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Summary

Homeostatic scaling allows neurons to maintain stable activity patterns by globally altering their 

synaptic strength in response to changing activity levels. Suppression of activity by blocking 

action potentials increases synaptic strength through an upregulation of surface AMPA receptors. 

Although this synaptic up-scaling was shown to require transcription, the molecular nature of the 

intrinsic transcription program underlying this process and its functional significance have been 

unclear. Using RNA-seq, we identified 73 genes that were specifically upregulated in response to 

activity suppression. In particular, Neuronal pentraxin-1 (Nptx1) increased within 6 h of activity 

blockade, and knockdown of this gene blocked the increase in synaptic strength. Notably, Nptx1 
induction is mediated by calcium influx through the T-type Voltage-Gated Calcium Channel, as 

well as two transcription factors, SRF and ELK1. Taken together, these results uncover a 

transcriptional program that specifically operates when neuronal activity is suppressed, to globally 

coordinate the increase in synaptic strength.
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Introduction

Traditional forms of Hebbian synaptic plasticity have the potential to modify synaptic 

strength too far in either direction, potentially leading to runaway activity in a circuit. 

Homeostatic plasticity provides a way to globally scale up or down synapses to maintain the 

relative strengths of individual synapses without maxing out the system. Neurons are able to 

homeostatically regulate synaptic strength through controlling AMPA receptor (AMPAR) 

surface expression. This can be seen by measuring changes in the amplitudes of AMPAR 

mediated miniature excitatory postsynaptic currents (mEPSCs) as well as staining of surface 

AMPARs (Thiagarajan et al., 2005; Turrigiano et al., 1998). These changes are inducible in 

culture using pharmacological reagents that increase or decrease activity levels. TTX, a 

sodium channel blocker, blocks the action potentials in the culture, decreasing neuronal 

activity. Conversely, bicuculline (Bic), a GABAA receptor antagonist, blocks the major 

inhibitory input in the cultures, leading to a burst of synaptic activity. Deficits in the 

homeostatic regulation of synaptic strength (synaptic scaling) have been identified in many 

models of psychiatric disorders, such as autism spectrum disorders and schizophrenia 

(Wondolowski and Dickman, 2013), suggesting that the tight control of network activity is 

crucial for proper neuronal function.

Several gene products have been shown to function in scaling (Turrigiano, 2011). For 

example, BDNF, TNF-α, integrin beta-3 (β3), PICK1, and PSD95 have all been implicated 

in up-regulating the synaptic strength in response to chronic activity deprivation mainly via 

increasing AMPAR accumulation at synapses. Polo-like kinase 2 (Plk2), CDK5, ARC, 

Homer1a and EphA4 mediate the opposite effect (scaling down) in response to a chronic 

increase in neural activity. Therefore despite the fact that synaptic scaling occurs bi-

directionally depending on the level of intracellular calcium, different sets of effector 

molecules mediate each direction of the scaling process.
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Although increases in AMPAR levels can be seen as early as 4 – 6 h of activity silencing, 

this increase in synaptic strength can continue for up to 24 h or 48 h (Ibata et al., 2008). This 

time window of synaptic up-scaling suggests that nuclear signaling and transcription might 

be involved. Consistently, addition of the transcription inhibitor, Actinomycin D in cortical 

neuronal cultures blocked the TTX-induced increase in mEPSC amplitude (Ibata et al., 

2008), suggesting the importance of gene transcription in synaptic up-scaling in response to 

activity suppression. However, the mechanism and function of activity-regulated 

transcription in neurons have mostly been studied in conditions during which activity is 

increased, as with Bic, rather than when activity is absent. Upon an increase in neural 

activity, calcium influx through the NMDAR and/or L-type voltage-gated calcium channel 

(VGCC) triggers activation of distinct calcium-dependent signaling pathways, which then 

modulate the activity of various transcription factors (e.g., CREB, MEF2, SRF) to induce 

expression of a specific gene set (Flavell and Greenberg, 2008). Gene products from the 

transcription induced by increased neural activity then mediate the cell-wide adaptive 

responses important for proper neuronal development and plasticity. However, little is 

known about whether there is a neuronal transcription program that is inherently designed to 

mediate the adaptive response to the opposite condition, when neuronal activity is 

suppressed.

In order to determine the transcription program responsible for gene induction during the 

quiescent state that invokes synaptic up-scaling, we performed RNA-seq as well as global 

run-on sequencing (GRO-seq) in mouse cortical neurons before and after TTX treatment and 

identified 73 genes whose expression is reproducibly upregulated by TTX-mediated activity 

blockade. One gene in particular, Neuronal pentraxin-1 (Nptx1) was found to be necessary 

for the TTX-induced scaling effect, fitting with its known role in promoting the clustering of 

AMPARs (Sia et al., 2007; Xu et al., 2003). Further characterization of the Nptx1 induction 

mechanism revealed that calcium-regulated transcription factors appear to mediate this 

pathway, and we discovered that the T-type VGCCs initiate this pathway, providing insight 

into a role for this channel in neuronal activity-dependent gene regulation.

Results

Genome-wide identification of genes that are upregulated in response to TTX

To examine the transcription program that specifically mediates TTX-induced homeostatic 

scaling, we performed RNA-seq analysis from neuron cultures treated with TTX for 2 h or 6 

h at days in vitro (DIV) 12. We reasoned that since Actinomycin D blocked TTX-induced 

homeostatic up-scaling (Ibata et al., 2008), genes whose expression is increased upon 

activity suppression might be functionally implicated in the process. As a control, we also 

treated neurons with Bic for the same time periods to ensure the neurons are 

transcriptionally responsive to bi-directional activity manipulations (Figure 1A). We took the 

data from two biological replicates and identified differentially regulated genes at FDR < 

0.05 and a fold change cutoff of 1.25 (see methods). A total of 73 genes were reproducibly 

induced by TTX whereas the Bic-mediated synaptic activity burst induced 888 genes at 

either time point. These two gene sets showed little overlap, suggesting that gene induction 

in response to TTX and Bic are mediated by distinct pathways. (Figure 1B). However, a 
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large fraction of each gene set showed bi-directional changes, such that genes induced by 

TTX tend to be downregulated by Bic and vice versa (Figure 1C). Under our filtering 

criteria, 28 out of 73 TTX-induced genes are significantly down-regulated by Bic (Fig. 

S1C). If TTX-induced genes were to actively mediate synaptic up-scaling through 

promoting AMPAR expression and/or trafficking to the surface, their expression should be 

decreased when neuronal activity is chronically increased, otherwise their gene products 

would functionally interfere with the synaptic down-scaling process. In principle, gene 

expression changes in any direction could be functionally relevant to homeostatic plasticity. 

Our data identifies members of the cadherin family, such as Chd10 and Pcdh20, to be 

bidirectionally regulated, with their expression decreasing in response to TTX and 

increasing in response to Bic (Table S1), and cell adhesion molecules, including N-cadherin 

(Chd2), have been previously implicated in scaling (Fernandes and Carvalho, 2016). 

Stargazin (Cacng2), a gene that is downregulated in response to Bic, has previously been 

identified as having a role in scaling in the visual cortex (Louros et al., 2014).

Gene ontology analysis of TTX-induced genes did not show strong enrichment of any 

particular functional category, but instead distributed throughout diverse functional 

categories such as MAPK signaling, RNA metabolism, and transcription (Figure 1D). 

Notably, when compared to a well-curated list of Autism susceptibility genes, 7 out of the 73 

TTX-induced genes have been implicated in ASDs: Auts2, Cacna1h, Bbs4, Fan1, Ogt, 
Smg6, and Upf2, and previously published studies identified associations of another 5 genes, 

including Nptx1, with disorders like schizophrenia and bipolar disorder (Table S2)

(Fernandez-Enright et al., 2014; Girirajan et al., 2013; Howerton et al., 2013; Ionita-Laza et 

al., 2014; Kalscheuer et al., 2007; Nguyen et al., 2013; Rajkumar et al., 2015; Sanders et al., 

2013; Shinkai et al., 2002; Splawski et al., 2006; Sultana et al., 2002). The observed 

association of TTX-induced genes with psychiatric disorders suggests that activity 

suppression-induced gene expression might be important for proper cognitive function.

Among the 73 TTX-induced genes, we have chosen 8 candidate genes (Auts2, Cacna1h, 
Rps6ka5, Nos1, Elk1, Mical3, Txnip, and Nptx1) for further analysis, in parallel with 

traditional immediate early genes like Arc and c-fos that show strong induction in response 

to Bic (Figure 1E–1G). Manual reverse transcription qPCR (RT-qPCR) was able to confirm 

the changes seen in the genome-wide data (Figure S1). A more extensive time course 

experiment revealed that there are roughly two groups of genes based on their induction 

kinetics, with one group peaking at about 6 h of TTX treatment, while another increases 

until 24 h (Figure S2). While the significance of the different kinetics of the two groups is 

unknown, this is reminiscent of the transcription induction profiles in response to an increase 

in neuronal activity (e.g., Bic or KCl treated condition), where rapid induction of immediate 

early genes is followed by a second wave of transcription of slowly induced genes (Flavell 

and Greenberg, 2008). The slower overall expression kinetics of TTX-induced genes also fit 

nicely with the previously shown time window for TTX-induced scaling of 4 – 48 h.

To examine the transcriptional response to activity suppression more directly, we used GRO-

seq to globally measure actively transcribed genes in response to TTX treatment. For the 73 

genes that we identified as TTX-inducible based on mRNA-seq, we find that most of them 

also show a similar increase in transcription levels determined by GRO-seq (Figure 2A and 
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2B). As GRO-seq only detects nascent transcription activity of RNA polymerase II 

(RNAPII) during the nuclear run-on (NRO) procedure, it generally shows faster expression 

kinetics than mRNA-seq. Of note, several genes identified in our list are extremely long 

genes with multiple isoforms. One such gene, Auts2, showed only a slight increase by GRO-

seq when looking at the longest isoform, but two of the shorter isoforms (uc008zut.1 and 

uc008zuu.1) showed much higher induction (Figure 2C), suggesting isoform specific 

changes in expression in response to activity suppression. Additionally, by using primers 

targeting intronic regions to detect nascent transcripts, we measured the levels of Nptx1, 
Auts2, and Txnip pre-mRNAs and saw induction upon treatment with TTX (Figure 2D). In 

parallel, we examined whether changes in mRNA stability would also contribute to the 

TTX-induced increase in mRNA levels (Figure 2E). We blocked RNAPII transcription in 

TTX-pretreated or untreated control neurons by adding Actinomycin D, and monitored the 

decay rate of several candidate RNAs. Among tested genes, Elk1 and Mical3 showed a 

noticeable increase in mRNA stability when neurons were treated with TTX, but the rest of 

the tested genes showed little change in their mRNA stability. Taken together, our combined 

analysis of RNA-seq and GRO-seq strongly suggest that neurons have an intrinsic 

transcription network that can be induced in the absence of action potentials.

Nptx1 is necessary for homeostatic upregulation of synaptic strength

To evaluate the functional significance of the transcriptional response in neurons under 

activity blockade, we tested one of our candidate genes, Nptx1 for its role in synaptic up-

scaling. NPTX1 protein (also known as NP1) plays a role in clustering AMPARs at the cell 

surface, which may imply its function in synaptic scaling. In addition to an increase in RNA 

levels, the total protein level of NP1 increased over time, but peaked at about 24 h of TTX 

treatment (Figure 3A), supporting the idea that this protein could be playing a role in 

increasing synaptic strength. We further observed an increase in surface expression of NP1 

protein in neurons treated with TTX for 24 h (Figure 3B). To directly test the functional role 

of NP1 in homeostatic scaling, we measured AMPAR mEPSC amplitudes and frequencies in 

dissociated hippocampal cultures after knocking down Nptx1. While TTX treatment of 

neurons with the scrambled control for 24 h significantly increased AMPA-mediated 

mEPSC amplitude without a significant change in mEPSC frequency (Scr, veh: 6.04 ± 1.41; 

Scr, TTX: 8.83 ± 2.60; n.s. via Tukey’s multiple comparisons test), knockdown of Nptx1 
blocked this increase in mEPSC amplitude (Figure 3C and 3D). However, there was no 

difference in the cumulative distributions of mEPSC amplitude between neurons infected 

with the scrambled control and Nptx1 knockdown in the vehicle condition, illustrating that 

the knockdown does not change baseline AMPAR surface expression (Figure 3E and 3F, p = 

0.17 via K-S test. D = 0.4). Conversely, sustained over-expression of NP1 protein alone 

caused a significant increase in AMPAR amplitude, occluding the effect of TTX treatment 

(Figure S3A and S3B). There were no significant changes in mEPSC frequency when NP1 

was knocked down or overexpressed (Scr, vehicle: 6.04 ± 1.41; KD, veh: 7.72 ± 2.37; OE, 

veh: 9.88 ± 1.36; n.s. via Tukey’s multiple comparisons test). These results suggest that the 

TTX-induced increase in NP1 is functionally important for the homeostatic synaptic up-

scaling process and also that the precise level of NP1 within the cell is critical for 

maintaining proper AMPAR levels at the surface.
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SRF and ELK1 mediate TTX-dependent Nptx1 induction

We next conducted a screen of several activity-regulated transcription factors (SRF, CREB, 

MEF2A, or MEF2D) in cortical neurons to see if any were necessary for Nptx1 induction. 

While knocking down CREB and MEF2A individually showed a slight decrease in the TTX-

dependent induction of Nptx1, MEF2D knockdown had no effect (Figure S4A and S4B). 

Notably, knockdown of SRF significantly impaired the induction of several candidate genes, 

Nptx1, Rps6ka5 and Auts2 (Figure 4A and S5A). These activity-regulated transcription 

factors have been extensively characterized for their roles in transcription when neural 

activity is increased (Flavell and Greenberg, 2008). Their activities are tightly regulated by 

various calcium-dependent signaling pathways triggered by influx of extracellular calcium 

through the NMDAR and/or L-VGCC. However our finding suggests that at least some of 

these transcription factors might also promote transcription under the opposite condition 

when neural activity is chronically suppressed.

SRF has been known to work with other co-factors to convert specific signal inputs into 

differential gene activation (Knoll and Nordheim, 2009). The two best characterized co-

factor families are the ternary complex factors (TCFs) and members of the myocardin family 

(MRTF). Both MAPK and Ca2+ signaling have been shown to regulate the activity of TCFs 

through extensive phosphorylation. Actin signaling dynamically controls MRTF trafficking 

in which monomeric G-actins sequester them in the cytoplasm whereas filamentous F-actins 

trigger translocation of MRTFs into the nucleus to drive transcription with SRF. MRTFs are 

mainly composed of MRTF-A and MRTF-B, and Ternary complex factors (TCFs) are made 

up of ELK family members. Based on our RNA-Seq data, MRTF-A (Mkl-1), MRTF-B 

(Mkl-2), ELK1 (Elk1), and ELK4 (Elk4) are highly expressed in cortical neurons, while 

ELK-3 (Elk3) is expressed at an extremely low level (Figure S5B). In order to determine 

which co-factor(s) is required for SRF-mediated transcription of the Nptx1 gene, knockdown 

of both MRTF-A and MRTF-B with an shRNA targeting a common region between the two 

genes, and knockdown of ELK1 or ELK4 was performed in cortical cultures. Despite similar 

knockdown efficiency of each of the factors (Figure 4B and S5C), only knockdown of ELK1 

impaired the TTX-mediated induction of Nptx1, suggesting that the activating signal to 

increase Nptx1 expression works through the SRF cofactor ELK1 (Figure 4B). Interestingly, 

Elk1 is the only co-factor gene that shows increased expression in response to TTX, which 

might be due to an increase in mRNA stability (Figure 1E, 2E, and 4B). ELK1 knockdown 

also blocked induction of Auts2 and Cacna1h (Figure S5D). Therefore, ELK1 also 

participates in the TTX-dependent transcriptional induction possibly in conjunction with 

SRF.

In order to determine if the Nptx1 gene is a direct target of SRF, we examined the promoter 

and enhancer regions of the Nptx1 gene for SRF binding. We used the histone H3 lysine 27 

acetylation (H3K27Ac) profiles recently determined for neuron cultures treated with 55 mM 

KCl or TTX to identify potential enhancer regions near the Nptx1 gene, as H3K27Ac is a 

marker for active enhancers (Malik et al., 2014). Based on these profiles, we identified one 

potential enhancer downstream of Nptx1 (E1; Figure 4C). The H3K27Ac level was high at 

this enhancer under TTX-mediated activity suppression (overnight treatment of TTX) but 

then decreased when neurons were depolarized by KCl, implying that the enhancer became 
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activated by activity blockade. Further supporting this idea, qRT-PCR primers directed 

against this region detected enhancer RNAs (eRNAs) that were induced in response to TTX 

(Figure 4D). As eRNAs have been shown to be a reliable marker of active enhancers within 

a given cell type (Kim and Shiekhattar, 2015), this also suggests that this region is an 

enhancer that is activated in response to activity suppression. To address whether this was a 

feature common to enhancers of TTX-induced genes, we compared the peaks that decreased 

in response to KCl genome-wide with our list of TTX-induced genes. Out of ~2000 

H3K27Ac peaks that decreased in response to KCl, 600 genes were found within 10 kb of a 

peak, including 12 of our TTX upregulated genes (Figure 4E, left). Expanding the distance 

to within 50 kb of an H3K27Ac peak, there were 2130 genes identified, 22 of which 

overlapped with our 73 TTX-upregulated genes (Figure 4E, right), including Txnip, Nos1, 

and Syt13 (Figure S6A). The overlaps at both distances are significant (p=0.0001689 and 

p=0.0031693, respectively). This analysis suggests that there might be a genome-wide 

epigenetic mechanism to regulate the activity of a large number of enhancers, which in turn 

promotes transcriptional induction of specific gene sets in response to low activity levels.

We also looked for Serum Response Elements (SREs) containing the motif of CC(A/T)6GG 

in the genomic regions surrounding the Nptx1 locus, using the Regulatory Sequence 

Analysis Tool (RSAT) (Miano, 2003; Thomas-Chollier et al., 2011). There are two canonical 

SRE sites, the first is ~20 kb downstream of Nptx1 (SRE1), and the second ~10 kb upstream 

of Nptx1 within an H3K27Ac peak present in the forebrain early in development (SRE2) 

(Figure 4C and S6B) (Nord et al., 2013). When allowing for 1 mismatch in the motif, there 

is another potential SRE found within an intron (Intron; Figure 4C) of Nptx1 that is highly 

conserved evolutionarily. Our ChIP analysis revealed that the SRF binding level increases ~ 

2 fold in response to TTX at the site within the intron of Nptx1 (Figure 4F). These results 

suggest that SRF is directly regulating the transcriptional induction of Nptx1 in response to 

activity suppression. We also observed TTX-induced ELK1 binding at the potential 

downstream enhancer (E1), suggesting that this cofactor is also directly affecting Nptx1 
transcription (Figure 4G).

Calcium-mediated signaling through T-type VGCC is critical for TTX-induced transcription

Previous studies suggested that TTX-induced synaptic up-scaling can be mimicked by a 

reduction in calcium (Ca2+) influx through the L-type channel or by reduced activity of 

CaMKK and CaMKIV (Ibata et al., 2008; Turrigiano et al., 1998). However, we found that 

influx of extracellular calcium is necessary to activate the TTX-specific nuclear signaling. 

Pre-treatment of neurons with the calcium chelator, EGTA, or a cell permeable form of the 

compound, EGTA-AM, that only becomes active once inside the cell, was able to block the 

induction of Nptx1 in response to TTX (Figure 5A).

To determine the source of calcium entry, we then tested inhibitors of calcium channels 

important for nuclear gene expression upon an increase in neural activity: NBQX, a selective 

inhibitor of AMPARs, AP-5, an inhibitor of NMDARs, and nimodipine, a blocker of the L-

type VGCC. Interestingly, none of these compounds were able to block TTX-mediated 

Nptx1 induction, even though they were all, to varying degrees, able to block Arc induction 

by Bic (Figure 5B). Next, we pretreated neurons with cadmium (Cd2+), a general VGCC 
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blocker, before addition of TTX, and observed a dose-dependent decrease in Nptx1 
induction (Figure 5C). To elucidate which VGCC is regulating the induction of genes during 

TTX treatment, we tested inhibitors of all known VGCCs (L-, N-, P/Q-, R-, and T-type 

VGCCs), and found that only T-Type VGCC blockers, NNC 55–0396 dihydrochloride, 

Mibefradil, and TTA-A2 significantly inhibited the Nptx1 induction in response to TTX 

(Figure 5D and 5E). All three subtypes of the T-VGCC are expressed in our cortical 

neuronal culture: CaV3.1 (Cacna1g), CaV3.2 (Cacna1h), and CaV3.3 (Cacna1i). One in 

particular, Cacna1h is also induced in response to TTX, and has been implicated in ASD 

(Figures 1, 2, and S7A, and Table S2). Knockdown of Cacna1h or treatment with the T-type 

blocker TTA-A2 was able to block induction of several TTX-induced genes in addition to 

Nptx1 (Figure 5F, Figure S7B, and S7C)

Furthermore, TTA-A2 blocked the TTX-induced increase in AMPA-mediated current, 

suggesting that the T-VGCC is also functionally required for homeostatic synaptic up-

scaling (Figure 6A). Unlike other VGCCs (L-, R-, N-, P/Q-types), the T-VGCC is a low-

voltage activated (LVA) channel that can operate even when Na+ channels are blocked by 

TTX (Iftinca and Zamponi, 2009). The T-VGCC only opens within a small voltage window 

near resting membrane potential (Iftinca and Zamponi, 2009; Tsien, 1998). If the T-VGCC 

activity is required for mediating gene induction in the TTX treated condition, mild 

depolarization of neurons to potentials past the channel’s window current should block the 

induction seen with TTX. To test this idea, the external K+ concentration was raised from 5 

mM to 11 mM KCl during the TTX exposure, and we found that indeed, this was able to 

completely block the induction of Nptx1 and Auts2, while there was no effect with an 

increase of NaCl (Figure 6B). This result is consistent with the premise that T-VGCC 

channels are responsible for this induction. We next performed a time course experiment 

with the T-VGCC blocker NNC 55–0396 which revealed that the inhibitory effects of T-

VGCC block decrease with greater delay in drug treatment (Figure 6C). This suggests that 

prolonged channel activity throughout the duration of activity suppression mediates the 

upregulation of TTX-induced genes. This is in contrast to the gene induction in response to 

an increase in activity, in which an immediate early phase of calcium signaling through the 

L-VGCC and/or NMDAR following the activity increase seems critical for ensuring late 

long-term potentiation (LTP) (Deisseroth et al., 1996; Saha et al., 2011; West et al., 2002).

To further characterize the calcium signaling pathway, we tested the necessity of 

components of the MAPK signaling pathways, as MAPK signaling is known to regulate 

ELK1/SRF transcription (Hill et al., 1993), and components of this pathway were identified 

in our GO analysis (Figure 1D). However, different inhibitors of this pathway did not show 

significant effects on Nptx1 induction (Figure S8A). A previous study showed that inhibition 

of CaMKIV, through blocking its upstream kinase CaMKK with STO-609, or a drop in 

somatic calcium influx through the L-VGCC, was sufficient to induce synaptic up-scaling in 

a manner similar to TTX (Ibata et al., 2008). However addition of STO-609 alone or 

together with TTX had no significant effect on the expression of Nptx1 and other TTX-

induced genes (Figure S8B). On the other hand, the CaMKII inhibitor KN-62 alone was 

sufficient to cause Nptx1 induction to a level similar to TTX and also occluded the effect of 

TTX (Figure S8C). Three additional TTX-induced genes showed a similar increase in their 

mRNA levels by KN-62 alone, suggesting KN-62 alone is sufficient to mimic these TTX-
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induced transcriptional changes. Blocking the L-VGCC and NMDAR individually induces 

Nptx1 and Auts2 expression as well, similar to when activity is suppressed by TTX (Figure 

6D). The gene expression driven by these treatments is also commonly inhibited by blocking 

the T-VGCC, which suggests a common mechanism (Figure 6E). Therefore, the TTX-

induced transcription program we have defined is related to the signaling pathway 

previously characterized for synaptic up-scaling (Ibata et al., 2008; Turrigiano et al., 1998), 

and T-VGCC activity is required for this TTX-induced transcription program.

Gene induction occurs during activity suppression in vivo

Homeostatic scaling has been shown to occur in layer 2/3 (L2/3) pyramidal neurons of the 

visual cortex upon visual deprivation (Goel and Lee, 2007; Lambo and Turrigiano, 2013; 

Maffei and Turrigiano, 2008). In order to see whether the synaptic up-scaling observed in 

the visual cortex is accompanied by a transcriptional response during dark rearing (DR), we 

housed mice in the dark for 24 h and then measured RNA levels in the visual cortex 

compared to mice that were housed in a normal 12 h light/dark cycle (Figure 7A). While the 

DR condition led to a significant decrease in the expression of activity-induced genes such 

as c-fos and Arc, a subset of TTX-induced genes, including Nptx1, were upregulated (Figure 

7B). In addition to an increase in RNA levels, we also observed an increase in NP1 protein 

levels by both western blot and immunohistochemistry in the visual cortex following 3 d of 

DR (Figure 7C and 7D). Though dark rearing represents a physiological method to induce 

synaptic scaling, it does not suppress all spontaneous action potentials in the retina (Hengen 

et al., 2016). In order to better reproduce the in vitro findings, we performed intraocular 

injections of TTX, which silence all activity coming from the retina, and has previously been 

shown to trigger scaling up of AMPAR activity in the visual cortex (Desai et al., 2002; 

Frenkel and Bear, 2004) This alternative visual deprivation protocol was also able to show 

an increase in most of the tested TTX-induced genes in a more reliable manner than the 

dark-rearing paradigm (Figure 7E). Taken together, these results indicate the existence of an 

intrinsic transcription program that can induce expression of specific genes in response to 

activity suppression in vivo.

Discussion

In this study, we have identified a transcriptional program that is activated in response to 

neuronal activity-suppression and drives a homeostatic increase in synaptic strength. This 

program requires T-VGCC-dependent Ca2+ signaling and the function of activity-regulated 

transcription factors like SRF and ELK1. Transcriptional induction during neuronal 

inactivity appears to be an important process for homeostatic plasticity as one of the genes 

induced by activity blockade, Nptx1 is necessary and sufficient to increase AMPAR 

amplitude.

Homeostatic scaling is crucial for proper neuronal function and maintaining balance 

between excitation and inhibition. This is highlighted by the fact that several models of 

psychiatric disorders show deficits in scaling (Wondolowski and Dickman, 2013). 

Importantly, multiple genes in our list of TTX-induced genes have also been linked to 

neurological disorders such as ASD and schizophrenia (Table S2), which further implies a 
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functional relevance of this program. Auts2 has gained attention recently as an autism 

susceptibility gene (Gao et al., 2014), as well as Cacna1h, which encodes a subtype of T-

VGCC that we have shown to be the critical VGCC mediating this response. Other genes in 

our list have also been implicated previously in homeostatic scaling. Rps6ka5 encodes a 

kinase (MSK1) that is necessary for TTX-induced scaling, and Nos1, a gene linked to 

schizophrenia, was recently identified in a study looking at transcriptional changes after 

long-term (48 h) treatment of TTX, although no functional studies for this gene were 

performed (Correa et al., 2012; Lee and Chung, 2014).

Recent studies suggest that activity-dependent changes in DNA methylation levels mediated 

by enzymes such as DNA methyltransferase (DNMT) or the Ten-eleven translocation (Tet) 

family protein, Tet3 are a critical mechanism of synaptic scaling (Meadows et al., 2015; 

Nelson et al., 2008; Yu et al., 2015). However, how these enzymes selectively alter the 

expression of genes related to synaptic scaling have not been demonstrated. When neural 

activity is suppressed, many of the activity-induced genes show a slightly dampened 

expression compared to the basal culture condition, which could also be related to the 

neuron’s compensatory response to maintain a stable firing rate. For example, chronic 

activity blockade of hippocampal neurons resulted in an overall reduction of potassium 

current with a concomitant decrease in expression levels of voltage-gated KV1 and KV7 

potassium channels, which was explained as a mechanism for the homeostatic increase in 

intrinsic excitability (Lee et al., 2015).

The transcription program characterized in our study appears to be related to the previously 

defined signaling pathway as we observed that pharmacological inhibition of the L-VGCC 

or NMDAR alone could mimic the gene induction mediated by TTX (Figure 6D). A time 

course experiment of the T-VGCC inhibitor, NNC 55–0396 further elucidates that the 

continuous activity of T-VGCC for a prolonged period of time might underlie gene induction 

(Figure 6C). These results could further imply that the tonic activity or signaling of the T-

VGCC at rest might be suppressed or overridden by other calcium channel activities such as 

the L-VGCC and NMDAR. The T-VGCC signaling to the nucleus might then become 

effective when the other calcium channel activities are directly inhibited by specific blockers 

or when neuronal firing is silenced by TTX.

Knockdown of Nptx1 was able to block the TTX-induced scaling up of synaptic strength, 

which suggests a functional relevance of gene induction. A previous study proposed that 

Nptx1 might be a proapoptotic gene based on the findings that it is overexpressed in 

cerebellar granule cells (CGNs) cultured with a low potassium concentration that causes cell 

death and that reducing Nptx1 mRNA significantly attenuated cell death (DeGregorio-

Rocasolano et al., 2001). A subsequent study in rat cortical neurons described that 

knockdown of Nptx1 increases the number of excitatory synapses and neuronal excitability, 

suggesting a function in the negative regulation of excitatory synaptic plasticity (Figueiro-

Silva et al., 2015). These functions of Nptx1 are ostensibly incompatible with the previously 

defined role of Nptx1 in AMPAR clustering and potentiating postsynaptic response, as well 

as our finding in homeostatic synapse up-scaling. We speculate that the previous studies and 

ours examine different stages of physiological consequences that might result from 

alterations in Nptx1 levels. Our study investigates the early stage (12 – 24 h) of homeostatic 
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synapse plasticity initiated by activity blockade at which point we only observed increased 

AMPAR amplitude and ~ 2 – 2.5 fold increases in Nptx1 mRNA and protein levels peaking 

at 6 h and 24 h, respectively. During this period, Nptx1 knockdown blocked the TTX-

induced scaling up of synaptic strength. On the other hand, a prolonged period of activity 

suppression (e.g., TTX treatment for 2 d or even longer) or Nptx1 knockdown might force 

neurons to trigger additional, more drastic homeostatic responses such as changes in 

intrinsic excitability, presynaptic release probability or even synapse numbers (Bacci et al., 

2001; Burrone et al., 2002; Murthy et al., 2001), in which Nptx1 might also be functionally 

involved. Chronic activity blockade by TTX has been widely used and does not cause any 

significant cell death for at least a few days. The previously shown proapoptotic function of 

Nptx1 was studied in CGNs under low potassium concentration which caused 40% cell 

death within 24 hours and also induced a much more dramatic increase of Nptx1 mRNA and 

protein. We think that a mild increase in Nptx1 levels during the early period of activity 

blockade is a physiologically important process for a neuron’s homeostatic synaptic 

plasticity.

Nptx1 induction was mediated through the activity of the transcription factors SRF and 

ELK1, which have a well-known role in transcription in the opposite scenario when activity 

is increased. Although to a lesser degree, other activity-regulated transcription factors such 

as CREB and MEF2A appear to participate in the transcription program in response to 

activity blockade as well (Figure S4). These findings provide important insight into the 

understanding of the activity-regulated transcription program in neurons, showing that at 

least some transcription factors can engage in transcriptional induction in two opposing 

conditions – when neural activity is high or low. Despite the bi-directional function of 

transcription factors, our RNA-seq data shows that each activity condition induces a distinct 

set of genes, suggesting that those bi-directional transcription factors might coordinate with 

condition-specific factors to confer the target gene specificity. Therefore, it would be 

interesting to determine a more comprehensive list of transcription factors for their unique or 

specialized role in the transcription program at rest.

Our findings suggest a key function of the T- VGCC in homeostatic synaptic plasticity 

through the regulation of nuclear transcription. T-VGCCs are abundant in hippocampal 

neuronal dendrites along with other key VGCCs (Kavalali et al., 1997; Magee and Johnston, 

1995). However, they are also unique among the VGCCs as these channels are low-voltage 

activated (LVA) channels, while the other types (L-, R-, N-, P/Q-types) are high-voltage 

activated (HVA) (Randall and Tsien, 1997). The T-VGCC can operate even when Na+ 

channels are blocked by TTX (Iftinca and Zamponi, 2009). Compared to HVAs, T-VGCCs 

open in response to smaller depolarizations, have smaller conductances, and exhibit rapid 

gating kinetics. After opening, these channels rapidly inactivate such that they only operate 

over a small voltage window near resting membrane potential. Recovery from inactivation is 

facilitated by a brief hyperpolarization, at which point they may exhibit bursting activity. 

These properties make T-type calcium channels ideal candidates to produce calcium signals 

near resting potential (Iftinca and Zamponi, 2009; Tsien, 1998). Our findings further suggest 

that these properties would also make the T-VGCC ideal for transmitting the signal to the 

nucleus when neural activity is suppressed. The identification of this channel as a regulator 
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of gene expression opens up a new avenue of research in understanding the role of the T-

VGCC in neuronal function.

Experimental Procedures

Cell culture

All experiments carried out with the use of animals were reviewed and approved by the 

IACUC committee at University of Texas Southwestern Medical Center. Primary cortical 

cultures were made from embryonic day 16–18 (E16/18) mice, and they were grown in 

Neurobasal media supplemented with B-27 and Glutamax. AraC was added at DIV6 to 

prevent glial proliferation. Cells were used in experiments on days in vitro (DIV) 12–15, as 

indicated. Hippocampal cultures were made from postnatal day 1–3 (P1–3) rat pups, and 

cultured as described previously (Kavalali et al., 1999).

Whole cell voltage clamp recordings

At DIV14-18, dissociated hippocampal cultures were voltage-clamped at −70 mV, as 

previously described (Reese and Kavalali, 2015), using an Axon Instruments Axopatch 

200B amplifier. For detailed procedures, see the supplemental experimental methods.

RNA-seq

Total RNA was extracted using Trizol reagent (Life Technologies) and the library was 

prepared using the TruSeq RNA Library Preparation Kit (Illumina) according to the 

manufacturer’s instructions. The analysis procedure is described in the supplemental 

experimental methods.

GRO-seq

GRO-seq was carried out as previously described (Core et al., 2008; Hah et al., 2011) with 

modifications (Danko et al., 2013; Lam et al., 2013), using 10 million nuclei per sample. 

Detailed procedures are described in the supplemental experimental methods.

qRT-PCR

Total RNA was extracted from neurons using Trizol reagent (Life Technologies) according 

to the manufacturer’s protocol. cDNA made with the high-capacity reverse transcription kit 

(Life Technologies), and amplification was performed with SybrGreen (Life Technologies) 

using the primers indicated in the supplemental experimental methods.

Visual Cortex experiments

For all visual cortex experiments, male C57Bl6/J mice were used at P21–25. For detailed 

procedures, see the supplemental experimental methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RNA-Seq identifies a subset of genes upregulated in response to TTX
(A) A heatmap demonstrating the expression of genes that are regulated by either TTX or 

Bic at 2 h or 6 h of indicated treatments in cortical neurons. The 2 h and 6 h columns each 

contain two lanes showing replicates of the indicated treatments. (B) Venn diagram showing 

the overlap between TTX and Bic upregulated (left) and downregulated (right) genes. (C) 
Box plots of the Log2 values for TTX upregulated genes (left) or Bic upregulated genes 

(right) in each different condition normalized to the unstimulated (UN) condition. A grey 

dotted line is present at 0 to represent no change. (D) Select GO terms identified for the TTX 
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upregulated genes. (E) Genome browser views of example genes that are upregulated by 

TTX: Nptx1, Rps6ka5, Auts2, Cacna1h. (F) Genome browser views of an example gene that 

is upregulated in response to Bic: Arc. (G) Graphs displaying the reads per kilobase of 

transcript per million mapped reads (RPKM) values of the example genes for the indicated 

conditions. See also Figure S1 and S2.
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Figure 2. GRO-Seq confirms an active transcription program in response to activity-suppression
(A) Heatmap of the 73 TTX-upregulated genes identified by mRNA-seq, showing their 

expression normalized to unstimulated. Each time point shows the data of two biological 

replicates. (B) Genome browser views showing the global nuclear run-on sequencing (GRO-

Seq) tracks aligned with 4 of the candidate genes in response to 30 min, 2h, or 4h TTX 

treatment. Below the tracks are graphs displaying the RPKM values for each condition. (C) 
A genome browser view of the shorter isoforms of Auts2 (top), along with isoform specific 

RPKM values for the indicated time points (bottom). (D) qRT-PCR results from cells that 
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were treated with TTX for the indicated time points. pre-mRNA levels were measured for 

the indicated genes. n = 3 biological replicates. (E) RNA levels of the indicated genes after 

treatment with Actinomycin D (Act D) for the indicated time points, with or without a 15 

min pretreatment with TTX. n = 3 biological replicates. Error bars represent SEM. *, 

p<0.05. p values were determined by a two-way ANOVA.
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Figure 3. Nptx1 is functionally important for homeostatic scaling
(A) Western blot of NP1 and β-actin expression in cortical neurons that were treated with 

TTX for the indicated time points (top) and the quantification of the induction (Bottom). n = 

3 biological replicates. (B) Staining of surface NP1 levels on neuronal dendrites in 

unstimulated (UN) or TTX treated (24h) conditions, with the quantification below. n = 13 

and 15 dendrites for UN and TTX conditions, respectively. (C,D) Example traces, 

cumulative probability histograms, and rank order plots of AMPA-mediated mEPSC 

amplitudes from cells treated with either vehicle or TTX after infection with the scrambled 
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control (C) or NP1 knockdown (D). Scramble vehicle (n = 9) vs Scramble TTX (n = 8) p = 

1.5×10−74, D = 0.31. Knockdown vehicle (n = 7) vs Knockdown TTX (n = 8) p = 7.3×10−5, 

D = 0.08. (E) The cumulative probability histograms from vehicle-treated conditions of 

either the scrambled or knockdown cells from (C) and (D) overlaid. p = 0.03, D = 0.17. See 

also Figure S3. (F) Representative western blot of the efficiency of NP1 knockdown in the 

scaling experiments. *, p < 0.05; **, p < 0.01. p values determined by an unpaired Student’s 

t-test. Statistical significance between cumulative probability graphs was determined by the 

Kolmogorov-Smirnov test. Error bars represent SEM.
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Figure 4. SRF and its cofactor ELK1 regulate the expression of Nptx1
(A) qRT-PCR results from cells that were infected with the scrambled control or shSRF 

knockdown. Cells were left untreated (UN) or treated with TTX or Bic. n = 3 biological 

replicates. See also Figure S4. (B) qRT-PCR results from cells that were infected with an 

shRNA targeting the indicated co-factor family member (shMRTFA/B, shElk1, or shElk4) 

compared to a scrambled control. Cells were either left untreated or treated with TTX or Bic. 

n = 3 biological replicates. *, p < 0.05; **, p< 0.01; ***, p < 0.001. p values determined by a 

two-way ANOVA with Tukey’s multiple comparisons test. (C) A UCSC genome browser 
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view of the Nptx1 locus aligned with H3K27Ac ChIP-seq from Malik et al., 2014 and the 

RNA-Seq data from TTX treated cells. The qPCR primer sets used in the ChIP experiments 

below are labeled with black bars. SRE1 and 4 are potential Serum Response Elements 

(SREs) based on SRF’s consensus sequence. E1 aligns with the H3K27Ac peak, with the 

blue bar highlighting the decreasing peak. Intron amplifies an intronic conserved region. 

Neg1 is a negative control region upstream of Nptx1, while Neg2 is a negative control on 

another chromosome. See also Figure S6. (D) qRT-PCR results of an eRNA expressed from 

the potential enhancer region of Nptx1 in response to 6 h TTX treatment. n = 3 biological 

replicates. (E) Venn diagrams demonstrating the overlap of genes throughout the genome 

that were within 10 kb (left) or 50 kb (right) of a H3K27Ac peak that decreased in response 

to KCl and the 73 genes found to be significantly upregulated in response to TTX. p values 

determined by the hypergeometric test. (F and G) ChIP results of SRF binding (F) or ELK1 

binding (G) at the indicated loci around the Nptx1 gene. n = 4 biological replicates for the 

SRF ChIP, n = 3 biological replicates for the ELK ChIP. *, p < 0.05. p values determined by 

a two-way ANOVA with Tukey’s multiple comparisons test, comparing the primer set of 

interest with the negative region (Neg2). Error bars represent SEM.
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Figure 5. The T-type VGCC mediates Nptx1 induction in response to TTX treatment
(A) DIV14 cortical neurons were pretreated with EGTA or EGTA-AM before being treated 

with TTX for 4 h. Levels of Nptx1 were measured by qRT-PCR. The vehicle control for 

EGTA-AM is DMSO. (B) Expression levels of Nptx1 and Arc were measured with qRT-

PCR from cortical neurons that were pretreated with NBQX, AP-V, or Nimodipine (Nimo) 

before treatment with TTX or Bic. (C) Cortical neurons were pretreated with 100 µM or 200 

µM Cadmium (Cd2+) before treatment with TTX, or treated with 200 µM Cd2+ alone. n = 3 

biological replicates. (D) Cortical neurons were pretreated with Nimodipine (Nimo), ω-
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Agatoxin IVA (ω-Aga), ω-Conotoxin GVIA (ω-Cono), or SNX-482 before treatment with 

TTX or Bic. Vehicle is DMSO. n = 3 biological replicates. (E) Blockers of the T-VGCC, 

NNC 55-0396 (NNC), Mibefradil, or TTA-A2, were used to pretreat cortical neurons for 15 

min before treatment with TTX. n = 5 biological replicates. In all of the above bar graphs, 

black bars represent untreated cells. Dark grey bars represent cells treated with TTX and 

pretreated with the indicated compounds. Light grey bars represent cells treated with Bic and 

pretreated with the indicated compounds. See also Figure S7. (F) Cells were infected with a 

lentivirus containing either an shRNA targeting the CaV3.2 gene (shCacna1h) or a 

scrambled control. The levels of the indicated genes were measured by qRT-PCR. n = 3 

biological replicates. *, p < 0.05; **, p< 0.01; ***, p < 0.001. p values determined by a one-

way ANOVA using Dunnett’s multiple comparisons test, except for (F) where multiple t 

tests were performed and statistical significance was determined using the Holm-Sidak 

multiple comparison test.
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Figure 6. The T-VGCC is necessary for scaling
(A) Example traces, cumulative probability histograms, and rank order plots of cells that 

were pretreated with either TTA-A2 or vehicle, and then treated with TTX for 24 h. n = 9 

cells for the untreated condition, n = 10 cells for both TTX treated conditions. TTA-A2/TTX 

vs vehicle/TTX (n = 10 cells each) p = 2.11×10−27, D = 0.185. Vehicle/TTX vs untreated (n 

= 9 cells) p = 4.79×10−6, D = 0.08. Statistical significance between cumulative probability 

graphs was determined by the Kolmogorov-Smirnov test. (B) Cells were pretreated with 6 

mM KCl or 6 mM NaCl before the addition of TTX for 6 h. (C) The T-VGCC blocker was 
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added either 15 min before the addition of TTX, or 30 min, 2 h, or 4 h after the addition of 

TTX. The total time of TTX treatment was 6 h. Nptx1 and Auts2 RNA levels were measured 

with qRT-PCR. (D) Neurons were treated with the indicated blockers for 6 h, and the RNA 

levels of the indicated genes were measured with qRT-PCR. (E) Cells were pretreated with 

the VGCC blocker TTA-A2, before the addition of the NMDAR or L-VGCC blocker. RNA 

levels of the indicated genes were measured with qRT-PCR. For bar graphs, *, p < 0.05; **, 

p < 0.01. p values determined by a one-way ANOVA using Dunnett’s multiple comparisons 

test. Error bars represent SEM.
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Figure 7. Nptx1 is induced in vivo
(A) A schematic timeline of the dark rearing behavior experiment. Mice were either housed 

in normal 12 h dark-light cycle or placed in a completely dark chamber for 24 h. (B) qRT-

PCR results of the indicated genes that are induced in the visual cortex in response to dark 

housing for 24 h. n = 3 biological replicates. (C) Staining of the visual cortex with an 

antibody against NP1, costained with the nuclear marker, DAPI. Images taken at 10X 

magnification. (D) Western blot results from the visual cortices of mice that were dark 

reared for 3 d compared to those reared in a normal light/dark cycle. Quantification of the 
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western blot results of NP1 normalized to β-actin. n = 5 biological replicates. (E) qRT-PCR 

results of the visual cortices of mice that were injected intraocularly with either PBS or 

TTX. n = 4 biological replicates. *, p < 0.05; **, p < 0.01; ***, p < 0.001. p values were 

determined with an unpaired Student’s t-test for dark rearing experiments. p values for the 

intraocular injections were determined using a paired t-test. Error bars represent SEM.
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