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Abstract

Tumor necrosis factor alpha (TNF) has sleep regulatory and brain development roles. TNF 

promotes sleep in vivo and in vitro while TNF inhibition diminishes sleep. Transmembrane (tm) 

TNF and the tmTNF receptors (Rs), are cleaved by tumor necrosis factor alpha convertase to 

produce soluble (s) TNF and sTNFRs. Reverse signaling occurs in cells expressing tmTNF upon 

sTNFR binding. sTNFR administration in vivo inhibits sleep, thus we hypothesized that a wake-

like state in vitro would be induced by sTNFR-tmTNF reverse signaling. Somatosensory cortical 

neuron/glia co-cultures derived from male and female mice lacking both TNFRs (TNFRKO), or 

lacking TNF (TNFKO) and wildtype (WT) mice were plated onto six-well multi-electrode arrays. 

Daily one-hour electrophysiological recordings were taken on culture days 4 through 14. sTNFR1 

(0.0, 0.3, 3, 30, 60, and 120 ng/µL) was administered on day 14. A final one-hour recording was 

taken on day 15. Four measures were characterized that are also used to define sleep in vivo: 

action potentials (APs), burstiness index (BI), synchronization of electrical activity (SYN), and 

slow wave power (SWP; 0.25–3.75 Hz). Development rates of these emergent electrophysiological 

properties increased in cells from mice lacking TNF or both TNFRs compared to cells from WT 

mice. Decreased SWP, after the three lowest doses (0.3, 3 and 30 ng/µL) of the sTNFR1, indicate a 

wake-like state in cells from TNFRKO mice. A wake-like state was also induced after 3 ng/µl 

sTNFR1 treatment in cells from TNFKO mice, which express the TNFR1 ligand, lymphotoxin 

alpha. Cells from WT mice showed no treatment effects. Results are consistent with prior studies 

demonstrating involvement of TNF in brain development, TNF reverse signaling, and sleep 

regulation in vivo. Further, the current demonstration of sTNFR1 induction of a wake-like state in 
vitro is consistent with the idea that small neuronal/glial circuits manifest sleep- and wake-like 

states analogous to those occurring in vivo. Finally, that sTNF forward signaling enhances sleep 

while sTNFR1 reverse signaling enhances a wake-like state is consistent with other sTNF/tmTNF/

sTNFR1 brain actions having opposing activities.
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1. Introduction

Substantial evidence indicates that tumor necrosis factor alpha (TNF) is involved in sleep 

regulation in animals and humans (Rockstrom et al., 2017). Thus, injection of the 17 kD 

soluble form of TNF into rabbits (Kapas et al., 1992; Kapas and Krueger, 1992), rats (De 

Sarro et al., 1997; Kubota et al., 2002; Nistico, 1992), or mice (Fang et al., 1997) induces 

excess non-rapid eye movement sleep (NREMS). Mice lacking one or both TNF receptors 

(Rs) sleep less than wild type (WT) mice (Fang et al., 1997; Kapas et al., 2008). Brain or 

blood levels of TNF or TNF mRNA vary with sleep propensity, e.g. after sleep deprivation, 

TNF increases in brain (Taishi P, 1999) or blood (Haack et al., 2004). TNF protein 

concentrations are about 10-fold higher in the cerebral cortex and hippocampus, at the onset 

of light hours, the beginning of the rat sleep phase, compared to levels at the onset of dark 

hours (Floyd and Krueger, 1997). TNF is produced by neurons (Jewett et al., 2015) and glia 

(Frei et al., 1987; Ingiosi et al., 2013) and its production in neurons is neuron activity-

dependent. Thus, afferent activity into the somatosensory cortex enhances TNF expression 

(Churchill et al., 2005) and in vitro optogenetic stimulation enhances neuronal expression of 

TNF immunoreactivity (Jewett et al., 2015). Conditions or substances that induce TNF 

production also are often associated with periods of excessive sleep, e.g. infection (Kapas et 

al., 2008), or injection of endotoxin (Layé et al., 1994; Takahashi et al., 1996a). TNF can act 

on sleep regulatory circuits to promote sleep, e. g. the anterior hypothalamus (Kubota et al., 

2002). Systemic injections of somnogenic amounts of TNF promote brain production of 

TNF mRNA (Zielinski et al., 2013). TNF can also act on local neuronal/glial networks to 

intensify local sleep states. Thus, injection of TNF unilaterally onto the surface of the cortex 

enhances electroencephalogram (EEG) slow wave power (SWP; 0.5 – 4 Hz) ipsilaterally, 

suggesting a more intense sleep state. In contrast, inhibition of TNF by unilateral injection 

of TNF siRNAs reduces EEG SWP ipsilaterally and TNF immunoreactivity in cortical 

pyramidal neurons (Taishi et al., 2007). Further, if TNF is applied to individual cortical 

columns, the columns express a sleep-like state in that evoked response potentials (ERPs) 

induced by facial whisker stimulation are higher in amplitude (Churchill et al., 2008). 

Cortical ERPs are greater in magnitude during sleep than during waking states (Rector et al., 

2005). Similarly, in vitro cultures of neurons/glia respond to low doses of TNF by exhibiting 

greater SWP values suggesting a deeper sleep-like state (Jewett et al., 2015).

TNF is initially produced as a 26 kD transmembrane (tm) protein. A soluble 17 kD TNF 

(sTNF) is cleaved from the 26 kD TNF by TNF converting enzyme (TACE) releasing it into 

the extracellular space (Black et al., 1997). Within the cerebral cortex, tmTNF is the 

dominate form present (Churchill et al., 2008). There are two TNFRs, a 55 kD TNFR and a 

75 kD TNFR. Both are involved in sleep regulation (Fang et al., 1997; Kapas et al., 2008; 

Taishi P, 1999). The 55kD TNFR is found in most cells while the 75kD TNF form is in brain 

found on microglia and endothelial cells (Mccoy and Tansey, 2008; Probert, 2015). Like the 
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TNF ligand, the TNFRs are initially produced as a transmembrane protein and the 

extracellular moieties of both Rs can be cleaved by TACE (Edwards et al., 2008; Peschon et 

al., 1998a; Reddy et al., 2000). TACE can be upregulated in a cell-specific manner by 

various chemokines, cytokines and stimuli, including: TNF (Bzowska et al., 2004; Ge and 

Vujanovic, 2017), interleukin (IL)1β (Tachida et al., 2008), IL10 (Brennan et al., 2008), 

hypoxic inducible factor 1 (Charbonneau et al., 2007; Li et al., 2015), oxygen-glucose 

deprivation (Hurtado et al., 2001), and ischemic preconditioning (Bigdeli et al., 2009; 

Cárdenas et al., 2002). Soluble (s) Rs are released into the extracellular space (Dostert et al., 

2019). Although both membrane bound and soluble TNFRs are active as trimers (Aggarwal, 

2003; Banner et al., 1993; Chan et al., 2000), soluble 55 kD TNFR (sTNFR1) forms dimer 

complexes called pre-ligand assembly domains (PLADs) which, upon ligand binding, 

undergo conformational changes which may act as a molecular switch for a particular 

response (Lo et al., 2020; Naismith et al., 1995). The exact natures of tmTNFRs and 

sTNFRs signaling are dependent upon the intracellular recruitment of adapter proteins. The 

specific TNFR, adapter protein, and spatial orientation of R-ligand complexes determine 

target responses, which can range from induction of cell protection to cell death (Dostert et 

al., 2019; Ledgerwood et al., 1999; Lo et al., 2020; Mccoy and Tansey, 2008). The sTNFRs 

have biological activities. Thus, sTNFRs can bind extracellular 17kD TNF preventing TNF 

from binding to the tmTNFRs. In contrast, the sTNFRs can also bind to tmTNF which in 

turn initiates cell signaling within the cell producing the tmTNF (Mccoy and Tansey, 2008; 

Watts et al., 1999). This latter action is called reverse signaling. Herein, we describe reverse 

signaling of sTNFR1 in mixed mature neuronal/glial cultures obtained from WT, TNF 

knockout (KO), and TNFR1/TNFR2KO (TNFRKO) mice.

Over two decades ago, the sTNFR1 derived from the 55kD TNFR and a synthetic fragment 

of it containing the TNF binding site were shown to inhibit TNF cytotoxicity on mouse L-M 

cells and rabbit sleep (Takahashi et al., 1995). Thus, both substances inhibited rabbit 

spontaneous NREMS after intracerebroventricular injections. Similar experiments in rabbits 

showed that the soluble synthetic TNFR fragment also inhibited sleep rebound after sleep 

deprivation (Takahashi et al., 1996a, 1996b) and the increases in sleep that accompany mild 

increases in ambient temperatures (Takahashi and Krueger, 1997). Finally, the peptide TNFR 

fragment also inhibited IL1β-induced sleep, but not fever, responses (Takahashi et al., 1999). 

At the time of those experiments, TNF reverse signaling was unknown and results were 

interpreted within the context of the soluble receptor binding extracellular TNF thus 

lowering its effective concentration. Within the past few years TNF reverse signaling has 

been demonstrated within the larger TNF family of molecules (reviewed (Lee et al., 2019)). 

Although the TNF reverse signaling literature dealing with brain is relatively small, TNF 

reverse signaling has been shown to promote axon growth (Kisiswa et al., 2013). More 

important for the studies described herein, blocking sTNF protected mice against clinical 

symptoms in an autoimmune encephalomyelitis murine model (Taoufik et al., 2011). Yet if 

both sTNF and tmTNF were blocked no protection was provided suggesting that sTNF and 

tmTNF had opposing actions. There is also a hint that tmTNF may play a role in sleep/wake 

regulation. For example, the neuropeptide, substance P, enhances expression of tmTNF 

without increasing release of sTNF (Zhou et al., 2010). Interestingly, substance P also 

increases waking bouts and latency and reduces sleep efficiency in mice (Andersen et al., 
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2006). Herein, we provide evidence that TNF reverse signaling enhances a wake-like state in 
vitro.

Previously, an in vitro neuronal/glial cell culture model of sleep was developed (Corner, 

2013; Hinard et al., 2012; Jewett et al., 2015; Krueger et al., 2019; Saberi-Moghadam et al., 

2018). In such cultures the spontaneous default state is sleep-like in that neuron action 

potentials (APs) exhibit a burst-pause firing pattern by day four in vitro (Kamioka et al., 

1996) that is analogous to the neuronal firing patterns observed during sleep in vivo (Corner, 

2013; Hinard et al., 2012; Jewett et al., 2015; Timofeev et al., 2001), suggesting that sleep is 

the default state of cultured neurons. TNF treatment of these cultures induces a deeper sleep-

like state in that SWP (0.5 – 3.5 Hz) is enhanced (Jewett et al., 2015). This measure is also 

used in vivo to characterize sleep and sleep intensity (Davis et al., 2011). Such cultures also 

demonstrate sleep homeostasis in that treatments that enhance AP burstiness or SWP, are 

followed by periods of enhanced sleep-like states (Jewett et al., 2015; Saberi-Moghadam et 

al., 2018). Further, optogenetic neuronal stimulation of these cultures enhances TNF 

expression (Jewett et al., 2015). Herein we use similar cultures of cells from wild type (WT), 

TNFKO, and TNFRKO mice. The lack of TNF or the TNFRs affects culture development 

rate. Further, treating TNFKO cells or TNFRKO cells in culture with a sTNFR inhibits SWP 

suggesting an induction of a wake-like state in culture. These findings help our 

understanding of some of the conflicting TNF-sleep reports, e.g. sTNF induces sleep yet 

inhibition of TNF by thalidomide induces drowsiness (Rockstrom et al., 2017).

2. Materials and methods

2.1. Primary culture preparation and maintenance

Wildtype mice (WT; C57BL/6J), TNFKO mice (B6.129S-Tnftm1Gkl (Pasparakis et al., 

1996)) and TNFRKO mice (B6.129S-Tnfrsf1atm1Imx Tnfrsf1btm1Imx/J (Peschon et al., 

1998b)), were purchased from The Jackson Laboratory (JAX stock numbers: 000664, 

005540, and 0003243, Bar Harbor, ME, USA). The TNFKO mice lacked TNF alpha while 

the TNFRKO mice lacked both the p55 (TNFR1) and p75 (TNFR2) receptors. The 

Washington State University (WSU) Institutional Animal Care and Use Committee 

(IACUC) approved animal procedures that complied with National Institutes of Health 

(NIH) guidelines. Homozygous mice were bred for two to six generations in the WSU 

vivarium in a separate breeding room maintained at 24 ° C ± 2 °C, 40% ± 10% humidity on 

a 14 h light/10 h dark schedule with lights on at Zeitgeber time zero (ZT0). Somatosensory 

cortical tissue samples were obtained from one- to two-day old male and female mouse pups 

at ZT3 ± 1 h. However, mouse pups were differentiated only by strain as sex is difficult to 

determine at this early stage of development. As previously described (Jewett et al., 2015; 

Nguyen et al., 2019b), cells were dispersed and seeded onto 6-well multi-electrode arrays 

(MEAs; Multi-Channel Systems, Reutlingen, Germany). Briefly, immediately after 

harvesting, tissue was placed in ice-cold Hibernate-E (HE, BrainBits, Springfield, IL), then 

digested for 20 min at 37 °C with papain (2 mg/mL; LS003119, Worthington Biomedical, 

Lakewood, NJ); triturated in HE through a syringe twice with a 20-gauge needle and once 

with a 22-gauge needle; and passed through a 40 µm strainer before centrifugation at 200g 

for 10 min at room temperature. A warm media solution comprised of Dulbecco’s Modified 
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Eagle Serum (DMEM; D6429, Sigma, St. Louis, MO) with 10% fetal bovine serum (FBS), 

1% GlutaMAX ™, and 2% penicillin/streptomycin (pen-strep) dissolved the cell precipitate.

After counting, cells were plated at a concentration of 2 × 105 cells/20 µL onto individual 

MEA wells previously coated with poly-D-lysine (P6407, Sigma). MEAs with cells were 

placed in a 5% CO2 for 50 min at 37 °C before adding 50 µL/well of warm DMEM/FBS/

Glutamax/pen-strep media and allowed to rest for another 4 h in the incubator. After 4 h, 350 

µL media solution of NbActiv4 (Nb4–100, BrainBits), 2% pen-strep, 0.2% Gentamycin 

(15710–064, Invitrogen) was added to each MEA well. To prevent evaporation, Teflon 

membranes (ALA Scientific, Farmingdale, NY) covered the MEAs throughout the 

experiments. Approximately every three to four days, approximately half of the media was 

removed from the wells and replaced with fresh NbActiv4/pen-strep/Gentamycin media.

2.2. MEA recording

Electrophysiological cell recordings were taken in a dry incubator (37 ° C; 5% CO2) with a 

MEA600BC system (Multi Channel Systems). Each MEA (MEA1060-Inv-BC) contained 6 

independent wells each with 9 titanium nitride recording electrodes spaced 200 µm apart in a 

3x3 grid (Fig. 1A) and 1 silicon nitride substrate-integrated reference electrode. Relative to 

its respective ground electrode, each electrode’s voltage was recorded at a sampling rate of 

10 kHz. Consecutive daily one-hour recordings were taken beginning on the fourth day after 

plating (Jewett et al., 2015; Kamioka et al., 1996; Nguyen et al., 2018, 2019b) and 

continuing through day (D) 15. All raw data were stored on the recording computer and 

copied to an external hard drive for later analyses of developmental and sTNFR1-induced 

changes.

2.3. MEA data analyses

MEA data were analyzed to determine several output measures that were chosen because 

they have been previously described in the literature (Corner, 2008; Hinard et al., 2012; 

Jewett et al., 2015; Jimbo et al., 1998; Nguyen et al., 2019b; Wagenaar et al., 2005) and are 

analogous to measures that are used to identify sleep in vivo. These measures include: action 

potentials per second (APs/sec), an AP burstiness index (BI), synchronization (SYN) of 

electrical activity between electrodes, and fast Fourier transformation (FFT) of the slow 

wave component (0.25–3.75 Hz) to obtain slow wave power (SWP).

Output measures on D4 through D15 and after sTNFR1 treatments were analyzed using 

MC_Rack software (©MultiChannel Systems, Germany) and MATLAB® as previously 

described (Jewett et al., 2015; Nguyen et al., 2019b). Briefly, the raw signal was filtered 

using a 200 Hz-high pass second order Butterworth filter with a set limit of ± 4 standard 

deviations (SDs;(Jimbo et al., 2000) from the mean voltage for each independent electrode 

to calculate APs. An AP was registered when filtered electrical activity passed the ± 4 SD 

threshold. See Fig. 1A–C for representative raw data spikes and individual action potentials. 

We previously determined that APs/sec exponentially decrease during the first half hour of 

recording (Jewett et al., 2015), likely due to disturbances in the MEA associated with its 

movement to the recording chamber. To exclude these disturbances, we analyzed only the 

last 5 min of the hour-long baseline recordings. Those 5 min periods were used to determine 
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baseline values for each electrode. When cells were treated on D14 (see Experiment (Expt.) 

2 below), the sTNFR1 was administered to the wells immediately after the baseline 

recording and then an additional full 1-hour recording was taken and analyzed.

A burst was defined by: (a) at least 4 APs in the first 10 msec, (b)a maximum of 10 msec 

between APs throughout the burst, (c) at least 10 msec between individual bursts, and (d) a 

minimum burst duration of 20 msec. The BI (over 5 min periods) was calculated first by 

dividing the 5 min period into 300 one-sec epochs and summing the number of APs in the 

top 15% of the epochs containing the most APs (Wagenaar et al., 2005). This number of APs 

was then divided by the total number of APs in that same 5 min period (Nguyen et al., 

2019b; Wagenaar et al., 2005). Thus, BI reflects the portion of APs in bursts and provides a 

more refined illustration of the structure of AP bursts where higher BI values indicate 

greater burstiness and lower BI values indicate more random firing.

To determine exclusion criteria for AP and BI developmental data analyses (D4 to D14; 

Expt. 1), we first used the filtered signal data that previously passed the ± 4 SD threshold to 

determine the average APs/sec of electrodes in MEA wells that contained media but no cells. 

Recordings from those cell-less MEAs had an average of 0.21 APs/sec ± one SD (0.15 – 

0.27 APs/sec). Thus, electrodes with<0.27 APs/sec on culture D14 and, any electrodes 

displaying both a decreasing trend in APs/sec from D10 through D14 and with less than one 

burst were considered to have poor development and were subsequently excluded from 

further analyses of electrical activity from MEA wells containing cells. Further, values from 

individual electrode recordings containing obvious artifacts were eliminated; artifacts were 

determined by reviewing the recorded data and from notes written during the recordings. 

Additionally, after applying the exclusion criteria, any MEA well with less than half of its 

total electrodes remaining was also excluded. For analyses of sTNFR1 treatment effects 

(Expt. 2), only electrodes with 0.25 APs/sec or more during D14 baseline recordings were 

included. All post-sTNFR1 treatment data analyses on D15 were performed using the same 

electrodes as the D14 analyses.

SW activity data were extracted using low pass/high pass (100 Hz/0.1 Hz) second order 

Butterworth filters with 100 Hz data downsampling (10 msec bins). SYN of SW activity 

between electrodes was calculated as follows. First, pairwise correlation coefficients were 

calculated for each pair of separate adjacent electrodes in an MEA well using the formula 
∑(V 1(t) − V 1)(V 2(t) − V 2)

σv1σv2
, where V1(t), V2(t) represent voltages at time t from the two 

electrodes; V 1, V 2, represent sample voltage means ; and σv1, σv2, represent sample SDs. 

The SW SYN value was then computed by averaging these pairwise correlation coefficients, 

for all pairs of adjacent electrodes in the MEA well. It is noted that the SW SYN ranges 

between −1 and + 1. High SYN values indicate greater synchrony between electrodes. 

Electrodes used for SW analyses were the same as those used for AP/BI analyses.

After filtration and retention of SW activity, the data were subjected to FFT to obtain spectra 

from randomly sampled active network nodes using a custom MATLAB® program with a 

cosine tapered window over the 5 min baseline period (D4 to D14) or across pre- and post-

sTNFR1 treatment periods (D14 and D15). FFT was calculated for the full 60-min period 
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immediately following TNFR1 treatment on D14 (except for the time course experiments 

shown in Fig. 6 where data for successive 5 min time blocks were used. For SWP 

determinations, we binned the range of 0.25–30.25 Hz spectral content into 0.5 Hz 

frequency bands and then the delta frequency was derived by adding the µV2 values from the 

7 individual bins in the range of 0.25–3.75 Hz.

2.4. Experiment 1: Development of spontaneous electrical activity in neuronalglial co-
cultures.

Somatosensory neuron/glia co-cultures from three mouse strains were plated separately onto 

6-well MEAs (Table 1). Using microscopy, individual MEA wells were observed 24 h after 

plating and then repeatedly every 2–3 days after media changes to ensure cell growth and 

development. Each individual electrode within each MEA well was considered an 

independent sample (n) since varied cell spatial distribution throughout the developmental 

period gave the electrodes unique patterns of electrical activity (see Fig. 1B for 

representative single-well individual electrode raw data). Daily one-hour recordings of 

electrical activity were taken from each MEA beginning on D4 and continuing through D14. 

Because electrophysiological changes occurred in response to the addition of fresh media, 

values obtained on the day following media changes were excluded from analyses. 

Developmental changes were determined by comparing each day’s parameter for each 

electrode to the first recording on D4. The average plus/minus standard error (SE) across all 

MEAs are reported and graphically presented for each measure, strain, and days in vitro. 

Statistical significances (p < 0.05) between days within each strain were determined by 

using one-way ANOVA (day) followed by post-hoc Tukey’s honestly significant differences 

(HSD) tests when significant main effects were found. Significant effects of day, strain, and 

day by strain interactions were also determined by two-way ANOVA (day and strain) and, 

where indicated, post-hoc Tukey’s HSD tests were used. Statistical analyses reported for this 

and all other experiments were performed using RStudio, version 1.3.959 (Team, 2020).

2.5. Experiment 2: Addition of the sTNFR1 to WT and TNFRKO cells

2.5.1. Effects of sTNFR1 on electrical activity on developmental day 14—Data 

from cells derived from TNFRKO and WT mice (Table 1) were used to examine the effects 

of the sTNFR1 on APs/sec, BI, SYN and SWP to characterize network activity. Various 

treatment doses (0.0 ng/µL (control), 0.3 ng/µL, 3 ng/µL, 30 ng/µL, 60 ng/µL and, 120 ng/µL 

(5.71 pM, final high dose concentration) were prepared by dissolving and diluting the 

sTNFR1 (425-R1–050/CF, R&D Systems, Minneapolis, MN) in phosphate-buffered saline. 

Hour-long baseline recordings (only the last 5 min was analyzed) were taken on D14 as 

described in Expt. 1 prior to adding one of the various treatment doses of sTNFR1 in a 

volume of one µL to individual MEA wells. Immediately after treatment, recording resumed 

for an additional hour.

APs/sec and BI were calculated as fold change values. Briefly, each electrode value within 

each treatment dose, including control, sTNFR1, was first divided by its own baseline 

electrode value for baseline-normalization. All the baseline-normalized control treatment 

electrode values were then averaged within the same MEA well and strain. Each baseline-

normalized non-control treatment electrode value within the same MEA well and strain was 
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divided by its own average baseline-normalized control treatment electrode value to get the 

fold change values for each parameter. Finally, the average fold change values across all 

MEAs with the same dose and strain were reported and graphically presented ± SE 

separately for AP and BI.

SYN and SWP were calculated as change values; SYN values were correlation coefficients 

and SWP values were µV2. Briefly, for all treatment doses, including control, absolute 

differences from baseline were calculated by first subtracting each electrode’s baseline value 

from its own treatment dose value. Then, the difference from baseline values were averaged 

for control treatment electrodes within the same MEA well and strain. This control average 

of difference value was then subtracted from each non-control treatment electrode’s 

difference from baseline value within its own MEA and strain. Finally, the change values 

across all MEAs with the same dose and strain were averaged and graphically presented ± 

SE separately for SYN and SWP.

Significance of the sTNFR1 treatment–induced changes (p < 0.05) was determined by one-

way ANOVA (dose) followed by post-hoc Tukey’s HSD tests when significant main effects 

were found within each strain. Significant effects of dose, strain, and dose by strain 

interactions were also determined by two-way ANOVA (strain and dose) and, where 

indicated, post-hoc Tukey’s HSD tests were used.

2.5.2. Effects of the sTNFR1 on electrical activity on developmental day 15—
To determine if the actions of the sTNFR1 treatment were long- or short-term, a one-hour 

recording was taken 24 h after treatment and all four output measures were calculated. Data 

from cells derived from TNFRKO and WT mice cells were used (Table 1). The last 5 min of 

the hour-long recordings were analyzed respectively for D14 and D15 and then they were 

compared. The D15 data were determined in a similar manner to that described for D14 

experiment above but with changes in D15 data calculated with respect to D14 baseline data. 

The average values across all MEAs were reported and graphically presented ± SE for each 

measure, strain, and dose. Significance of dose-induced changes (p < 0.05) was determined 

by one-way ANOVA (dose) followed by post-hoc Tukey’s HSD tests when significant main 

effects were found within each strain. Significant effects of dose, strain, and dose by strain 

interactions were also determined by two-way ANOVA (strain and dose) and, where 

indicated, post-hoc Tukey’s HSD tests.

2.6. Experiment 3: Effects of the sTNFR1 on TNFKO cells on D14 and D15

2.6.1. Effects of the sTNFR1 on electrical activity in TNFKO cells on 
developmental days 14 and 15—Data from cells derived from TNFKO mice (were 

used to analyze the effects of the sTNFR1 after treatment (Table 1). TNFKO cells were 

treated with various doses of the sTNFR1 (control, 3 ng/µL, 30 ng/µL, 60 ng/µL, and 120 ng/

µL), and were recorded and analyzed on D14 and D15 as described in Expt. 2. Average 

values across all MEAs were reported and graphically presented ± SE for each measure, 

dose and post-sTNFR1 treatment time (1 h and 24 h). Significance of dose-induced changes 

(p < 0.05) was determined by one-way ANOVA (dose) followed by post-hoc Tukey’s HSD 
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tests when significant main effects were found within each post-sTNFR1 treatment time and 

parameter.

2.6.2. Time course of the sTNFR1 effects on SYN and SWP in TNFRKO and 
TNFKO cells on day 14—Data from cells derived from TNFRKO and TNFKO mice 

(Table 1) were used to analyze the effects of the sTNFR1 on SYN and SWP in 5 min time 

blocks for 1 h after treatment with 3 ng/µL and 60 ng/µL sTNFR1. Results were graphically 

depicted as average values across all MEAs with the same dose, time, and strain ± SE for 

each measure. Methods for calculating SYN and SWP changes were like Expt. 2 methods 

reported above except that changes were calculated for each 5 min time period individually.

For change from baseline values for all treatment doses, including control sTNFR1, each 

baseline electrode value was first subtracted from its own treatment dose electrode value 

from each 5 min time period. All the control treatment change from baseline electrode 

values from the same 5 min period were then averaged within the same MEA and strain. 

Lastly, this averaged value was then subtracted from each control treatment electrode’s 

change from baseline value from the same 5 min time-period within its own MEA and 

strain. Finally, the change values across all MEAs with the same dose, time, and strain were 

averaged and graphically presented ± SE separately for SYN and SWP. Significance of time-

induced changes (p < 0.05) was determined by one-way ANOVA (time) followed by post-

hoc Tukey’s HSD tests when significant main effects were found within each strain, dose, 

and parameter. Significant effects of time, strain and time by strain interactions were 

determined by two-way ANOVA (time and strain) and, where indicated, post-hoc Tukey’s 

HSD tests within each dose and time for each parameter.

3. Results

3.1. Experiment 1: Characterization of emergent spontaneous electrical activity

The development of electrophysiological properties within neuronal/glial co-cultures during 

D4-D14 were characterized. Cells from WT, TNFRKO mice and TNFKO mice were used to 

determine whether the absence of TNF or its receptors, TNFR1 and TNFR2, alter the timing 

of emergent spontaneous electrical activity. Strain-specific numbers of preparations, MEAs, 

wells and electrodes are presented in Table 1. Strain-specific daily numbers of electrodes 

and spontaneous electrical activity means ± SE values are presented in Supplementary Table 

1.We previously reported that APs/sec increase over time from D4 through D14 with 

increases beginning around D8 or D9 in developing co-cultures of neurons and glia from 

somatosensory cells obtained from WT mice (Jewett et al., 2015; Nguyen et al., 2019b). The 

current research confirms these reports. In all three strains, APs/sec increased across D4-

D14 (Fig. 2A, Supplementary Table 1). Within strain one-way ANOVA analyses indicated 

effects during D5 through D14 compared to D4 in all three strains (FWT(10,2562) = 30.47, p < 
2E-16; FTNFRKO(10,2213) = 33.64, p < 2E-16; FTNFKO(10,3374) = 103.30, p < 2E-16). Two-

way ANOVA analyses used to determine day and strain differences revealed main effects of 

strain (F(2,8149) = 64.91, p < 2E-16), day (F(10,8149) = 144.90, p < 2E-16), and interaction of 

day and strain (day × strain; F(20,8149) = 6.07, p < 2E-16). TNFKO cells were the fastest to 

develop spontaneous electrical activity, with higher APs/sec on D8 (p < 0.05). TNFRKO 
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cells were somewhat slower to develop APs, showing more APs/sec (p < 0.01) on D9. WT 

cells were slowest to develop, not showing increases in APs/sec until D11 (p < 0.01). 

Although significantly different from WT cells only on D10 and D12 through D14 (p < 
0.01), TNFKO cells had more APs/sec than cells from the other two strains beginning on D5 

and continuing throughout the developmental period, suggesting a role for TNF in 

moderating brain development.

BI values varied across development days (FWT(10,2562) = 13.78, p < 2E-16; 

FTNFRKO(10,2213) = 11.60, p < 2E-16; FTNFKO(10,3374) = 23.79, p < 2E-16; Fig. 2B, 

Supplementary Table 1), confirming our previous report of a pattern of increased and 

decreased BI in WT cells over development days (Jewett et al., 2015). Two-way ANOVA 

analyses showed main effects of strain (F(2,8149) = 226.79, p = 2E-16), day (F(10,8149) = 

32.90,p < 2E-16) and day × strain (F(20,8149) = 10.09, p < 2E-16). BI values were lowest in 

WT cells compared to both TNFRKO cells (Ds 4, 6, 7 and 10–14; p < 0.01) and TNFKO 

cells (Ds 7, 8 and 11–14; p < 0.01). However, BI was only higher in TNFRKO cells 

compared to TNFKO cells on two days, D6 and D8 (p < 0.01). In TNFRKO cells and WT 

cells, BI values were only increased on one day compared to D4 (TNFRKO, D8, p < 0.01; 

WT, D9, p < 0.01). However, in TNFKO cells, BI was increased from D4 on 6 days (D7, D8, 

D9, D11, D12, p < 01; D13, p < 0.05). In all three strains, BI values did not differ 

significantly from D4 values. It is possible that, although APs/sec increased through D14 for 

all three strains, the lack of change to BI values by that day suggest a subtle reorganization 

of the cellular networks.

Confirming previous reports from WT cells (Jewett et al., 2015; Nguyen et al., 2019b), SYN 

values in the current study increased from D4 to D14 for all strains (Fig. 2C; Supplementary 

Table 1). Within strain one-way ANOVA analyses showed effects for SYN development 

changes on D5 through D14 compared to D4 in all three strains (FWT(10,4239) = 76.56, p < 
2E-16; FTNFRKO(10,3834) = 87.83, p < 2E-16; FTNFKO(10,5825) = 103.00, p < 2E-16). Two-

way ANOVA analyses showed main effects of strain (F(2,13898) = 21.66, p = 4.05E-10), day 

(F(10,13898) = 233.11,p < 2E-16) and day × strain (F(20,13898) = 15.46, p < 2E-16). In 

comparison to D4, D5 SYN values were lower for TNFKO cells (p < 0.01) but were higher 

on D6 (p < 0.05). This waxing and waning of SYN values continued for TNFKO cells 

through D14, although, except for D5, were higher than D4 values (D6, p < 0.05; D8-D14, p 

< 0.01). SYN waxing and waning also occurred in WT and TNFRKO cells with similarly 

pronounced peaks on D8, when both strains first showed higher SYN values compared with 

D4 (p < 0.01), and again on D12. Interestingly, although SYN values for TNFKO cells on 

D4 were higher than those for both WT (p < 0.05) and TNFRKO (p < 0.01) cells, values 

were similar for all strains by D14.

SWP in intact animals is a defining parameter of NREMS (Davis et al., 2011). In our current 

study, we substantiated our previous findings that SWP is slow to develop over the first few 

days in vitro (Jewett et al., 2015; Nguyen et al., 2019b). This was true for all three strains. 

Within strain one-way ANOVA analyses showed effects for development changes of D5 

through D14 compared to day 4 in all three strains (FWT(10,2562) = 39.74, p < 2E-16; 

FTNFRKO(10,2213) = 56.10, p < 2E-16; FTNFKO(10,3374) = 103.30, p < 2E-16). Two-way 

ANOVA analyses showed main effects of strain (F(2,8149) = 221.66, p = 2E-19), day 
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(F(10,8149) = 148.75, p < 2E-16) and day × strain (F(20,8149) = 17.77, p < 2E-16). Following 

the trend for APs/sec, when compared to D4, SWP was faster to develop in TNFKO cells, 

beginning on D8 (p < 0.01; Fig. 2D, Supplementary Table 1), whereas both WT and 

TNFRKO cells had higher SWP beginning on D9 (WT and TNFRKO, p < 0.01). 

Throughout the development period, SWP was highest in TNFKO cells, but barely 

distinguishable between WT cells and TNFRKO cells. TNFKO SWP was higher than WT 

and TNFRKO starting on D8 (p < 0.01). This difference continued through D14 for 

TNFRKO but changed for WT on D9 and D12 when SWP decreased in TNFKO cells and 

increased in WT cells. In contrast, SWP differed between TNFRKO and WT cells only on 

D12 when SWP increased in TNFRKO (p < 0.01) compared to WT cells.

Overall, Experiment 1 development data suggest a maturation of both wake-like (more 

APs/sec occurring within bursts) and sleep-like (greater SYN and SWP) states. Data are 

consistent with our prior reports (Jewett et al., 2015; Nguyen et al., 2019b). Further, current 

results clearly indicate a role for the TNF family in brain development as previously 

described (Merrill, 1992).

3.2. Experiment 2: Effect of the sTNFR1 on spontaneous electrical activity of mature 
TNFRKO and WT cells

3.2.1. sTNFR1 effects on developmental day 14—To determine the effect of the 

sTNFR1 on APs/sec, SWP, SYN, and BI, various treatment doses of the sTNFR1 (control, 

0.3 ng/µL, 3 ng/µL, 30 ng/µL, 60 ng/µL, and 120 ng/µL) were added directly to MEA wells 

containing TNFRKO or WT somatosensory cortex neuron-glia co-cultures on D14. sTNFR1 

treatment altered the in vitro emergent parameters in dose- and/or strain-specific ways, with 

the most drastic effects observed in the changes to SYN and SWP.

Changes in APs/sec in TNFRKO cells showed a dose effect (F(5,140) = 3.68, p = 3.68E-3). 

Decreased APs/sec occurred in TNFRKO cells after the sTNFR1 treatment with 3 ng/µL (p 

< 0.05) and 30 ng/µL doses compared to the control dose (p < 0.01; Fig. 3A). In WT cells, 

none of the sTNFR1 doses had significant effects on APs/sec (Fig. 3A)

Effects of strain (F(1,206) = 4.85, p = 0.029) and dose × strain (F(4,206) = 8.16, p = 3.96E-6) 

were observed for BI changes. Treatment with the 60 ng/µL sTNFR1 dose lowered BI (p < 
0.01) in TNFRKO cells compared to WT cells. In contrast, the WT cells increased BI (p < 
0.01) after the 60 ng sTNFR1 dose compared to the control dose (Fig. 3B). There was a dose 

response for BI changes within WT cells (F(5,118) = 5.78, p = 8.26E-5) with higher BI after 

the 60 ng/µL sTNFR1 dose than each of the other doses (0.3 ng/µL, p < 0.01; 3 ng/µL, p < 
0.05, 30 ng/µL, p < 0.01; 120 ng/µL, p < 0.05; significance not shown in Fig. 3B).

Changes in SYN were significant for dose (F(4,197) = 38.95, p < 2.00E-16), strain (F(1,197) = 

15.04, p = 1.43E-4) and dose:strain (F(4,197) = 28.59, p < 2.00E-16). SYN increased in 

TNFRKO cells after treatment with the 0.3 ng/µL sTNFR1 dose compared to the control 

dose (p < 0.01) and compared to WT cells (p < 0.01; Fig. 3C). There were dose effects on 

SYN in TNFRKO cells (F(5,177) = 74.66, p < 2.00E-16). SYN increased after the 0.3 ng/µL 

sTNFR1 dose compared to each of the other doses (3 ng/µL, 30 ng/µL, 60 ng/µL, and 120 

ng/µL; all, p < 0.01). Additionally, treatment with 3 ng/µL sTNFR1 decreased SYN 
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compared to the control (p < 0.01), 60 ng/µL (p < 0.05), and 120 ng/µL (p < 0.01) doses 

(significance not shown in Fig. 3C).

Changes to SWP had effects of dose (F(4,206) = 6.89, p = 3.19E-5), strain (F(1,206) = 23.21, p 

= 2.81E-6), and dose:strain (F(4,206) = 5.85, p = 1.77E-4). SWP decreased in TNFRKO cells 

after treatment with the 0.3 ng/µL, 3 ng/µL and 30 ng/µL sTNFR1 doses compared to the 

control sTNFR1 dose (all, p < 0.01; Fig. 3D). Additionally, the SWP response after 

treatment with 0.3 ng/µ L and 3 ng/µL, was decreased compared to WT cells (p < 0.01, Fig. 

3D). Dose effects occurred in both strains (TNFRKO, F(5,140) = 17.26, p < 2.73E-13; WT 

(F(5,18) = 3.30, p = 7.98E-3). In TNFRKO cells, the 0.3 ng/µL dose decreased power 

compared to all other doses (3 ng/µL, 30 ng/µL, 60 ng/µL, and 120 ng/µL, all p < 0.01). 

Additionally, the SWP observed after the 120 ng/µL treatment dose differed from the 

decreased SWP observed after treatment with 3 ng/µL (p < 0.01), 30 ng/µL (p < 0.01) and 60 

ng/µL (p < 0.05) sTNFR1. In WT cells, the SWP after treatment with the 3 ng/µL sTNFR1 

dose differed from the SWP observed after treatment with 0.3 ng/µL and with 30 ng/µL 

(both p < 0.05; significance not shown in Fig. 3D).

3.2.2. sTNFR1 residual effects on developmental day 15—To determine the 

prolonged effects of the sTNFR1 on APs/sec, SWP, SYN, and BI, electrical activity was 

recorded from mature WT and TNFRKO cells on D15, 24 h after treatment with the various 

treatment doses of the sTNFR1.

On D15 compared to D14, there were no significant changes to APs/sec in cells derived 

from either strain (Fig. 4A). Similarly, there were few changes to BI on D15. However, in 

TNFRKO cells there was a dose response (F(5,141) = 2.73, p = 0.22); BI increased 24 h after 

120 ng/µL sTNFR1 compared the control dose (p < 0.05; Fig. 4B).

The actions of the sTNFR1 were more wide spread for SYN; there were effects of dose 

(F(4,198) = 4.61, p = 1.40E-3), strain (F(1,198) = 13.34, p = 3.32E-4) and dose:strain (F(4,198) 

= 6.09, p = 1.21E-4) on D15 compared to D14. In TNFRKO cells, SYN was elevated 24 h 

after treatment with the 30 ng/µL sTNFR1 dose (p < 0.05) compared to the control dose (p < 
0.05; Fig. 4C). In WT cells, on D15 SYN increased after the 0.3 ng/µL dose (p < 0.05) yet 

decreased after the 30 ng/µL (p < 0.01) dose. The WT cell response after 30 ng/µL also 

differed from the TNFRKO cell response (p < 0.01; Fig. 4C). In TNFRKO cells, dose effects 

for SYN occurred (F(5,177) = 3.80, p = 2.73E-3); SYN decreased after the 120 ng/µL 

sTNFR1 dose compared to the elevated SYN after treatment with 30 ng/µL (p < 0.05). In 

WT cells, SYN also exhibited dose effects (F(5,75) = 12.83, p = 5.08E-9). SYN decreased 24 

h after the 30 ng/µL sTNFR1 dose. However, SYN in WT cells increased after the 0.3 ng/µL 

dose (both, p < 0.01). Additionally, the increased SYN 24 h after the 0.3 ng/µL sTNFR1 

dose differed (p < 0.05) from the decreased SYN 24 h after the 120 ng/µL dose (significance 

not shown in Fig. 4C).

The differences in SWP between D14 and D15 had effects of dose: strain (F(4,208) = 3.91,p = 

4.40E-3). The increased SWP observed in TNFRKO cells 24 h after treatment with the 30 

ng/µL sTNFR1 dose differed from WT cells (p < 0.05; Fig. 4D). Additionally, within strain 

dose effects occurred in TNFRKO cells (F(5,141) = 2.46, p = 0.036) with a decrease in SWP 
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24 h after the 0.3 ng/µL sTNFR1 dose that differed from the increased power observed 24 h 

after treatment with the 3 ng/µL, 30 ng/µL and 60 ng/µL sTNFR1 doses (all, p < 0.05).

To summarize, administration of the 0.3 ng/µL, 3 ng/µL and 30 ng/µL sTNFR1 doses on 

D14 decreased SWP in TNFRKO cells, indicative of a clear enhancement of the wake-like 

state. This was not a long-lasting effect, having returned to baseline by 24 h after treatment 

(Compare Fig. 3D and 4D). In contrast, treatment effects in WT were minimal on either D14 

or D15.

3.3. Experiment 3: Effect of the sTNFR1 on spontaneous electrical activity of mature 
TNFKO cells

TNFKO mice, while deficient in TNF, still produce lymphotoxin-alpha (LTα; formerly 

called TNFβ), a ligand for the sTNFR1. Thus, because TNFβ is somnogenic (Kapas and 

Krueger, 1992), it was of interest to determine if the sTNFR1 had activity in TNFKO cells.

3.3.1. The sTNFR1 effects on developmental day 14 in TNFKO cells—In 

TNFKO cells after sTNFR1 treatment, there were dose-dependent effects on APs/sec 

(F(4,172) = 5.76, p = 2.25E-4) on D14. Dose-dependent effects on APs/sec compared to 

control were insignificant (Fig. 5A, left bars). However, responses in APs/sec after 

administration of 3 ng/µL and 30 ng/µL sTNFR1 doses differed from the responses observed 

after treatment with the 60 ng/µL sTNFR1 dose (vs 3 ng/µL and vs 30 ng/µL, p < 0.05) and 

120 ng/µL (vs 3 ng/µL, p < 0.05; vs 30 ng/µL, p < 0.01 doses of sTNFR1).

Although there were no dose effects on BI changes in TNFKO cells (Fig. 5B, left bars), 

there were effects of strain (F(2,318) = 14.99, p = 5.99E-7) and dose:strain (F(6,318) = 9.04, p 

= 3.95E-9). BI in TNFKO cells (Fig. 5B, left bars) decreased compared to WT cells (Fig. 

3B) after the 30 ng/µL (p < 0.05) and the 60 ng/µL (p < 0.01) sTNFR1 doses.

Changes to SYN showed dose effects in TNFKO cells (F(4,327) = 11.50, p = 9.62E-9). SYN 

decreased after treatment with the 3 ng/µL sTNFR1 dose compared to the control dose (p < 
0.01; Fig. 5C, left bars) and compared to all other treatment doses (30 ng/µL, 60 ng/µL and 

120 ng/µL; all p < 0.01).

Dose effects were also observed in SWP (F(4,172) = 20.72, p = 5.93E-14). SWP decreased 

after addition of the 3 ng/µL sTNFR1 dose (p < 0.01) yet increased after treatment with the 

60 ng/µL sTNFR1 dose (p < 0.01). Further, the increased SWP after the 60 ng/µL sTNFR1 

dose varied from the responses observed after treatment with all other sTNFR1 doses (3 

ng/µL, 30 ng/µL, and 120 ng/µL, all p < 0.01; Fig. 5D, left bars). SWP also had effects of 

strain (F(2,318) = 8.45, p = 2.66E-4) and dose:strain (F(6,318) = 12.12, p = 2.82E-12). SWP in 

TNFKO cells decreased after the 3 ng/µL sTNFR1 dose (Fig. 5D, left bars) compared to WT 

(Fig. 3D; p < 0.01) and increased after the 60 ng/µL sTNFR1 dose (Fig. 5D, left bars) 

compared to both TNFRKO and WT (Fig. 3D; both, p < 0.01).

3.3.2. STNFR1 effects on developmental day (D) 15 compared to D14 in 
TNFKO cells—The changes in APs/sec on D15 compared to D14 had effects of dose 

(F(4,170) = 7.84, p = 8.00E-6) in TNFKO cells and, compared to the control dose, decreased 
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after the 3 ng/µL (p < 0.05) and after the 30 ng/µL (p < 0.01) sTNFR1 doses (Fig. 5A, right 

bars). APs/sec increased after the 60 ng/µL sTNFR1 dose compared with the response after 

the 3 ng/µL (p < 0.01) and after the 30 ng/µL (p < 0.01) doses. Additionally, APs/sec were 

higher after the 120 ng/µL treatment compared to the 30 ng/µL treatment (p < 0.05).

Similarly, the changes in BI had effects of dose (F(4,170) = 4.47, p = 1.84E-3) in TNFKO 

cells. BI increased after 120 ng/µL sTNFR1 compared to the control dose (p < 0.05; Fig. 5B, 

right bars) and compared to BI after the 30 ng/µL and 60 ng/µL doses (both, p < 0.01). 

Additionally, the increase in BI observed after the 60 ng/µL dose differed from WT 

(Fstrain (2,318) = 9.34, p = 1.15E-4, Tukey HSD p < 0.01; compare Fig. 5B and 4B, both right 

bars)

Interestingly, there were no significant changes to SYN on D15 in TNFKO cells (Fig. 5C, 

right bars). However, SWP showed a dose effect (F(4,170) = 7.99, p = 6.28E-6) with increases 

in power after administration of the 60 ng/µL sTNFR1 dose compared to the control dose (p 

< 0.01; Fig. 5D, right bars) and compared to the responses after doses of 3 ng/µ L and 30 

ng/µL sTNFR1 (all, p < 0.01). This increased power (Fig. 5D, right bars) also differed from 

the response in WT cells (Fig. 4D) after the 60 ng/µL sTNFR1 dose (p < 0.01). Additionally, 

the change in power increased after the 120 ng/µL sTNFR1 dose compared to the response 

after the 30 ng/µL sTNFR1 dose (p < 0.01).

To summarize, the 3 ng/µL sTNFR1 decreased SWP in TNFKO mice on D14, indicative of a 

wake-like state. This was a short-lived effect that was abolished 24 h later. In contrast, the 60 

ng/µL sTNFR1 dose increased SWP on D14, indicating a deeper sleep-like state that was 

prolonged and still evident on D15.

3.3.3. Time courses of the sTNFR1 effects on SYN and SWP on day 14 in 
TNFKO and TNFRKO cells (Experiments 2 and 3)—To further investigate the 

responses to sTNFR1 after the 3 ng/µL and 60 ng/µ L doses in both TNFKO and TNFRKO 

cells, we compared the time courses of these treatment responses (Fig. 6) To reiterate, 

decreases in SYN occurred after the 3 ng/µL sTNFR1 dose compared to the control dose in 

both TNFKO cells (p < 0.01; Fig. 5C, left bars) and TNFRKO cells (p < 0.05; Fig. 3C). 

Additionally, after the 60 ng/µL sTNFR1 treatment, the increased SWP observed in TNFKO 

(Fig. 5D, left bars) cells differed (p < 0.01) from TNFRKO cells (Fig. 3D).

Changes to SYN showed effects of time (F(11,2480) = 5.68, p = 4.34E-9), strain (F(1,2480) = 

5.23, p = 0.022), dose (F(1,2480) = 5.68, p = 4.34E-9), and interactions of time:strain 

(F(11,2480) = 3.14, p = 3.12E-4), time: dose (F(11,2480) = 2.01, p = 0.024), and strain:dose 

(F(1,2480) = 7.71, p5.53E-3). Within TNFRKO cells, SYN had a time effect after the 3 ng/µL 

sTNFR1 dose (F(11,672) = 3.00, p = 6.59E-4) and effects of time (F(11,1020) = 2.43, p = 

5.56E-3) and dose (F(11,1020) = 62.68, p = 6.32E-15) between the 3 ng/µL and the 60 ng/µL 

sTNFR1 doses. Within TNFKO cells, SYN showed effects of time after both doses of the 

sTNFR1 (3 ng/µL, (F(11,836) = 2.31, p = 8.72E-3); 60 ng/µL sTNFR1 (F(11,624) = 11.30, p < 
2.30E-16)) and effects of time (F(11,1460) = 6.25, p = 3.89E-10) and dose (F(11,1460) = 

173.95, p < 2.00E-16) between the two doses. Compared to the value at 5 min after the 3 

ng/µL sTNFR1 dose, SYN decreased at 35 min in both strains (TNFRKO, p < 0.05; 
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TNFKO, p < 0.01; Fig. 6A). Unlike TNFRKO cells, however, SYN in TNFKO cells 

remained lower for the next 10 min in TNFKO cells (p < 0.01; Fig. 6A). In TNFKO cells, 

the SYN response after 3 ng/µL sTNFR1 was lower than those after 60 ng/µL sTNFR1 

across time at 5 min, 20 min, 30 min, 35 min, 40 min, 50 min, 55 min, (all, p < 0.01) and at 

60 min (p < 0.05). However, in TNFRKO cells, this difference between dose responses 

occurred only at 35 min when SYN was lower after 3 ng/µL compared to 60 ng/µL (p < 
0.05). Strain effects occurred only after the 60 ng/µL sTNFR1 dose when SYN was elevated 

at 5 min in TNFKO cells compared to TNFRKO cells (p < 0.01; Fig. 6A). SYN then 

decreased in TNFKO cells by 10 min post-treatment and remained lower than the 5 min 

value for the remainder of the hour-long recording (p < 0.01 for all times except 50 min, p < 
0.05; Fig. 6A). Interestingly, there was an effect of time (F(11,624) = 11.30, p < 2.00E-16) in 

TNFKO cells after the 60 ng/µL sTNFR1 dose, with an increasing and decreasing pattern of 

SYN values (Fig. 6A).

Changes in SWP effects occurred for time (F(11,1522) = 8.20,p = 4.33E-14), strain (F(1,1522) = 

168.27, p < 2.00E-16), dose (F(1,1522) = 455.55, p < 2.00E-16), and interactions of 

time:strain (F(11,1522) = 3.64, p = 4.07E-5), and strain:dose (F(1,1522) = 241.34, p = 

4.33E-14). Within TNFRKO cells, SWP had effects of time after 3 ng/µL sTNFR1 (F(11,480) 

= 2.11, p = 0.019). Within TNFKO cells, SWP effects of time occurred after the 60 ng/µL 

sTNFR1 dose (F(11,348) = 9.00, p = 3.78E-14). SWP comparisons between the 3 ng/ul and 

60 ng/µL sTNFR1 doses had effects of time (F(11,742) = 6.80, p = 5.92E-11) and dose 

(F(1,742) = 443.41,p < 2.00E-16). Compared to the SWP at 5 min, the lowest SWP value in 

TNFKO cells after 3 ng/µL sTNFR1 occurred at 45 min after treatment (p < 0.05), but SWP 

was also decreased at 15 min and 25 min (both, p < 0.01). Compared to the response at 5 

min after the 60 ng/µL treatment in TNFKO cells, SWP was decreased at 10 min, 15 min, 25 

min, 45 min, 50 min and 55 min (all, p < 0.01), with the lowest SWP value at 45 min (Fig. 

6B). After the initial decreases in SWP from 5 min through 15 min, SWP increased at 20 

min (vs 15 min, p < 0.01). After remaining fairly steady between 25 min and 40 min, SWP 

then dropped to its lowest value at 45 min (vs 40 min, p < 0.01), increasing slightly at 50 

min was finally higher again by 60 min (vs 45 min and vs 55 min, p < 0.01). Additionally, 

SWP responses in TNFKO cells after 60 ng/µL were higher than those after the 3 ng/µL 

sTNFR1 dose across all time points (all p < 0.01, except 15 min, p < 0.05). Like SYN, 

changes to SWP had effects of strain only after the 60 ng/µL sTNFR1 dose, with higher 

SWP in TNFKO cells than in TNFRKO cells at every timepoint (p < 0.01) except at 45 min 

(Fig. 6B), when the value, as previously mentioned, was at its lowest in TNFKO cells.

In summary, the 60 ng/µL sTNFR1 dose had a more pronounced effect on SYN and SWP in 

TNFKO cells compared to the 3 ng/µL dose and compared to SYN and SWP values obtained 

from TNFRKO cells with the same doses. In contrast, both doses of sTNFR1 in TNFRKO 

cells induced a more wake-like state.

4. Discussion

The TNF family of molecules is large, complex, and plays multiple diverse roles in the 

central nervous system including sleep regulation (Rockstrom et al., 2017) and development 

(Merrill, 1992). During development, TNF is upregulated in a region-specific manner in 
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mammalian brain (Dziegielewska et al., 2000; Merrill, 1992). Nevertheless, in many ways 

TNFKO mice and TNFRKO mice appear to develop normally (Bruce et al., 1996; Fang et 

al., 1997; Marino et al., 1997). However, gene expression related to neurogenesis differs in 

TNF deficient mice, which have decreased TNFR2 expression and which develop increased 

numbers of neurons and decreased numbers of microglia (Yli-Karjanmaa et al., 2019b). 

Additionally, memory impairments develop in mice lacking TNF and TNFR1 and mice 

lacking TNF, TNFR1 or TNFR2 have learning disabilities (Camara et al., 2013). Finally, 

whereas TNF is a well characterized sleep regulatory substance, mice deficient in TNFR1 do 

not sleep more after treatment with sTNF (Fang et al., 1997). Herein, we show that TNF and 

TNFRs have a role in the development of neuronal/glial networks in vitro to the extent that 

rates of emergent electrophysiological properties develop faster in both TNFKO and 

TNFRKO in somatosensory cortical neuron/glia co-cultures compared to cultured WT cells. 

Although we did not investigate the glia:neuron ratio, the faster development of APs/sec and 

SWP could be the result of increased neuronal firings, untempered by glia, in the TNFKO 

and TNFRKO cultures. Previously, we showed that APs decreased in cultures of WT 

somatosensory cells enriched in astrocytes (Jewett et al., 2012). Regardless of such 

speculation, our results confirm that the TNF family of molecules plays a role in brain 

development.

The major new finding in the current study is that the sTNFR1 enhances the wake-like state 

as evidenced by decreases in SYN and SWP after the 3 ng dose in cells derived from both 

TNFRKO and TNFKO mice (Figs. 3 and 5). We previously showed that in WT 

somatosensory cells in vitro sTNF induces a deeper sleep-like state, as evidenced by 

increases in SWP (Jewett et al., 2015). Further, electrical stimulation of WT cells in culture 

reduces SWP values, suggesting a more wake-like state which is followed the next day by a 

rebound in SWP values, indicating sleep homeostasis can occur in vitro (Jewett et al., 2015). 

In vivo, EEG SWP is often used to define NREMS and higher values indicate a deeper 

NREMS (Borbely et al., 1984; Hajnik et al., 2013). Previously, we had also used a sTNFR1, 

or fragment of it, in vivo to inhibit sleep and EEG SWP but were unaware of tmTNF and 

TNF reverse signaling at the time (Kubota et al., 2002, 2001; Takahashi et al., 1996a). In the 

current study, we hypothesized that addition of sTNFR1 would induce a more wake-like 

state in vitro. The inhibition of the sleep-like state by the sTNFR1 is similar to results 

reported by Jewett et al after electrical stimulation (Jewett et al., 2015). Thus, these data 

suggest a reverse signal in the absence of tmTNFRs that induces a wake-like state through 

binding of sTNFR1 to cells that present tmTNF.

We previously showed that LTα is somnogenic (Kapas and Krueger, 1992). TNFKO mice 

are null for the TNF gene but still produce LTα (Jackson Labs website, overview for 

B6.129S-TNFtm1Gkl/J, https://www.jax.org/strain/005540). TNF and LTα are homologous 

members of the TNF superfamily and TNFR1 is a high affinity receptor for both ligands 

(Banner et al., 1993; Hohmann et al., 1990; Loetscher et al., 1991; Medvedev et al., 1996; 

Nedwin et al., 1985; Pennica et al., 1984; Schoenfeld et al., 1991; Smith et al., 1994). 

TNFR1 form dimers and trimers that bind trimeric and monomeric TNF and LTα, resulting 

in varied cellular responses through conformational changes in the receptor upon ligand 

binding (Aggarwal, 2003; Lo et al., 2020; Naismith et al., 1995; Schoenfeld et al., 1991). 

Thus, whereas TNF is not playing a role in the sleep-like parameter changes observed in 
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TNFKO mice, it is possible that they are the result of LTα:sTNFR binding. Future studies to 

characterize the mechanisms of TNF:sTNFR1 induced reverse signaling should, therefore, 

utilize an animal model that silences both TNF and LTα genes.

Although TNFRKO cells exhibit clear sTNFR1 dose SYN- and SWP-responses (Fig. 3), the 

largest effects occurred with the lowest 0.3 ng sTNFR1 dose. This is not entirely without 

precedent as we have previously shown that, with other pro-inflammatory cytokines, i.e. low 

doses of IL1 in vivo promote sleep while high doses inhibit sleep (Opp et al., 1991). In the 

current study, the direction of the SYN effects were opposite at the 0.3 ng dose compared to 

the 3 ng sTNFR1 dose. It is not known what is responsible for these effects although it 

seems possible that receptor dimers and trimers interacting with ligand (sTNF, tmTNF, LTα) 

monomers and trimers are somehow involved. As the sTNFR1 dose is increased to 3 ng, 

cells from both TNFRKO and TNFKO mice respond similarly with decreases in SYN and 

SWP suggesting a more wake-like state in both cell type cultures. However, as the dose 

increases even more, the response profiles of the two cell types differ from each other and at 

the higher dose are not different from WT cell responses. Nevertheless, responses of both 

KO cell types are distinct from WT cell responses suggesting a role for the TNF family of 

molecules in these responses although it would be speculative to suggest a specific 

mechanism. We previously showed a sTNFR fragment induces increases in intracellular 

calcium responses. This effect decreased in a dose-dependent manner from 10 ng/mL to 

1000 ng/mL, but then rose again at 10000 ng/mL. In contrast, TNFα (10 ng/mL) increased 

calcium (De et al., 2003). Additionally, we also previously showed that, in similar WT 

somatosensory cell cultures used herein, low doses of sTNF enhanced SYN and SWP while 

higher doses greatly inhibited APs/sec (Jewett et al., 2015). Because TNF is well-

characterized for its involvement in synaptic scaling (Turrigiano, 2008) we interpreted those 

results within the context of glutamate AMPA receptor trafficking. Although speculative, it 

seems likely that altered TNF-induced AMPA mechanisms are occurring in the TNFRKO 

and TNFKO cells that in turn manifest in distinct dose response relationships.

To our knowledge, reverse signaling, induced by a soluble receptor binding a transmembrane 

ligand, has not previously been described in cortical brain tissue with respect to sleep. 

However, increased levels of sTNFR1 are correlated with increased arousal in obstructive 

sleep apnea patients (Yue et al., 2009). It is possible that these arousal states are induced 

through sTNFR1/tmTNF-induced reverse signaling. Reverse signaling of TNF occurs in 

many cell types including sympathetic neurons from the superior cervical ganglion, where 

axon growth and tissue innervation is promoted by TNFR1 binding to axonal tmTNF 

(Kisiswa et al., 2013). Although uninvestigated in these studies, this phenomenon reportedly 

occurs via dephosphorylation of tmTNF upon binding by sTNFR and is due to a casein 

kinase I motif in the TNF cytoplasmic domain of TNF (Watts et al., 1999). Future studies 

are necessary to determine if this is also the case in reverse signal-induced waking.

Several studies demonstrate that the two forms of TNF have opposing roles in the central 

nervous system; neuroprotection is afforded by tmTNF, but not sTNF. In an in vivo model of 

multiple sclerosis, inflammation was induced through sTNF signaling whereas tmTNF 

signaling was neuroprotective (Taoufik et al., 2011). In models of ischemic stroke in vivo 
and in vitro, tmTNF:TNFR1 but not sTNF:TNFR1 signaling is neuroprotective (Madsen et 
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al., 2016; Taoufik et al., 2007; Yli-Karjanmaa et al., 2019a). Further, anti-TNF agents, 

infliximab, etanercept and adalimumab, have been used successfully to treat chronic 

inflammatory diseases by binding and neutralizing sTNF, yet these agents can also bind 

tmTNF to effect stronger inhibition (Horiuchi et al., 2010). With regards to the sleep effects 

of these anti-TNF agents, they appear to be better anti-tmTNF agents than anti-sTNF agents 

because they reduce sleep (Rockstrom et al., 2017). Although we investigated reverse 

signaling induced by soluble receptor-transmembrane ligand binding, cell to cell contact can 

also result in reverse signal modulation of physiological processes, including inflammation 

(Horiuchi et al., 2010) and chronic pain (Zhou et al., 2010), and the current study provides a 

rationale for future research to investigate the role of tmTNF/sTNFR cell-to-cell reverse 

signaling in sleep state regulation.

It is not uncommon in the myriad of molecules that work to maintain homeostatic balance, 

to find a complexity of roles being played within the same protein family. In this vein, the 

TNF superfamily may be compared the IL1 family, with its multiple anti- and pro-

inflammatory members that provide stability to the physiological and pathological process 

which they regulate. Whereas IL1β, its receptor (IL1R1) and receptor accessory protein 

(IL1RAP) are pro-inflammatory, the sIL1R, neuron-specific IL1RAP and the receptor 

antagonist (IL1RA) are anti-inflammatory (Clinton et al., 2011; Nguyen et al., 2019a; Obal 

and Krueger, 2003; Zielinski and Krueger, 2012). Additionally, IL33, has two forms like 

TNF, which have opposing anti- and pro-inflammatory properties (reviewed, (Dinarello, 

2018)). Further, it is suggested that the sIL1R may regulate inflammation through reverse 

signaling mechanisms (Sporri et al., 2001). Finally, the TNF and IL1 families are closely 

interconnected, as both IL1β and TNF self-amplify and increase each other’s mRNA 

expression in brain (Churchill et al., 2006). Such amplification systems are useful to rapidly 

amplify responses to inflammatory/infectious challenges. However, if damping systems are 

impaired, they lead to cytokine storms leading to enhanced morbidity and mortality, e.g. in 

COVID-19. Regardless, the current study reinforces the concept of sleep being a 

fundamental process of small local brain cellular circuits to the extent that in vitro the 

sTNFR1 induces the wake-like state of neuronal/glial cultures in a fashion similar to 

sTNFR1-enhanced waking in vivo. Further, several sleep regulatory substances, e.g. TNF, 

IL1, NO, prostaglandins, and adenosine are all produced within local cell circuits in 

response to cell use. They all alter local cell activity-dependent processes such as local 

sleep/wake states, cerebral blood flow, metabolism, and neuronal plasticity (Krueger, 2020; 

Krueger et al., 2019). These molecules are part of biomolecular cascades affecting each 

other’s expression and regulating the local processes all of which can interact with other 

homologous processes in adjacent local circuits to manifest as emergent properties at higher 

levels of tissue organization affecting whole animal behavior/physiology, e.g. sleep, 

memory, and immunity. Understanding the compartmentalization of these local cell-use 

driven processes and their emergent properties would greatly enable our understanding of 

neurobiology.
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Fig. 1. 
Multi-electrode array (MEA) analyses of spontaneous electrical activity in neuronal/glial co-

cultures. A. Configuration cartoon of electrodes in 6-well MEAs. Electrodes are numerically 

identified for single well, F. B. Representative single-channel raw baseline data for all nine 

electrodes in well F (refer to (A) for configuration) using a 200-Hz high-pass filter on day 

(D)14 for cells from mice lacking tumor necrosis factor (TNFKO). Electrodes are identified 

in the top left corners of the raw data windows and each electrode’s data was analyzed 

individually. The AP threshold line of −4 standard deviations (SDs) from the baseline 

average signal is identified only for electrode 34 but shown in all electrode windows. A 

representative burst is identified on electrode 23 and a representative spike is identified on 

electrode 12. It is emphasized that electrical activity recorded from each electrode within the 

well is unique and, therefore, considered as an independent sample. C. Representative 

single-channel raw data for cells of all strains (wildtype (WT), top row; TNF double 

receptor knockout (TNFRKO), middle row; TNFKO, bottom row) on development D4 (far 

left column), development D11, D14 pre-treatment baseline and D14 after treatment with 3 

ng soluble TNF receptor 1 (sTNFR1; far right column). D. Representative single action 

potentials for all three strains (WT, top; TNFRKO, middle; and TNFKO, bottom) for D14 

pre-treatment baseline (left column) and D14 post-treatment with 3 ng sTNFR1 (right 
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column). The horizontal line in all windows is the AP threshold of −4 SD from baseline 

average signal.
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Fig. 2. 
Development of spontaneous electrical activity in somatosensory cortex neuronalglial co-

cultures. Cultures were derived from wildtype (WT), double tumor necrosis factor receptor 

(TNFR1, /TNFR2) knockout mice (TNFRKO), and TNFKO mice. Numbers of preparations, 

MEAs, wells and electrodes are presented in Table 1. For each strain and parameter, mean 

values ± standard errors from day (D)4-D14 in cell culture are presented in the figure. In 

some cases, SE values are so small they are imperceptibly confined within the data points. 

A. Average values for action potentials per second (APs/sec) are shown. B. Mean burstiness 

indices (BI) are shown. C. Average synchronization (SYN) values between adjacent 

electrodes are shown. D. Mean fast Fourier transformation values (slow wave power (SWP; 

µV2) within the 0.25–3.75 Hz frequency band values are shown. To determine development 

changes of values on D5-D14, each day’s values were compared to D4 values within each 

strain for each sleep parameter. One-way ANOVA analyses were followed by post-hoc 

Tukey’s HSD tests if significant (p < 0.05) main effects were found: WT, *p < 0.05, **p < 
0.01; TNFRKO, ##p < 0.01; TNFKO, &p < 0.05, &&p < 0.01; To determine day, strain and 

day by strain interaction differences for each sleep parameter, two-way ANOVA analyses 

were used, followed by post-hoc Tukey’s HSD tests if significant (p < 0.05) effects were 

found: WT vs TNFRKO, $ $p < 0.01; WT vs TNFKO, %p < 0.05, %%p < 0.01; TNFRKO 

vs TNFKO, ^^p < 0.01.
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Fig. 3. 
Addition of the soluble tumor necrosis factor receptor 1 (TNFR1) on day 14 altered 

electrophysiological parameters in a dose- and strain-dependent manner in cells from mice 

lacking both TNFRs (TNFRKO) mice and cells from wildtype (WT) mice. For each 

sTNFR1 treatment dose (0.3 ng/µL, 3 ng/µL, 30 ng/µL, 60 ng/µL, and 120 ng/µL) within 

each strain and parameter, graphically presented values are means ± standard errors of 

normalized fold changes (APs/sec and BI) and differences (SYN and SWP) relative to the 

control treatment dose. Changes in each measure were compared first to their respective day 

14 baseline values and then to the sTNFR1 control treatment change from baseline mean 

within the same MEA and strain as described in the methods section. Numbers of 

preparations, MEAs, wells and electrodes are presented in Table 1. A. Normalized fold 

change values of action potentials per second (APs/sec). B. Normalized fold change of 

burstiness index (BI). C. Change in synchrony (SYN) between electrodes. D. Change in 

slow wave power (SWP) (µV2, 0.25–3.75 Hz). Within strain, significance of dose-induced 

changes (p < 0.05) was determined by one-way ANOVA (dose) followed by post-hoc 

Tukey’s honestly significant differences (HSD) tests when significant main effects were 

found. Significant effects of dose, strain and dose by strain interactions were determined 

with two-way ANOVA (dose, strain, dose × strain), followed by post-hoc Tukey’s HSD tests 

when significant (p < 0.05) main effects were found. Within strain significant dose-induced 

changes compared with the control treatment: *p < 0.05, **p < 0.01. Within dose significant 

strain differences : ^^p < 0.01. Within strain significant differences between dose-induced 

changes (0.3 ng/µL, 3 ng/µL, 30 ng/µL, 60 ng/µL, and 120 ng/µL) are not shown in this 

figure but are reported in the results section.
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Fig. 4. 
Effects of the soluble tumor necrosis factor receptor 1 (TNFR1) on electrophysiological 

parameters 24 h after treatment in cells from mice lacking both TNFRs (TNFRKO) mice and 

cells from wildtype (WT) mice. For each sTNFR1 treatment dose (0.3, 3, 30, 60 and 120 

ng/µL) within each strain and parameter, graphically presented values are means ± standard 

errors of normalized fold changes (APs/sec and BI) and differences (SYN and SWP) relative 

to the control treatment dose. Changes in each measure were compared first to their day 14 

baseline values and then to the sTNFR1 control treatment change from baseline mean within 

the same MEA and strain as described in the methods section. Numbers of preparations, 

MEAs, wells and electrodes are presented in Table 1. A. Normalized fold change of action 

potentials per second (APs/sec). B. Normalized fold change of burstiness index (BI). C. 

Change in synchrony (SYN) between electrodes. D. Change in slow wave power (SWP) 

(µV2, 0.25–3.75 Hz). Within strain significance of dose-induced changes (p < 0.05) was 

determined by one-way ANOVA (dose) followed by post-hoc Tukey’s honestly significant 

differences (HSD) tests when significant main effects were found. Significant effects of 

dose, strain and dose by strain interactions were determined with two-way ANOVA (dose, 

strain, dose × strain) followed by post-hoc Tukey’s HSD tests when significant (p < 0.05) 

main effects were found. Within strain, significant dose-induced changes compared with the 

control treatment: *p < 0.05, **p < 0.01. Within dose significant strain differences: ^p < 
0.05, ^^p < 0.01. Within strain, significant differences between dose-induced changes (0.3 

ng/µL, 3 ng/µL, 30 ng/µL, 60 ng/µL, and 120 ng/µL) are not shown in this figure but are 

reported in the results section.
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Fig. 5. 
Effects of the soluble tumor necrosis factor receptor 1 (TNFR1) on electrophysiological 

parameters in cells from mice lacking TNF (TNFKO). For each sTNFR1 treatment dose (3 

ng/µL, 30 ng/µL, 60 ng/µL, and 120 ng/µL) within each strain and parameter, graphically 

presented values are means ± standard errors of normalized fold changes (APs/sec and BI) 

and differences (SYN and SWP) relative to the control treatment dose. One hour post-

sTNFR1 treatment on day (D) 14 values for each measure (left hand bars) were first 

compared to their D14 baseline values and then to the sTNFR1 control treatment change 

from baseline mean within the same MEA and strain as described in the methods section. 24 

h post-sTNFR1 treatment values for each measure (right hand bars) were first compared to 

their D14 baseline values and then to the D15 sTNFR1 control treatment change from D14 

baseline mean within the same MEA and strain as described in the methods section. 

Numbers of preparations, MEAs, wells, and electrodes are presented in Table 1. A. 

Normalized fold change of action potentials per second (APs/sec). B. Normalized fold 

change of burstiness index (BI). C. Change in synchrony (SYN) between electrodes in 

TNFKO cells. D. Change in slow wave power (SWP; µV2, 0.25–3.75 Hz). For each day and 

parameter, a one-way ANOVA determined significant dose effects and was followed by 

post-hoc Tukey’s HSD tests where indicated and as described in the methods section: 

Significant dose-induced changes compared with the control treatment: *p < 0.05, **p < 
0.01. Significant strain differences vs WT: ^p < 0.05, ^^p < 0.01; vs TNFRKO: ~~p < 0.01. 

Significant differences between dose-induced changes (3 ng/µL, 30 ng/µL, 60 ng/µL, and 

120 ng/µL) are not shown in this figure but are reported in the results section.
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Fig. 6. 
Time course of SYN and SWP after the soluble tumor necrosis factor receptor 1 (TNFR1) 

treatment (3 ng/µL; 60 ng/µL) in cells from mice lacking both TNFRs (TNFRKO) and cells 

from mice lacking TNF (TNFKO) on day 14. For each strain, sTNFR1 treatment dose, and 

parameter, graphically depicted values are means ± standard errors (SEs) of changes in 

synchrony (SYN) and slow wave delta power (SWP) every five minutes over the course of 

one hour. Numbers of preparations, MEAs, wells, and electrodes are presented in Table 1. A. 

Time course of SYN changes after treatment with either 3 ng/µL or 60 ng/µL sTNFR1 in 

TNFKO and TNFRKO cells. B. Time course of SWP (µV 2, 0.25–3.75 Hz) changes after 

treatment with either 3 ng/µL or 60 ng/µL sTNFR1 in TNFKO and TNFRKO cells. Changes 

in each measure were compared first to their day 14 baseline values and then to the sTNFR1 

control treatment change from baseline mean for each 5 min time period individually within 

the same MEA and strain as described in the methods section. Significance of time-induced 

changes (p < 0.05) was determined by one-way ANOVA (time) followed by post-hoc 

Tukey’s HSD tests when significant main effects were found within each strain, dose, and 

parameter. Significant effects of time, strain and time by strain interactions were determined 

by two-way ANOVA (time, strain, and time × strain) and, where indicated, post-hoc Tukey’s 

HSD tests within each dose for each parameter. Significant strain differences were found for 

60 ng/µL dose only: TNFRKO vs TNFKO: ^^p < 0.01. Within strain and dose, significant 

time differences vs 5 min: TNFRKO 3 ng, *p < 0.05; TNFKO 3 ng, $ $p < 0.01; TNFKO 60 

ng, &p < 0.05, &&p < 0.01. Within strain and dose, significant time differences are reported 

in the results section.
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Table 1

Numbers of preparations, MEAs, wells and electrodes for each strains and experiment.

Experiment Cell Strains Preparations MEAs Wells Electrodes

Experiment 1: TNFRKO 8 10 51 326

TNFKO 8 16 73 449

WT 10 19 71 432

Experiment 2: sTNFR1 D14 TNFRKO 4 8 32 146

WT 3 8 34 124

Experiment 2: sTNFR1 D15 TNFRKO 4 8 33 147

WT 3 8 34 126

Experiment 3: sTNFR1 D14 TNFKO 1 4 23 177

Experiment 3: sTNFR1 D15 TNFKO 1 4 23 175

Experiment 3: sTNFR1 D14 time course TNFRKO 4 8 20 94

TNFKO 1 4 13 103

Abbreviations: TNFRKO – tumor necrosis factor double receptor knockout; TNFKO – tumor necrosis factor alpha knockout; WT – wildtype; 
sTNFR1 – soluble tumor necrosis factor receptor 1; D – day; MEA – multielectrode array.
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