with synaptic scaling. Both require protein synthesis, are sensitive to TNFa
signaling, involve trafficking mechanisms that are disrupted by expression of a GluA2 C-
terminal fragment, and unfold with a similar time course. The endpoint of both synaptic
scaling and IHP is the regulation of the surface abundance and distribution of the ion
channels that determine postsynaptic strength (AMPAR) or intrinsic excitability (voltage-
gated ion channels; Debanne et al., 2019; Desai et al., 1999; Lee et al., 2015). It thus makes
sense that both forms of plasticity utilize transcription- and translation-dependent protein
synthesis (Schanzenbacher et al., 2018, 2016; Schaukowitch et al., 2017; Valakh et al.,
2023), and might share common protein trafficking and recycling/degradation pathways
(Doérrbaum et al., 2020; Fernandes and Carvalho, 2016; Gainey et al., 2015; Steinmetz et al.,
2016; Tan et al,, 2015). Synaptic scaling relies on C-terminal interactions between the
GluA2 subunit of the AMPAR and synaptic proteins such as GRIP1 (Gainey et al., 2015; Tan
etal, 2015), and disruption of GluA2 trafficking via expression of a GluA2 C-tail fragment
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blocks scaling both in vitro and in vivo (Gainey et al., 2009; Lambo and Turrigiano, 2013;
Wen and Turrigiano, 2021). Given that IHP does not require the prior induction of synaptic
scaling, we were surprised to find that this same manipulation can also prevent I[HP. One
possible explanation is that this C-terminal fragment interferes with other more general ion
channel trafficking pathways, such as the crucial protein interactions with cell-adhesion
and cytoskeletal molecules during the membrane localization of voltage-gated ion channels
(Ferron et al., 2021; Leterrier et al., 2010), or the recycling endosomal pathways that
shuttle membrane-bound proteins between different membrane compartments (Nakatsu

and Ohno, 2003; Robinson and Bonifacino, 2001; Steinmetz et al., 2016).

If synaptic scaling and I[HP are functionally distinct, which circuit features do they
stabilize, respectively? Many features of neocortical network activity are known to be under
homeostatic control, including mean firing rates (Hengen et al., 2016, 2013), sensory tuning
curves (Noda et al,, 2023; Rose et al., 2016), the nearness of the network to criticality (Ma et
al,, 2019), and the local correlation structures (Wu et al., 2020). The induction of synaptic
scaling and IHP is correlated with the homeostasis recovery of mean firing rates and
pairwise correlation structure during prolonged sensory deprivation (Hengen et al., 2016,
2013; Lambo and Turrigiano, 2013). Here we find that the induction of scaling is driven by
changes in firing, while IHP is driven by changes in NMDAR signaling, which is modulated
by correlated firing reflected in pairwise network correlations. Importantly, we found that
light exposure, which drives an increase in the magnitude of existing pairwise correlations
but has little impact on mean firing rates (Torrado Pacheco et al., 2019; Figure 8A), results
in a sufficient change in NMDAR-mediated signaling to trigger IHP, without triggering
scaling. These findings show that neocortical circuits can selectively recruit [HP in
response to changes in NMDAR signaling incurred through long-lasting changes in
correlated firing, and potentially any other cellular or network changes that enhance
NMDAR activation. Despite sensing correlations, it is unlikely that IHP feeds back to directly
exert homeostatic control over pairwise correlation structure, as IHP develops gradually
while the change in correlations across light and dark is abrupt and quite stable after the
shift has occurred. Alternatively, because IHP is likely to modulate dendritic excitability

(Fan et al,, 2005; Gasselin et al., 2015; Wierenga et al., 2005), it may be that IHP induction
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directly regulates NMDAR activation by affecting the ease with which synaptic inputs can
depolarize the dendrite to remove the voltage-dependent magnesium block. In this
scenario IHP would sense and homeostatically regulate NMDAR activation itself.
Alternatively, IHP might regulates other circuit features such as the variance in the timing of
spikes (coefficient of variation [CV] of interspike intervals; Cannon and Miller, 2016;
Hengen et al,, 2013). Indeed, we have consistently observed that IHP changes the slope of
F-I curves rather than the firing threshold (Figures 2G, 3C, 5E, S3B), which is predicted to
magnify the impact of both excitatory and inhibitory inputs on spike probability, thus
magnifying spike variance; IHP induction during monocular deprivation would then restore
CV, as observed experimentally (Hengen et al., 2013). Either of these scenarios would leave
synaptic scaling free to homeostatically regulate mean firing rate and/or pairwise

correlation structure.

[t has long been proposed that different forms of cellular homeostatic plasticity are
instrumental in the homeostatic maintenance of distinct features of network activity, yet
how homeostatic plasticity is arranged within neural circuits to achieve this was unclear.
Taken together our results demonstrate that synaptic and intrinsic forms of homeostatic
plasticity, even when expressed in the same cell type, sense distinct aspects of activity
perturbations and thus can be independently recruited in vivo. These mechanistic
differences between synaptic and intrinsic plasticity induction allows them to act either in
concert or independently, and to regulate distinct aspects of network function. Together,
our findings support the idea that key network features are independently constrained by
different cellular homeostatic mechanisms to ensure that circuits can remain functional in

the face of a wide range of perturbations.
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Materials and Methods

Key Resource Table

REAGENT or RESOURCE \ SOURCE IDENTIFIER
Antibodies

Rat monoclonal anti-mCherry Invitrogen Cat#: M11217
Rabbit polyclonal anti-GFP Invitrogen Cat#: A11122

Guinea pig polyclonal anti-NeuN

Synaptic systems

Cat#: 266004

Rabbit monoclonal anti-cFos

Cell signaling

Cat#: 2250

2013

Goat anti-rabbit Alexa Fluor 488 Invitrogen Cat#: A11070
Goat anti-rabbit Alexa Fluor 594 Invitrogen Cat#: A11037
Goat anti-rat Alexa Fluro 594 Invitrogen Cat#: A11007
Goat anti-guinea pig Alexa Fluro 488 Invitrogen Cat#: A11073
Anti-streptavidin Alexa Fluro 488 Invitrogen Cat#: S11223
Anti-streptavidin Alexa Fluro 594 Invitrogen Cat#: S11227
Bacterial and virus strains

AAV9-hSyn-DIO-hM4D(Gi)-mCherry Addgene Cat#: 44362
AAV-CMV-GIUA2(CT)-GFP Lambo and Turrigiano, | N/A

Chemicals, peptides, and recombinant proteins

Tetrodotoxin (TTX)

Abcam (discontinued);
Alomone

Cat#: 120055
(Abcam); T-550

(Alomone)
DL-APV Tocris Cat#: 0105
Picrotoxin Tocris Cat#: 1128
Actinomycin D (ActD) Millipore Sigma Cat#: A9415
6,7-dinitroquinoxaline-2,3-dione (DNQX) Millipore Sigma Cat#: D0540
Philanthotoxin-7,4 Hello Bio Cat#: HB0499
CNO dihydrochloride Hello Bio Cat#: HB6149
Xpro1595 INmune Bio N/A
(RS)-CPP Tocris Cat#: 0173
Recombinant Mouse sTNF RI/TNFRSF1A Protein R&D systems 425-R1-050
(STNFR)
GLYX 13 Tocris Cat#: 3406
Deposited data
Raw and analyzed data This paper

Chronic recording data

Torrado Pacheco et
al., 2021
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Experimental models: Cell lines

Primary neuronal culture from Crl:.LE Long-Evans Rat Charles River RRID:
Laboratory RGD 2308852
Experimental models: Organisms/strains
Mouse: C57BL/6J, wild-type (WT), Jackson Labs RRID:
IMSR_JAX:000664
Mouse: C57BL/6J, Emx1-cre Jackson Labs B6.129S2-
Emx1tml(cre)Krj/J
RRID:

IMSR_JAX:017688

Software and algorithms

MATLAB Mathworks https://www.mathworks.co
m

Image J National Institute of https://imagej.nih.gov/ij/

Health

Illustrator Adobe https://www.adobe.com/pr
oducts/
illustrator.html

Photoshop Adobe https://www.adobe.com/pr
oducts/

photoshop.html

Data and code availability

All data generated in this study are included in this article and can be accessed at figshare:
https://figshare.com/s/46391f11318beff5b6bb. All scripts used for analysis have been deposited
at the following URL: https://github.com/turrigianoCodeSpace/WeiWenManuscript2024.

Experimental Model and Subject Details

All experimental procedures performed in this study strictly followed the protocols approved by the
Brandeis Animal Care and Use Committee (IACUC) and Institutional Biosafety Committee (IBC),
which complied with Guide for the Care and Use of Laboratory Animals from the National Institute
of Health. Animals were housed on a 12:12 light/dark cycle with ad libitum access to food and water
(except when experiments dictated otherwise, see below). Pups were weaned between postnatal
days (P) 19-21 and housed with at least one littermate (except when experiments required single-
housing). For all experiments, both males and females were used; no sex-dependent difference was
observed and therefore results were not separated by sex. For in vitro primary neuronal cultures,
newborn pups between P0-3 from timed-pregnant Long-Evans rats were used for dissociation.
C57BL/6] mice were used for all ex vivo slice physiology experiments, which were performed
between P24-32 to capture the classic rodent visual system critical period. The number of animals
used for each experiment are given in the corresponding figure legend.

Primary neuronal culture

Primary neuronal cultures were dissociated from the visual cortex of newborn rat pups (P0-3) as
previously described (Tatavarty et al., 2020; Wu et al., 2022). Briefly, pups were anesthetized with
isofluorane and decapitated, and the visual cortex was removed and incubated at 37 °C with an
enzyme solution containing 25 U/mL papain, 1 mM L-cystein, and 0.5 mM EDTA. The tissue was
then rinsed and suspended with trypsin before being centrifuged at low speed for 5 minutes. The
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pellet was resuspended with neuronal medium supplemented with NS21 (Pratt et al., 2003) and
plated onto 35 mm glass-bottomed dishes pre-seeded with glial feeders. Cultures were incubated in
a 5% CO; incubator at 37 °C until being used for experiments, and were fed every 3-4 days by
replacing 1 mL of old medium with fresh medium.

Drug treatment/administration
Cultured neurons

Primary neuronal cultures were treated with specific pharmacological agents between 9 and 14
days in vitro (DIV), usually up to 24 hours before being used for electrophysiology. Key drugs used
in this study are listed in the Key Resource Table; all drugs were dissolved in Milli-Q water except
for ActD, which was dissolved in 5% DMSO/PBS (working DMSO concentration 0.08%). The
concentrations of drugs are as follows: TTX, 4 uM; DL-APV, 100 uM; Philanthotoxin, 10 uM; sTNFR,
2 ng/mL; GLYX-13, 1 uM; ActD, 50 puM.

Animals

For DREADD activation, CNO dihydrochloride (CNO) was delivered to the animals via drinking
water as described previously (Wen and Turrigiano, 2021). Briefly, CNO was dissolved in tap water
to 0.05 mg/mL with 10 mM saccharine chloride added. Animals were given saccharine-only water
with the same concentration for a day before being switched to a CNO-containing one. They were
sacrificed for experiments after 24 hours of CNO administration unless indicated otherwise.

For other drug administrations including Xpro1595 and CPP, the drug was dissolved in 0.9% sterile
saline to the desired concentration (Xpro1595, 1 mg/mL; CPP, 1.5 mg/mL). Appropriate amounts of
the drug solution were then delivered to the animals via subcutaneous injection to reach desired
dosages (Xpro1595, 10 mg/kg; CPP, 15 mg/kg).

Virus Injection surgery

Virus injection surgeries were performed between P14-19 on a stereotaxic apparatus while animals
were anesthetized with ketamine/xylazine/acepromazine cocktail (KXA). The monocular region of
the primary visual cortex (V1m) was targeted unilaterally using stereotaxic coordinates (Allen
Brain Atlas) that were proportionally adjusted according to the age-dependent bregma-lambda
distance difference. Unless noted otherwise, 200-300 nL of virus were delivered into the targeted
area via a micropipette. Surgerized animals were allowed to recover in their home cages for a week
before slice physiology experiments.

Transcardial perfusion

Animals were anesthetized with a triple dose of KXA used for virus injection surgery. They were
then transported to a fume hood, and the heart was exposed, and a needle was inserted into the left
ventricle. The right atrium was then cut open, and 1x PBS was perfused through the circulatory
system using a peristaltic pump for 5 minutes. The PBS was switched to 4% paraformaldehyde
(PFA) when the liver color turned into light-brown, and the perfusion continued for about 5
minutes. The brain was then removed and incubated in 4% PFA with shaking at 4 °C overnight.
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Immunocytochemistry

For acute slices, following slice physiology recordings, slices were post-fixed in 4% PFA overnight
and transferred to 1x PBS for storage before staining. For all other immunostaining experiments,
the fixed brain was mounted on a Leica VT1000S vibratome (Leica Biosystems, Buffalo Grove IL),
and V1 was sectioned into 60 pum slices. Slices were washed in 1x PBS for at least 30 min (6 X 5 min)
before being incubated in a blocking solution (0.1% Triton X-100, 0.05% NaNs, and 1% BSA in 1x
PBS) for 1 hour. Blocked slices were then incubated in the same blocking solution with primary
antibodies added (1:1000) at 4 °C for 24 hours. The following day, slices were washed for 30 min in
PBS and then incubated in a solution (0.05% NaN3 and 1% BSA in 1x PBS) containing secondary
antibodies (1:500). Acute slices were incubated at 4 °C overnight, all other slices were incubated at
room temperature for 3 hours. Finally, slices were washed for another 30 min before mounted in
Fluoromount G mounting medium (Southern Biotech, AL) and images were obtained using Zeiss
LSM880 confocal microscope (Zeiss, Oberkochen Germany).

Ex vivo acute slice preparation

Animals were anesthetized with isoflurane. After toe-pinch check, the animal was decapitated and
coronal slices (300 um) containing V1m from both hemispheres were obtained using a Leica
VT1000S vibratome. Slices were first transferred to an oxygenated chamber filled with choline
solution (in mM: 110 Choline-Cl, 25 NaHCO3, 11.6 Na-Ascorbate, 7 MgCl,, 3.1 Na-Pyruvate, 2.5 KCl,
1.25NaH2P04, and 0.5 CaClz, osmolarity adjusted to 310 mOsm with dextrose, pH 7.4) for recovery,
and then transferred back to oxygenated standard artificial cerebrospinal fluid (ACSF, in mM: 126
NaCl, 25 NaHCOs3, 3 KCl, 2 CaCly, 2 MgSO04, 1 NaH,PO4, 0.5 Na-Ascorbate, osmolarity adjusted to 310
mOsm with dextrose, pH 7.4) and incubated for 40 min. Slices were used for electrophysiology 1-5
hours post slicing.

Electrophysiology
Experimental setup

For culture electrophysiology, 35 mm glass-bottom dishes with primary neuronal culture were
rinsed with ACSF (in mM: 126 NacCl, 25 NaHCOs3, 3 KCl, 2 CaCl;, 2 MgS04, 1 NaH2PO4, 0.5 Na-
Ascorbate, osmolarity adjusted to 320 mOsm with dextrose, pH 7.4) and placed on an Olympus IX70
upright fluorescence microscope. Neurons were superfused in oxygenated ACSF at 32° C throughout
the experiment. Pyramidal neurons were visually identified by their morphology under a 20x
objective, and then approached and patched under a 40x objective. Borosilicate glass pipettes with
resistance between 3-7 M{) were filled with KMeSO4-based internal solution (in mM: 120 KMeSOs,,
10 KCI, 10 HEPES, 0.5 EGTA, 2 MgS04, 10 Na-Phosphocreatine, 3 K2-ATP, and 0.3 Na-GTP, osmolarity
adjusted to 310 mOsm with dextrose, pH adjusted to 7.4 with KOH).

For slice electrophysiology, coronal slices containing V1 were placed on an Olympus BX51WI
upright epifluorescence microscope equipped with infrared-DIC optics. V1m was identified as
previously described (Wen and Turrigiano, 2021). Pyramidal neurons were visually targeted for
whole-cell recordings using a 40x water-immersion objective; visual identification was based on the
teardrop shaped somata and the presence of an apical dendrite, and morphology was confirmed
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post hoc from biocytin fill reconstructions. Neurons expressing exogeneous proteins were identified
by the fluorescent marker embedded in the corresponding constructs. Borosilicate glass pipettes
with resistance between 4 to 6 M) were filled with K* Gluconate-based internal solution (in mM:
100 K-gluconate, 10 KCl, 10 HEPES, 5.37 Biocytin, 0.5 EGTA, 10 Na-Phosphocreatine, 4 Mg-ATP, and
0.3 Na-GTP, osmolarity adjusted to 295 mOsm with sucrose, pH adjusted to 7.4 with KOH). All
recordings were performed in slices that were superfused in oxygenated standard ACSF at 34 °C.

All electrophysiological recordings were performed using a Multiclamp 700B amplifier with a CV-7B
headstage (Molecular Devices, Sunnyvale CA). Data were passed through a 6 kHz Bessel low-pass
filter and acquired at 10 kHz using a National Instruments Data Acquisition Board (DAQ, National
Instruments, Woburn, MA) and an open-source MATLAB-based software WaveSurfer (HHMI Janelia,
Ashburn VA).

mEPSC recordings

For spontaneous mEPSC recordings, cultured neurons or slices were superfused with standard
ASCF containing a drug cocktail of tetrodotoxin (TTX, 0.1 uM), D-2-amino-5-phosphonovalerate
(APV, 50 uM), and picrotoxin (25 uM) to isolate mEPSCs. Pyramidal neurons were targeted and held
at -70 mV in whole-cell voltage clamp, and series resistance was not compensated. Each neuron was
recorded for 3-5 minutes in a series of 30s segments, and a 500 ms 5 mV hyperpolarizing voltage
step was applied at the beginning of each segment so that passive properties could be monitored
throughout the recording. Neurons were excluded if series resistance was > 20 M(Q, input resistance
was < 100 MQ (70 M(Q for culture), membrane potential was > -55 mV (-50 mV for culture), or these
properties changed by > 15%.

Intrinsic excitability measurements

For intrinsic excitability measurements, cultured neurons or slices were superfused with standard
ACSF containing APV (50 pM), picrotoxin (25 uM), and DNQX (25 uM) to block synaptic currents.
Pyramidal neurons were held in current clamp with a small DC current injection to maintain the
resting membrane potential at -60 mV (culture) or -70 mV (slice). Pipette capacitance was then
neutralized, and bridge balance was compensated. Frequency versus current (F-I) curves were
obtained by delivering a series of 0.5 s (culture) or 1 s (slice) long current injections in amplitude
increments of 25 pA (culture) or 20 pA (slice). To monitor passive neuronal properties (except the
resting membrane potential) throughout the recording, a 500ms 50 pA hyperpolarizing current step
was applied before each current injection step. To monitor resting membrane potential changes,
neurons were held in current clamp without any current injection and recorded for 1 minute before
and after F-I curve measurements. To measure rheobase currents for cultured neurons, the
rheobase was first estimated by locating the current step that had evoked the first spike during the
F-1 curve measurement, then 5 0.5 s long current steps starting from the previous lower current
step and with amplitude increments of 5 pA were injected until a spike was evoked. Neurons that
did not meet the criteria listed above for mEPSC recordings were excluded; in addition, neurons
were excluded if the deviation of baseline membrane potential from their corresponding holding
potentials was > 5% or the voltage firing threshold was >-25 mV.
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Quantification and statistical analysis

All data obtained in this study were analyzed using in-house scripts written in MATLAB except the
immunohistochemistry images, which were analyzed using Image J. Results illustrated via box plots
are reported as median with 25th and 75t percentiles, with individual data points shown on the
side; results shown in other types of plot are reported as described in the corresponding figure
legends. Effect sizes are reported as a percentage of the group of interest (indicated in either the
main text or the legend); samples sizes (the number of animals used for each experiment and the
number of neurons collected for each condition), statistical tests performed, and p values are given
in either the corresponding results section or the figure legends.

mEPSC recordings

Spontaneous mEPSC events were automatically detected using an in-house MATLAB script
(modified from Miska et al., 2018). Briefly, the script filters the raw recording trace and then slides a
mEPSC event-shaped template to find regions that fit the detection criteria (Cary and Turrigiano,
2021). Detected putative mEPSC events were then passed through multiple quality control modules
to exclude the ones that were determined to be false-positive. Mean amplitude and frequency were
first calculated for each 30 s of recording, which were then averaged to give the mean value for each
neuron. Rise time and decay time constants were calculated from the waveform average traces for
each neuron. Rise time is defined as the time for the current to increase from 10% to 90% of the
peak amplitude. For mEPSC recordings, decay time constant (1) is derived from a first-order
exponential fit of the decay phase. To generate the cumulative distribution and the average
waveform for each condition, 100 events were randomly selected from each neuron and pooled.

Intrinsic excitability recordings

Raw recordings obtained during the intrinsic excitability measurement were used for analysis
without any filtering. For traces with depolarizing current injections, spikes were automatically
detected using an in-house MATLAB script mainly based on the maximum dV/dt (> 20 V/s) and the
peak amplitude (> 0 mV). Definitions of single spike or spike train properties analyzed in this study
were primarily adapted from the electrophysiology technical white paper published by Allen
Institute (https://celltypes.brain-map.org).

Briefly, for a given current step with a spike train, instantaneous firing rate (IFR) is defined as the
mean reciprocal of the first two inter-spike intervals; mean instantaneous firing rate (mean IFR) is
defined as the mean reciprocal of all inter-spike intervals; latency is defined as the time difference
between the current step onset and the first spike; spike frequency adaptation is defined as the rate
at which firings speeds up or slows down during the current step, and calculated as the mean
normalized difference between two consecutive inter-spike intervals (higher values indicate more
adaptation). For a given neuron, rheobase is defined as the smallest depolarizing current injection
that has evoked one or more spikes.

For single spike properties, the first spike evoked at the rheobase is used for analysis unless noted
otherwise. Spike threshold is defined as the membrane potential where dV/dt exceeds 5% of the
maximum dV/dt during the depolarizing phase (Wen and Turrigiano, 2021). Spike width at half-
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maximum is defined as the full width at half maximum of the spike height. Afterhyperpolarization
(AHP) amplitude is defined as the difference between the minimum membrane potential reached
after a spike and the mean membrane potential between the current step onset and the spike
threshold (normalized to the spike height of the same cell).

Immunohistochemistry images

To quantify the number of cFos-positive neurons in mouse V1, images obtained from post-staining
slices (against cFos and NeuN) were first background-subtracted and thresholded against the mean
intensity of the NeuN signal from 3 negative control slices imaged in the same session (secondary
antibodies only). A region of interest (ROI) of 250x200 um was then manually selected from V1, and
cFos signal was automatically background-subtracted. Cell somas were outlined in the NeuN
channel, and cFos signals were measured in each identified cell soma. Cells that showed non-zero
mean intensity values in the cFos channel were considered cFos-positive neurons. For each animal,
10-12 ROIs that spanned V1 were selected, and the percentage of cFos-positive neurons was
reported for each ROI.

Pairwise correlation analysis

The data set used for correlation analysis was obtained from chronic multielectrode recordings
from the control hemispheres of V1m of freely behaving Long-Evans rats, between the ages of P21
and P36, obtained in a previous study (Torrado Pacheco et al., 2021). Only animals that had at least
two regular spiking units (RSUs) were included in the analysis. In total, 17 regular spiking units
(RSUs) from 5 animals were used. Pairwise correlation coefficients of V1 neurons were calculated
as previously described (Torrado Pacheco et al., 2019; Wu et al.,, 2020). Briefly, the spike timestamps
for each neuron were divided into 100 ms bins, and the spike count was computed for each bin,
which generated a spike count vector for each neuron. For each animal, the Pearson correlation
coefficient r of spike counts was computed for a neuronal pair in 30-minute episodes with a 5-
minute sliding window, producing 139 values for each pair in a 12-hour session. These values were
then normalized to the mean correlation value of a selected baseline window (see Figure 8A
legend). Example correlation matrices were generated from 5 neurons from 1 animal.

Statistical analysis

All data sets were first subjected to a normality test (Shapiro-Wilk test). For normally distributed
data, an unpaired two-sample t test was used for pairwise comparison, and a one-way ANOVA
followed by Tukey post hoc correction was used for multiple comparisons (no. of groups > 2). For
other data, a Mann-Whitney U test was used for pairwise comparison, and a Kruskal-Wallis test
followed by Tukey post hoc correction was used for multiple comparison. For distribution
comparisons, a two-sample Kolmogorov-Smirnov test was used. Results were considered significant
if p<0.05.
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Figure 1. IHP is rapidly induced by TTX-mediated activity silencing and requires transcription.

(A) and (B) Two proposed models for the coordination of synaptic scaling and IHP in neocortical
circuits. (A) depicts a sequential model where synaptic scaling occurs prior to and is
required for IHP induction. Alternatively, in (B), synaptic scaling and IHP are arranged in
parallel and responsive to distinct activity sensors. Note that the intracellular processes
controlling the expression of plasticity could converge (upper) or to stay separated (lower).

(C) Experimental paradigm. Cultured neocortical neurons were treated with TTX for either 2 or 6
hours before electrophysiological recording. To assess whether IHP expression requires
gene transcription, neurons were also co-treated with TTX and Actinomycin D (ActD) for 6
hours.

(D) Representative traces of spike trains evoked by current injections in cultured pyramidal
neurons from the indicated conditions.

(E) Comparison of mean instantaneous firing rate (IFR) vs. current injection (F-I) curves from
the indicated conditions. NT, n = 24; ActD, n = 21; 2h, n = 23; 6h, n = 21. For F-l curves here
and throughout, data are reported as mean+S.E.M of all cells from each condition.

(F) Comparison of the area under the F-I curve for each neuron from the indicated conditions.
Here and throughout, each data point indicates one neuron. Kruskal-Wallis test with Tukey
post-hoc correction: NT vs. ActD, p = 0.9402; NT vs. 2h, p = 0.4448; NT vs. 6h, p = 0.0021;
ActD vs. 2h, p = 0.8198; ActD vs. 6h, p = 0.0198; 2h vs. 6h, p = 0.1566. Here and below
example comparisons are given on plots for clarity; * =p < 0.05, ** =p < 0.01, ™ =p <
0.001, n.s. = not significant.

(G) Comparison of rheobase current from the indicated conditions. Kruskal-Wallis test with
Tukey post-hoc correction: NT vs. ActD, p = 0.8467; NT vs. 2h, p = 0.3846; NT vs. 6h, p =
0.0037; ActD vs. 2h, p = 0.8858; ActD vs. 6h, p = 0.0590; 2h vs. 6h, p = 0.2574.

(H) Comparison of latency to the first spike for 175 pA of current injection from the indicated
conditions. Kruskal-Wallis test with Tukey post-hoc correction: NT vs. ActD, p = 1.0; NT vs.
2h, p = 0.7056; NT vs. 6h, p = 0.0132; ActD vs. 2h, p = 0.6881; ActD vs. 6h, p = 0.0112; 2h
vs. 6h, p = 0.1673.
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Figure 2. IHP expression in V1 L2/3 pyramidal neurons requires tumor necrosis factor a (TNFa)

signaling.

(A) Experimental paradigm (adapted from Wen and Turrigiano 2021). Viruses carrying hM4Di
(DR) were unilaterally delivered into mouse V1 during P14-16. Animals were administered
either Xpro or saline 24 hours before receiving CNO, and again when CNO was
commenced. CNO was administered via drinking water for 24 hours before animals were
sacrificed for slice electrophysiological recordings (during P25-30). Icons adapted from
Biorender.com.

(B) Representative traces of mEPSC recordings from the indicated conditions.

(C) Comparison of the mean mEPSC amplitude for L2/3 pyramidal neurons from the indicated
conditions. Saline, n = 19 from 6 animals for both CNO and DR+CNO conditions; Xpro, n =
20 from 5 animals for both CNO and DR+CNO conditions. Unpaired T test: Saline, CNO vs.
DR+CNO, p = 0.0063; Xpro, CNO vs. DR+CNO, p = 0.1404.

(D) Cumulative distribution of mMEPSC amplitudes for animals treated with saline. Population
amplitudes from DR+CNO condition are scaled according to the linear function y = 1.31x —
2.16 (black curve). Inset: Left, unscaled average waveforms of CNO and DR+CNO
conditions, respectively; Right, overlay of the average waveforms from CNO and scaled
(black trace) populations, respectively. Kolmogorov-Smirnov test: CNO vs. DR+CNO, p =
1.20E-7; CNO vs. Scaled, p = 0.4216.

(E) Same as D, but for animals treated with Xpro. Inset: Left, unscaled average waveforms of
CNO and DR+CNO conditions, respectively; Right, overlay of the unscaled average
waveforms from CNO and DR+CNO conditions, respectively. Kolmogorov-Smirnov test:
CNO vs. DR+CNO, p = 0.3649.

(F) Representative traces of spike trains evoked by current injections in L2/3 pyramidal neurons
from the indicated conditions.

(G) Comparison of F-I curves for the CNO and DR+CNO groups from animals treated with
saline. CNO, n = 40, 8 animals; DR+CNO, n = 24, 5 animals. Inset: Comparison of the F-I
curve slope (linear part) for both conditions. Unpaired T test: CNO vs. DR+CNO, p = 0.0037.

(H) Comparison of the area under F-I curve for each neuron from the indicated conditions.
Unpaired T test: CNO vs. DR+CNO, p = 0.0011.

(I) Same as G, but for animals treated with Xpro. CNO, n = 20, 4 animals; DR+CNO, n = 16, 3
animals. Inset: Comparison of the F-I curve slope (linear part) for both conditions. Unpaired
T test: CNO vs. DR+CNO, p = 0.1661.

(J) Same as H, but for animals treated with Xpro. Unpaired T test: CNO vs. DR+CNO, p =
0.4544.
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Figure 3. Cellular and spike parameters following IHP induction in V1 L2/3 pyramidal neurons.

(A) Phase plane plots (left, action potential plotted as dV/dt vs. membrane potential) for the
average waveforms (right, overlay of both CNO and DR+CNO conditions) of the first spike
evoked at rheobase from animals treated with saline (upper) and Xpro (lower), respectively.

(B) Comparison of full width at half-maximum for the first spike at rheobase from the indicated
conditions. Unpaired T test: Saline, CNO vs. DR+CNO, p = 0.3956; Xpro, CNO vs.
DR+CNO, p = 0.4169.

(C) Comparison of action potenial voltage threshold for the first spike at rheobase from the
indicated conditions. Unpaired T test: Saline, CNO vs. DR+CNO, p = 0.6735; Xpro, CNO vs.
DR+CNO, p = 0.8112.

(D) Comparison of afterhyperpolarization amplitude for the first spike at rheobase from the
indicated conditions. Unpaired T test: Saline, CNO vs. DR+CNO, p = 0.3861; Xpro, CNO vs.
DR+CNO, p = 0.1079.

(E) Comparison of spike peak amplitude for the first spike at rheobase from the indicated
conditions. Mann-Whitney U test: Saline, CNO vs. DR+CNO, p = 0.0311; Xpro, CNO vs.
DR+CNO, p = 0.0416.

(F) Comparison of neuronal input resistance from the indicated conditions. Unpaired T test:
Saline, CNO vs. DR+CNO, p = 6.03E-7; Xpro, CNO vs. DR+CNO, p = 0.0745.

(G) Comparison of rheobase current from the indicated conditions. Unpaired T test: Saline, CNO
vs. DR+CNO, p = 0.0337; Xpro, CNO vs. DR+CNO, p = 0.6901.

(H) Comparison of latency to the first spike at 200 pA of current injection from the indicated
conditions. Mann-Whitney U test: Saline, CNO vs. DR+CNO, p = 5.23E-4; Xpro, CNO vs.
DR+CNO, p = 0.5962.

() Comparison of spike frequency adaptation at 400 pA of current injection from the indicated
conditions. Mann-Whitney U test: Saline, CNO vs. DR+CNO, p = 0.6522; Xpro, CNO vs.
DR+CNO, p = 0.3159.

A through I: same sample sizes as shown in Figures 2G and 2I.
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Figure 4. IHP in V1 L2/3 pyramidal neurons is prevented by expression of the GIuA2 C-terminal

fragment (CT).

(A) Experimental paradigm (Wen and Turrigiano 2021). Viruses carrying the inhibitory DREADD
hM4Di and GluA2 CT were mixed before being delivered unilaterally into mouse V1 during
P14-16 (CT+), while only hM4Di was delivered into the other hemisphere to serve as a
within-animal positive control (CT-). CNO was administered orally via drinking water for 24
hours before mice were sacrificed for slice electrophysiological recordings, which were
performed during P25-30. Icons adapted from Biorender.com.

(B) Representative images of a L2/3 pyramidal neurons recorded under the CT+ condition. The
cell shows co-expression of hM4Di (tagged by mCherry) and GluA2 CT (tagged by GFP).
White triangles indicate the recorded cell. Scale bar: 20 um.

(C) Representative traces of spike trains evoked by current injections in L2/3 pyramidal neurons
for the indicated conditions. NT indicates littermates that received neither CNO nor virus
injection.

(D) Comparison of F-I curves of L2/3 pyramidal neurons from the indicated conditions. NT, n =
19, 3 animals; CT+, n =22, 7 animals; CT-, n = 22, 7 animals.

(E) Comparison of the area under F-I curve for each neuron from the indicated conditions.
Kruskal-Wallis test with Tukey post-hoc correction: NT vs. CT+, p = 0.9546; NT vs. CT-, p =
0.0047; CT+ vs. CT-, p = 0.0084.

(F) Comparison of rheobase current from the indicated conditions. Kruskal-Wallis test with
Tukey post-hoc correction: NT vs. CT+, p = 0.7482; NT vs. CT-, p = 0.0153; CT+ vs. CT-, p
= 8.15E-4.

(G) Comparison of latency to the first spike at 200 pA of current injection from the indicated
conditions. Kruskal-Wallis test with Tukey post-hoc correction: NT vs. CT+, p = 0.9998; NT
vs. CT-, p = 0.0286; CT+ vs. CT-, p = 0.0202.

(H) Comparison of neuronal input resistance from the indicated conditions. Kruskal-Wallis test
with Tukey post-hoc correction: NT vs. CT+, p = 0.5887; NT vs. CT-, p = 0.0010; CT+ vs.
CT-,p=0.0193.
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Figure 5. Synaptic scaling and IHP can be independently induced by suppressing spikes and

NMDAR signaling, respectively.

(A) Experimental paradigm for assessing effects of activity manipulation on homeostatic
plasticity in cultured neocortical neurons. Electrophysiological recordings were performed
after 24 hours of drug treatment.

(B) Representative traces of spike trains evoked by current injections in cultured pyramidal
neurons following treatments of TTX, APV, or TTX+APV.

(C) Comparison of F-I curves for pyramidal neurons from the indicated conditions. NT, n = 42;
TTX, n=21; APV, n = 21; TTX+APV, n = 22.

(D) Comparison of the area under F-I curve for each neuron from the indicated conditions.
Kruskal-Wallis test with Tukey post-hoc correction: NT vs. TTX, p = 0.0037; NT vs. APV, p =
0.0132; NT vs. TTX+APV, p = 0.0076; TTX vs. APV, p = 0.9883; TTX vs. TTX+APV, p =
0.9961; APV vs. TTX+APV, p = 0.9996.

(E) Comparison of F-I curve slope from the indicated conditions. Kruskal-Wallis test with Tukey
post-hoc correction: NT vs. TTX, p = 0.0010; NT vs. APV, p = 0.0330; NT vs. TTX+APV, p =
0.0170; TTX vs. APV, p = 0.7265; TTX vs. TTX+APV, p = 0.8801; APV vs. TTX+APV, p =
0.9898.

(F) Comparison of rheobase current from the indicated conditions. Kruskal-Wallis test with
Tukey post-hoc correction: NT vs. TTX, p = 0.0219; NT vs. APV, p = 0.0385; NT vs.
TTX+APV, p = 0.0374; TTX vs. APV, p = 0.9983; TTX vs. TTX+APV, p = 0.9973; APV vs.
TTX+APV, p = 0.9999.

(G) Comparison of F-I curves from the indicated conditions. NT, n = 22; PhTX, n=24; TTX, n =
24; PhTX+TTX, n =24.

(H) Comparison of the area under F-I curve for each neuron from the indicated conditions.
Kruskal-Wallis test with Tukey post-hoc correction: NT vs. PhTX, p = 0.8311; NTvs. TTX, p
=0.0011; NT vs. PhTX+TTX, p = 0.0014; PhTX vs. TTX, p = 0.0173; PhTX vs. PhTX+TTX, p
=0.0210; TTX vs. PhTX+TTX, p = 0.9999.

() Comparison of full width at half-maximum for the first spike at rheobase from the indicated
conditions. Kruskal-Wallis test: p = 0.1815.

(J) Overlay of the average waveforms from first spikes evoked at rheobase. Left, NT vs. PhTX;
Right, TTX vs. PhTX+TTX.
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Figure 6. Chronic treatment with an NMDAR antagonist induces IHP in V1 L2/3 pyramidal

neurons.

(A) Experimental paradigm. Similar to the one performed in the Xpro treatment (Figure 2A), but
with the NMDAR antagonist CPP instead.

(B) Representative traces of spike trains evoked by current injections in L2/3 pyramidal neurons
for the indicated conditions.

(C) Comparison of F-I curves for L2/3 pyramidal neurons from the indicated conditions. Saline-
CNO, n = 22, 5 animals; Saline-DR+CNO, n = 24, 5 animals; CPP-CNO, n = 18, 4 animals;
CPP-DR+CNO, n =17, 4 animals.

(D) Comparison of the area under F-I curve for each neuron from the indicated conditions. One-
way ANOVA test with Tukey post-hoc correction: Saline-CNO vs. Saline-DR+CNO, p =
0.0083; Saline-CNO vs. CPP-CNO, p = 4.36E-4; Saline-CNO vs. CPP-DR+CNO, p =
0.0067; Saline-DR+CNO vs. CPP-CNO, p = 0.6571; Saline-DR+CNO vs. CPP-DR+CNO, p
= 0.9839; CPP-CNO vs. CPP-DR+CNO, p = 0.8860.

(E) Comparison of latency to the first spike at 200 pA of current injection from the indicated
conditions. Kruskal-Wallis test with Tukey post-hoc correction: Saline-CNO vs. Saline-
DR+CNO, p = 0.0346; Saline-CNO vs. CPP-CNO, p = 0.0111; Saline-CNO vs. CPP-
DR+CNO, p = 3.40E-4; Saline-DR+CNO vs. CPP-CNO, p = 0.9380; Saline-DR+CNO vs.
CPP-DR+CNO, p = 0.3923; CPP-CNO vs. CPP-DR+CNO, p = 0.7820.

(F) Comparison of rheobase current from the indicated conditions. Kruskal-Wallis test with
Tukey post-hoc correction: Saline-CNO vs. Saline-DR+CNO, p = 0.0337; Saline-CNO vs.
CPP-CNO, p = 0.0026; Saline-CNO vs. CPP-DR+CNO, p = 0.0128; Saline-DR+CNO vs.
CPP-CNO, p = 0.4014; Saline-DR+CNO vs. CPP-DR+CNO, p = 0.6462; CPP-CNO vs.
CPP-DR+CNO, p = 0.9862.

(G) Comparison of neuronal input resistance from the indicated conditions. Kruskal-Wallis test
with Tukey post-hoc correction: Saline-CNO vs. Saline-DR+CNO, p = 2.03E-4; Saline-CNO
vs. CPP-CNO, p = 0.0014; Saline-CNO vs. CPP-DR+CNO, p = 7.54E-8; Saline-DR+CNO
vs. CPP-CNO, p = 0.9947; Saline-DR+CNO vs. CPP-DR+CNO, p = 0.0863; CPP-CNO vs.
CPP-DR+CNO, p = 0.0723.
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Figure 7. IHP, but not synaptic scaling, can be suppressed through enhancement of NMDAR

signaling.

(A) Representative traces of spike trains evoked by current injections in cultured pyramidal
neurons from the indicated conditions.

(B) Comparison of F-I curves for pyramidal neurons from the indicated conditions. NT, n = 22;
TTX, n=17; TTX+GLYX, n = 28.

(C) Comparison of the area under F-I curve for each neuron from the indicated conditions.
Kruskal-Wallis test with Tukey post-hoc correction: NT vs. TTX, p = 0.0100; NT vs.
TTX+GLYX, p =0.7960; TTX vs. TTX+GLYX, p = 0.0024.

(D) Representative traces of mEPSC recordings from the indicated conditions. The average
waveform of MEPSC events is shown on the right of the corresponding recording trace.

(E) Comparison of the mean mEPSC amplitude for pyramidal neurons from the indicated
conditions. NT, n = 43; APV, n = 20; TTX, n = 19; TTX+GLYX, n = 20. Kruskal-Wallis test
with Tukey post-hoc correction: NT vs. APV, p = 0.6221; NT vs. TTX, p = 0.0015; NT vs.
TTX+GLYX, p = 3.40E-5; APV vs. TTX, p = 0.0533; APV vs. TTX+GLYX, p = 0.0228; TTX
vs. TTX+GLYX, p = 0.9021.

(F) Cumulative distribution of MEPSC amplitudes. Inset: Overlay of unscaled average
waveforms from TTX and TTX+GLYX conditions, respectively. Kolmogorov-Smirnov test: NT
vs. TTX, p = 4.47E-42; NT vs. TTX+GLYX, p = 3.39E-64; TTX vs. TTX+GLYX, p = 0.1672.
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Figure 8. Synaptic scaling and IHP can be independently recruited during normal sensory

experience.

(A) The average correlation in firing for 25 pairs of regular spiking neurons from 5 animals over
a day (12 hours light [white] + 12 hours dark [gray]). Correlation values for each pair are
normalized to the mean correlation between zeitgeber time (ZT) 900min and ZT 1000 min
(when fluctuations in correlation remain relatively low for over an hour). Shaded regions
around the correlation trace indicate S.E.M.

(B) Example pairwise correlation matrices of 5 neurons from 1 hemisphere during light (upper)
and dark (lower), respectively. Each square in the matrix indicates the correlation value from
a pair of neurons.

(C) Comparison of mean normalized correlation across light and dark for all pairs of neurons.
Hollow circles connected with grey lines indicate individual pairs, whereas solid circles
connected with black lines indicate the medians. Mann-Whitney U test, p = 0.0244.

(D) Experimental paradigm for assessing intrinsic excitability of L2/3 pyramidal neurons in
mouse V1 across light and dark. Littermates (during P27-32) were sacrificed at ZT Oh (Dark
Oh) and ZT 6h (Light 6h) for electrophysiological recordings, respectively (Left). For
assessing intrinsic excitability following prolonged dark exposure, animals were kept in dark
for another 6 hours from ZT Oh (Dark 6h) before being sacrificed for electrophysiological
recordings (Right).

(E) Representative traces of spike trains evoked by current injections in L2/3 pyramidal neurons
from the three indicated timepoints in D.

(F) Comparison of F-I curves for L2/3 pyramidal neurons from the three indicated timepoints.
Dark Oh, n = 37, 4 animals; Light 6h, n = 38, 4 animals; Dark 6h, n = 41, 4 animals.

(G) Comparison of the area under F-I curve for each neuron from the three indicated timepoints.
One-way ANOVA test with Tukey post-hoc correction: Dark Oh vs. Light 6h, p = 0.0036; Dark
Oh vs. Dark 6h, p = 0.7634; Light 6h vs. Dark 6h, p = 2.32E-4.

(H) Experimental paradigms for assessing effects of CPP on light-driven reduction in intrinsic
excitability. Littermates received either CPP or saline injections at ZT 0h (just before light
came on) and were sacrificed for electrophysiological recordings at ZT 6h (after spending 6
hours in the light).

() Representative traces of spike trains evoked by current injections in L2/3 pyramidal neurons
from the two indicated conditions in H.

(J) Comparison of F-I curves for L2/3 pyramidal neurons from the two indicated conditions in I.
CPP, n = 32, 3 animals; Saline, n = 33, 3 animals.

(K) Comparison of the area under F-I curve for each neuron from the two indicated conditions.
Unpaired T test, p = 0.0166.
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Figure S1. Cellular properties across the time course of IHP expression in cultured neocortical
pyramidal neurons. Related to Figure 1.

(A) Comparison of full width at half-maximum for the first spike at rheobase from the indicated
conditions. One-way ANOVA test with Tukey post-hoc correction: NT vs. ActD, p = 0.9847;
NT vs. 2h, p = 0.0556; NT vs. 6h, p = 0.0017; ActD vs. 2h, p = 0.1483; ActD vs. 6h, p =
0.0074; 2h vs. 6h, p = 0.6036.

(B) Comparison of the peak amplitude for the first spike at rheobase from the indicated
conditions. One-way ANOVA test: p = 0.5145.

(C) Comparison of the neuronal input resistance from the indicated conditions. Kruskal-Wallis
test with Tukey post-hoc correction: NT vs. ActD, p = 0.9762; NT vs. 2h, p = 0.9260; NT vs.
6h, p = 0.0236; ActD vs. 2h, p = 0.7450; ActD vs. 6h, p = 0.0103; 2h vs. 6h, p = 0.3281.

(D) Comparison of voltage spiking threshold for the first spike at rheobase from the indicated
conditions. Kruskal-Wallis test: p = 0.1736.

(E) Comparison of spike frequency adaptation at 175 pA of current injection from the indicated
conditions. Kruskal-Wallis test: p = 0.1046.

(F) Comparison of resting membrane potential from the indicated conditions. One-way ANOVA
test: p = 0.5711.

A through F: same sample sizes as shown in Figure 1E.
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Figure S2. IHP expression in vitro requires TNFa signaling. Related to Figure 2.

(A) Experimental paradigm. Cultured neocortical neurons were treated with sTNFR alone, or
together with TTX (Co), or pretreated with sTNFR for 14-17 hours before adding TTX (Pre).

(B) Comparison of F-I curves for pyramidal neurons from the indicated conditions in A. sTNFR,
n=37;Pre,n=27; Co, n=23.

(C) Comparison of the area under F-I curve for each neuron from the indicated conditions.
Kruskal-Wallis test with Tukey post-hoc correction: sTNFR vs. Pre, p = 0.9950; sTNFR vs.
Co, p = 7.88E-4; Pre vs. Co, p = 0.0026.

(D) Comparison of latency to the first spike at 175 pA of current injection from the indicated
conditions. Kruskal-Wallis test with Tukey post-hoc correction: sTNFR vs. Pre, p = 0.4979;
sTNFR vs. Co, p = 0.0030; Pre vs. Co, p = 8.02E-5.

(E) Comparison of rheobase current from the indicated conditions. Kruskal-Wallis test with
Tukey post-hoc correction: STNFR vs. Pre, p = 0.8431; sTNFR vs. Co, p = 0.0024; Pre vs.
Co, p =0.0232.

(F) Comparison of input neuronal resistance from the indicated conditions. Kruskal-Wallis test
with Tukey post-hoc correction: sTNFR vs. Pre, p = 0.8610; sTNFR vs. Co, p = 0.0074; Pre
vs. Co, p = 0.0030.

(G) Comparison of the mean mEPSC frequency for L2/3 pyramidal neurons from the indicated
conditions. Unpaired T test: Saline, CNO vs. DR+CNO, p = 0.8153; Xpro, CNO vs.
DR+CNO, p = 0.7763.

(H) Comparison of the mEPSC rise time for L2/3 pyramidal neurons from the indicated
conditions. Unpaired T test: Saline, CNO vs. DR+CNO, p = 0.2558; Xpro, CNO vs.
DR+CNO, p = 0.9891.

() Comparison of the mEPSC decay time constant (1) for L2/3 pyramidal neurons from the
indicated conditions. Unpaired T test: Saline, CNO vs. DR+CNO, p = 0.5019; Xpro, CNO vs.
DR+CNO, p = 0.6949.

G through I: same samples sizes as shown in Figures 2C.
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Figure S3. Cellular properties that underlie IHP expression in vitro. Related to Figure 5.

(A) Overlay of peak-scaled average waveforms of first spikes evoked at the rheobase from the
indicated conditions (same color code as in Figure 5B)

(B) Comparison of action potential voltage threshold for the first spike at rheobase from the
indicated conditions. Kruskal-Wallis test: p = 0.4597.

(C) Comparison of full width at half-maximum for the first spike at rheobase from the indicated
conditions. One-way ANOVA test with Tukey post-hoc correction: NT vs. TTX, p = 0.2528;
NT vs. APV, p = 1.0000; NT vs. TTX+APV, p = 0.0122; TTX vs. APV, p = 0.3561; TTX vs.
TTX+APV, p = 0.7067; APV vs. TTX+APV, p = 0.0359.

(D) Comparison of the peak amplitude for the first spike at rheobase from the indicated
conditions. One-way ANOVA test: p = 0.3799.

(E) Comparison of spike frequency adaptation at 250 pA of current injection from the indicated
conditions. Kruskal-Wallis test: p = 0.0505.

(F) Comparison of latency to the first spike at 150 pA of current injection from the indicated
conditions. Kruskal-Wallis test with Tukey post-hoc correction: NT vs. TTX, p = 1.00E-3; NT
vs. APV, p = 0.0796; NT vs. TTX+APV, p = 0.0095; TTX vs. APV, p = 0.4593; TTX vs.
TTX+APV, p = 0.9667; APV vs. TTX+APV, p = 0.7636.

(G) Comparison of neuronal input resistance from the indicated conditions. Kruskal-Wallis test
with Tukey post-hoc correction: NT vs. TTX, p = 0.0133; NT vs. APV, p = 0.0300; NT vs.
TTX+APV, p = 0.0599; TTX vs. APV, p = 0.9834; TTX vs. TTX+APV, p = 0.8958; APV vs.
TTX+APV, p = 0.9871.

(H) Comparison of resting membrane potential from the indicated conditions. Kruskal-Wallis
test: p = 0.7093.

A through H: same sample sizes as shown in Figure 5C.
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Figure S4. NMDAR positive allosteric modulator GLYX does not affect synaptic and intrinsic
cellular properties. Related to Figure 7.

(A) Comparison of rheobase current from the indicated conditions. Kruskal-Wallis test with
Tukey post-hoc correction: NT vs. TTX, p = 2.50E-5; NT vs. GLYX+TTX, p = 0.1200; TTX vs.
GLYX+TTX, p =0.0187.

(B) Comparison of latency to the first spike at 200 pA of current injection from the indicated
conditions. Kruskal-Wallis test with Tukey post-hoc correction: NT vs. TTX, p = 0.0097; NT
vs. GLYX+TTX, p = 0.6686; TTX vs. GLYX+TTX, p = 0.0172.

(C) Comparison of spike frequency adaptation at 200 pA of current injection from the indicated
conditions. Kruskal-Wallis test: p = 0.4271.

(D) Comparison of full width at half-maximum for the first spike at rheobase from the indicated
conditions. One-way ANOVA test: p = 0.0915.

(E) Comparison of neuronal input resistance from the indicated conditions. Kruskal-Wallis test
with Tukey post-hoc correction: NT vs. TTX, p = 3.70E-3; NT vs. GLYX+TTX, p = 0.4465;
TTX vs. GLYX+TTX, p = 0.0800.

(F) Comparison of resting membrane potential from the indicated conditions. One-way ANOVA
test: p = 0.7365.

(G) Comparison of the mean mEPSC frequency from the indicated conditions. One-way ANOVA
test: p=0.7161.

(H) Comparison of the mEPSC rise time from the indicated conditions. One-way ANOVA test: p
= 0.0845.

() Comparison of the mEPSC decay time constant (1) from the indicated conditions. One-way
ANOVA test: p = 0.1580.

A through F: same sample sizes as shown in Figure 7B.

G through I: same sample sizes as shown in Figure 7E.
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Figure S5. Light-driven increase in correlation leads to downregulation of intrinsic excitability
without affecting synaptic strength in freely behaving animals. Related to Figure 8.

(A) Representative traces of mMEPSC recordings in L2/3 pyramidal neurons from the three
indicated timepoints in Figure 8E.

(B) Comparison of the mean mEPSC amplitude for L2/3 pyramidal neurons from the three
indicated timepoints. Dark Oh, n = 28, 3 animals; Light 6h, n = 27, 3 animals; Dark 6h, n =
30, 3 animals. One-way ANOVA test: p = 0.8820.

(C) Cumulative distribution of mMEPSC amplitudes from the three indicated timepoints. Inset:
Upper, unscaled average waveforms from the three timepoints, respectively; Lower, overlay
of all three waveforms. Kolmogorov-Smirnov test: Dark Oh vs. Light 6h, p = 0.4914; Dark Oh
vs. Dark 6h, p = 0.1730; Light 6h vs. Dark 6h, p = 0.3544.

(D) Comparison of the mEPSC rise time from the three indicated timepoints. One-way ANOVA
test: p = 0.3937.

(E) Comparison of the mEPSC decay time constant (1) from the three indicated timepoints.
One-way ANOVA test: p = 0.2019.

(F) Comparison of the mean mEPSC frequency from the three indicated timepoints. One-way
ANOVA test: p = 0.0700.

(G) Cumulative distribution of inter-event intervals (IEls) from the three indicated timepoints.
Kolmogorov-Smirnov test: Dark Oh vs. Light 6h, p = 1.14E-12; Dark Oh vs. Dark 6h, p =
0.1358; Light 6h vs. Dark 6h, p = 1.27E-8.

(H) Representative images of cFos expression in the L2/3 of mouse V1 following acute CPP
(upper row) and saline (lower row) injections, respectively.

() Quantification and comparison of the percentage of cFos-positive neurons (out of all NeuN-
positive neurons) following CPP and saline injections. Each data point indicates the cFos
positive rate calculated from a region of interest in L2/3 selected from a sectioned V1-
containing slice. CPP, n = 33, 3 animals; Saline, n = 34, 3 animals. Mann-Whitney U test, p
= 0.0770.

(J) Comparison of rheobase current from the indicated conditions. Left three groups, Kruskal-
Wallis test with Tukey post-hoc correction: Dark Oh vs. Light 6h, p = 6.02E-6; Dark Oh vs.
Dark 6h, p = 0.5397; Light 6h vs. Dark 6h, p = 3.27E-6; Right two groups, Mann-Whitney U
test: CPP vs. Saline, p = 0.0049.

(K) Comparison of latency to the first spike at 200 pA of current injection from the indicated
conditions. Left three groups, Kruskal-Wallis test with Tukey post-hoc correction: Dark Oh vs.
Light 6h, p = 0.0321; Dark Oh vs. Dark 6h, p = 0.2790; Light 6h vs. Dark 6h, p = 1.15E-4;
Right two groups, Mann-Whitney U test: CPP vs. Saline, p = 0.0029.

(L) Comparison of neuronal input resistance from the indicated conditions. Left three groups,
One-way ANOVA test with Tukey post-hoc correction: Dark Oh vs. Light 6h, p = 1.80E-6;
Dark Oh vs. Dark 6h, p = 0.3679; Light 6h vs. Dark 6h, p = 1.63E-9; Right two groups,
unpaired T test: CPP vs. Saline, p = 3.43E-7.

J through L: same sample sizes as shown in Figures 8F and 8J.
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