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Abstract  

The increased expression of interleukin-6 (IL-6) both in cerebrospinal fluid (CSF) and plasma is 

closely associated with convulsive epilepsy and symptom severity of depression. By comparison, at 

present, little is known about the role of this cytokine in childhood (non-convulsive) absence epilepsy. 

The aim of this work was to investigate the potential effects of acute and chronic treatment with 

tocilizumab (TCZ: 10 and 30 mg/kg/day), on absence seizures, their development and related 

psychiatric comorbidity in WAG/Rij rats. It is known that lipopolysaccharide (LPS)-induced changes 

in inflammatory processes increase absence epileptic activity. 

In order to study the central effects of TCZ, we investigated whether administration of this anti-IL-

6R antibody could modulate the lipopolysaccharide (LPS) or IL-6 -evoked changes in absence 

epileptic activity in WAG/Rij rats. Our results demonstrate that TCZ, at both doses, significantly 

reduced the development of absence seizures in adult WAG/Rij rats at 6 months of age (1 month after 

treatment suspension) compared with untreated controls, thus showing disease modifying effects 

effects. Decreased absence seizure development at 6 months of age was also accompanied by reduced 

co-morbid depressive-like behavior, whereas no effects were observed on anxiety-related behavior. 

Acute treatment with TCZ, at 30 mg/kg, had anti-absence properties lasting ~25 hours. The co-

administration TCZ with i.c.v. LPS or IL-6 showed that TCZ inhibited the worsening of absence 

seizures induced by both pro-inflammatory agents in the WAG/Rij rats, supporting a central anti-

inflammatory-like protective action. These results suggest the possible role of IL-6 and consequent 

neuroinflammation in the epileptogenic process underlying the development and maintenance of 

absence seizures in WAG/Rij rats. Accordingly, IL-6 signaling could be a promising pharmacological 

target in absence epilepsy and depressive-like comorbidity. 

 

Keywords: Absence epilepsy; Epileptogenesis; Neuroinflammation; Tocilizumab; Depressive-like 

behavior, Anxiety  
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1. Introduction 

Clinical and preclinical data, already in the last century, suggest a potential role of neuroinflammation 

and immune reactions in the pathophysiology of epilepsy and epileptogenesis [1–3]. Chronic brain 

inflammation may also contribute to intractability of seizures and their neurobehavioral comorbidities 

[4, 5]. Among the vast array of inflammatory mediators contributing to the complexity of 

neuroinflammation, particular attention has been devoted to cytokines such as interleukin (IL)-1 and 

IL-6, tumor necrosis factor (TNF) [6, 7]. 

Inflammatory cytokines are known to increase the excitability of neurons and dysregulate the neural 

connectivity that underlies epileptogenesis [7–9]. Changes in cytokine expression also occur 

following seizures and seizures can be aggravated when cytokines are added exogenously [9]. 

Alteration of  proinflammatory cytokines is also associated with several psychiatric disorders [10, 11] 

with the latter being often considered an epilepsy comorbidity with depression being the most 

common [5, 12]; however, a bidirectional link should be considered [13].  

IL-6 is a pleiotropic cytokine that exerts its actions via the classic signaling pathway when it binds to 

the membrane-bound IL-6R or via the trans-signaling pathway upon binding to the soluble form of 

IL-6R (sIL-6R); IL-6 is primarily secreted by activated astrocytes and microglia. Classic IL-6 

signaling is responsible for the anti-inflammatory properties of IL-6, whereas trans-signaling is 

responsible for its pro-inflammatory actions [14]. Dysregulation of the IL-6 axis can lead to the onset 

or development of different disorders including CNS pathologies [15, 16].  

Based on its major influence on the production of inflammatory factors, IL-6 can be considered as 

one of the promoters of the inflammatory response in the brain, together with TNF-α and IL-1β [15, 

17]. Studies in both preclinical and clinical epilepsy have found an increased expression of IL-6 both 

in brain and blood that is closely associated with convulsive seizures [18–21]. Similarly, different 

evidence also indicates that both peripheral and central IL-6 levels are significantly elevated in 

depressive disorders [22].  
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In contrast, little is known about the exact role of inflammation/proinflammatory cytokines in the 

genesis and/or modulation of absence epileptic activity in WAG/Rij rats, an animal model of absence 

epilepsy and epileptogenesis with neuropsychiatric comorbidities [23–25]. Some studies suggested 

that inflammatory processes and proinflammatory cytokines may have a role in the 

genesis/modulation of spontaneous absence epileptic activity in WAG/Rij rats [26, 27]. Systemic or 

central administration of bacterial endotoxin lipopolysaccharide (LPS) in rodents activates microglia 

and increases expression of many brain cytokines (including IL-1β, TNF-α and IL-6) changing the 

seizure threshold and enhancing epileptogenesis [28, 29] 

It has also been shown that the LPS-evoked increase in proinflammatory cytokines can increase 

absence epileptic activity in some animal models [30, 31]. It is known that IL-1β increases absence 

seizures, and TNF-α delays the onset of spontaneous spike wave discharges (SWDs) [26] but it 

remains unknown whether IL-6 modulates the occurrence of SWDs. Considering the strong evidence 

linking IL-6 to pathophysiology, clinical expression, and treatment response in epilepsy and 

depression, we hypothesized that a treatment that blocks or reduces this pro-inflammatory cytokine 

production and/or action, could have a therapeutic effect in absence seizures and psychiatric 

comorbidity. IL-6 blockade is a current therapeutic strategy for autoimmune/inflammatory conditions 

[32] and, a possible anti-epileptogenic/epileptic and antidepressant effect of IL-6 antagonism can be 

also postulated as potentially useful in these disorders. Tocilizumab (TCZ), a humanized monoclonal 

antibody against the IL-6 receptor, is currently used for the treatment of IL-6-induced immune 

diseases, including rheumatoid arthritis [32], and the successful treatment of refractory status 

epilepticus with TCZ has also recently been reported [33, 34]. In the present work, we studied the 

effects of TCZ on established SWD seizures and epileptogenesis in WAG/Rij rats, and also 

investigated whether TCZ could influence both depressive and anxiety-like comorbidities in this 

model.  

 

2. Materials and methods 
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2.1 Animals 

Male WAG/Rij rats (n = 111), purchased from Charles River Laboratories s.r.l. (Calco, Lecco, Italia), 

were used in all experiments. Animals were housed three/four per cage and kept under controlled 

environmental conditions (60 ± 5% humidity; 22 ± 2 °C; 12/12 h reversed light/dark cycle; lights on 

at 20.00) with free access to standard laboratory chow and tap water. Animal care and experimental 

procedures were conducted in conformity with the international and national laws and policies and 

after approval by our local ethical committee (EU Directive 2010/63/EU for animal experiments, 

ARRIVE guidelines and the Basel declaration including the 3R concept). The experimental protocols 

and the procedures reported herein were approved (Authorization n° 491/2016-PR) by the Animal 

Care Committee of the University of Catanzaro, Italy. All efforts were made to minimize animal 

suffering and to use only the number of animals necessary to produce reliable scientific data.  

 

2.2 Study design 

The goals of the present study were to evaluate, in WAG/Rij rats, the effects of TCZ (RoActemra 20 

mg/ml concentrate for solution for infusion, Roche, Italy) on:  

1) Established absence seizures (acute treatment); 

2) The epileptogenic process underlying the development of absence seizures (early long-term 

treatment; ELTT);  

3) Symptoms of depressive-like behavior and anxiety in ELTT rats; 

4) IL-6 levels in serum and in the brain; 

5) The LPS or IL-6-dependent increase in seizure parameters. 

The doses of TCZ (10 and 30 mg/kg) were obtained starting from the commercial product in which 

TCZ (20mg/mL) is solubilized in sterile water added of an unknown quantity of solutes (i.e. L-

Histidine, L-Histidine monohydrochloride monohydrate, L-Arginine hydrochloride, L-Methionine, 

Polysorbate 80) and injected at the desired dose. Lacking the possibility of exactly replicate the same 

vehicle, control animals were injected with saline solution (0.9% NaCl). 
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2.3 Acute TCZ treatment  

Adult WAG/Rij rats (~6 months old; n=18) were administered intraperitoneally (i.p.) with two doses 

of TCZ (10 and 30 mg/kg; i.p.) in order to determine if this would significantly influence the number 

and duration of SWDs. Separate groups of rats (n=6 for each dose) were used to determine the effects 

of vehicle (saline) and TCZ. Since TCZ has an extended half-life (between 6 and 9 days in rats and  

~10 days in humans) [35, 36], EEG effects were studied for 4 consecutive days. Each recording 

session lasted for 3 h and started, the first day, 1 h after the administration of TCZ or vehicle (saline 

solution). Therefore, the recording session of the first day consisted in 1 h of baseline EEG signals 

without injection, and 3 h after the administration of TCZ or vehicle (saline solution). The other three 

days of EEG recordings consisted of 3 h without administration (start at 9 am). To assess the 

pharmacological effects of the TCZ over time, each 3 h EEG recording was divided into 30 min, and 

the cumulated SWD number and duration per epoch after drug administration were calculated [37]. 

A standardized surgery protocol was followed, as previously reported [37]. 

 

2.4 Early long-term treatment (ELTT) with TCZ 

WAG/Rij rats were early long-term treated with TCZ (n = 21 for each dose) for about 17 weeks (up 

to the age of 5 months) starting at post-natal day 30 (P30). TCZ was given at 10 and 30 mg/kg 

intraperitoneally (i.p.) once a week (every Monday for the 17 weeks of treatment) according to its 

long-lasting half-life in rats. Age-matched control (vehicle) rats (n = 21) were kept under the same 

housing conditions over the same period of time with vehicle (saline solution). During the treatment 

period, all animals were weighed weekly every Monday between 9:00 and 11:00 a.m. and particular 

attention was paid to the possible appearance of any drug-induced side-effects.  

After the end of treatment (֊5 months), WAG/Rij rats were normally housed up to the age of ~6 

months when they were subjected to surgery, as previously described [38]. After surgery, WAG/Rij 

rats from each group (treated and untreated; n=8 for each dose and vehicle) were experimentally 
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evaluated by 3 h of EEG recordings over 3 consecutive days, within 30 and 36 days after treatment 

discontinuation. The same rats were again EEG recorded at the age of ~10 months (5 months after 

treatment discontinuation) to evaluate the duration of TCZ effects [38].  

 

2.5 Behavioral tests in ELTT rats 

In order to evaluate the ELTT effects of TCZ on depressive- and anxiety-like behavior in WAG/Rij 

rats, behavioral tests were performed, respectively at ~1 and ~5 months after the end of TCZ treatment 

on a different group of 24 rats (n=8 in each group). 

Forced swimming test (FST) was performed to assess the duration of immobility time (IT), which is 

the experimental analog of a depressive-like behavior, whereas the elevated plus maze (EPM) test 

was used to measure anxiety-related behavior. When two tests were carried out on the same rat, at 

least one day (range 1–3) was allowed, as previously reported [25, 39]. All behavioral tests were 

performed under controlled temperature, humidity, and light intensity (dim illumination), and with 

the support of video-tracking software (EthoVision XT8; Noldus Information Technology, 

Wageningen, the Netherlands). Experiments were always performed between 09:00 and 11:00 a.m. 

in order to avoid possible circadian alterations of test results. 

 

2.5.1 Forced swimming test (FST) 

The FST apparatus consisted of a clear plastic cylinder 47 cm in height with a 38-cm inside diameter 

containing 38 cm of water at 22–23 °C. Rats were individually forced to swim in a plastic cylinder 

for 6 min. The duration of immobility (immobility time; IT) including passive swimming, was 

measured during the last 4 min of the 6-min testing period. The criterion for passive swimming was 

floating vertically in the water while making only those movements necessary to keep the head above 

the water. Increased IT in the FST was indicative of depression-like behavior [25]. 

 

2.5.2 Elevated plus-maze (EPM) test 
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The EPM test was performed as previously described for WAG/Rij rats [40]. As anxiety-related 

variables, the time spent and numbers of entries into the open and closed arms were measured. The 

EPM consisted of a black wooden platform with two open arms (50 cm x 10 cm) and two closed arms 

of the same size arranged in the shape of a plus sign. The maze was elevated 80 cm above the floor 

and exposed to dim illumination (40 W). The rats were individually placed in a central platform facing 

a closed arm and allowed to explore the maze freely for 10 min. The shorter the time spent in the 

open arms and in the central platform, the higher the anxiety is and vice versa. Mean velocity and 

total distance moved were also measured and examined for every experimental group. In order to 

eliminate olfactory cues, maze was systematically cleaned [40].  

 

2.6 LPS or IL-6 co-administration with TCZ protocol 

Six-month-old WAG/Rij rats were used in this set experiments. Animals were assigned into 5 groups 

and treated as follows: 

Group 1: (n=6): control rats, non-treated;  

Group 2: (n=6): rats treated with IL-6 (40 pg/2 µl i.c.v.);   

Group 3: (n=6): rats treated with TCZ (30 mg/kg; i.p.) and IL-6 (40 pg/2 µl i.c.v.);   

Group 4: (n=6): rats treated with LPS (0.5 µg/5 µl i.c.v.);    

Group 5: (n=6): rats treated with TCZ (30 mg/kg; i.p.) and LPS (0.5 µg/5 µl i.c.v.). 

For the co-administration, rats were injected, after 1 h of EEG baseline, with TCZ (30 mg/kg i.p.) 

followed by IL-6 (40 pg/2 µl i.c.v.) or LPS (0.5 µg/5 µl i.c.v.) injected 2 h later. The EEG was 

recorded for 6 h (2 h after the TCZ injection and 3 h after IL-6 or LPS injection), as previously 

described [41]. 

 

2.7 Western blotting analysis 

Rats were decapitated, and the brains (without cerebellum) were quickly removed and submerged in 

ice-cold artificial cerebrospinal fluid. The brain tissue was homogenized using the Gentle MACS 
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dissociator (Miltenyi Biotech, Bergisch Gladbach, Germany) in ice-cold NP40 lysis buffer (Life 

Technologies) containing a cocktail of protease and phospha- tase inhibitors (Life Technologies, 

Monza, Italy) and then centrifuged at 13,362 rcf for 30 min at 4 °C to remove tissue debris [40]. 

Protein lysates (50 μg) were electrophoresed through a NuPAGE 4% to 12% gel (Life Technologies) 

and electroblotted onto a nitrocellulose membrane (Life Technologies). The membrane was blocked 

for 1 h with 5% nonfat dry milk/phosphate-buffered saline-Tween 0.05% (Biorad, Hercules, CA, 

USA), and then incubated over night with the antibodies for phosphorylated signal transducer and 

activator of transcription 3 (p-STAT3; Y705) and STAT3 (Cell Signaling, Danvers, MA, USA). The 

levels of proteins and phosphoproteins were detected with horseradish peroxidase-linked secondary 

antibodies and the enhanced chemiluminescence system (GE Healthcare, Milan, Italy). 

 

2.8 Statistical analysis 

All statistical procedures were performed using GraphPad Prism 8.0 software (GraphPad Software 

Inc., La Jolla, CA, USA). EEG recordings were subdivided into 30 min epochs, and the duration and 

number of SWDs were evaluated separately for every epoch. Such values were averaged, and data 

obtained were expressed as mean ± S.E.M. for every compound or drugs combination. All 

experimental data were analyzed and compared by one-way analysis of variance (ANOVA) followed 

by Dunnett’s post-hoc test. p < 0.05 was considered significant. 

 

3. Results 

3.1 Effects of acute TCZ administration on established absence seizures 

Acute TCZ administration (30 mg/kg; i.p.) in adult WAG/Rij rats with established absence seizures, 

induced a significant decrease (p < 0.05) in the number and duration of SWDs. This effect appeared 

60 min after administration, reached a peak at 150 min (~50% reduction; p = 0.039 for nSWDs and p 

= 0.041 for dSWDs) and lasted until the second day of EEG recording, returning to baseline levels 

the third day of recording. In contrast, the dose of 10 mg/kg TCZ produced no significant effects on 
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SWD activity at any time point (Figs. 1A and B). sSWDs were not significantly modified by TCZ 

treatment (P =0.13; data not shown). 

 

 

3.2 Effects of TCZ ELTT on development of absence seizures  

The EEG recording analysis obtained from untreated 6-month-old control WAG/Rij rats (n = 8 rats) 

showed a mean number of SWDs (nSWDs) of 10.56 ± 1.11, with a mean total duration (dSWDs) of 

71.95 ± 13.14 s, and a mean single duration (sSWD) of 6.41 ± 0.66 for a 30-min epoch. ELTT with 

TCZ, at both doses, significantly reduced the development of absence seizures in adult WAG/Rij rats 

at 6 months of age (1 month after treatment suspension) compared with untreated controls showing 

comparable antiepileptogenic effects. In details, TCZ at the dose of 10 mg/kg/week decreased the 

mean nSWD and dSWD by ~30% and 43%, respectively (p < 0.005), whereas TCZ at the dose of 30 

mg/kg/week decreased the mean nSWD and dSWD by ~ 37% (p = 0.002) and 48% (p = 0.0071) 

respectively (Fig. 2). The mean sSWD value was not modified in any group. When the same animals 

were recorded at 10 months of age (5 months after the end of TCZ treatment), the TCZ effects on 

SWD parameters disappeared returning to control values suggesting only a temporary antiepileptic 

effect (Fig. 2). Animal growth, over the 17 weeks of treatment, did not significantly differ between 

TCZ-treated and untreated rats (data not shown). 

In order to test the mechanism of TCZ potential effects on seizure development, the brain obtained 

from 5 animals in each group of control and under TCZ treatment were analyzed at 3 months of 

treatment (4 months of age) and 1 month after drug withdrawal (in concomitance with EEG 

recordings) by WB analysis. These experiments, unfortunately, did not show any difference of IL-6R 

downstream signaling, as demonstrated by the lack of STAT3 phosphorylation modifications in 

brains of treated vs no-treated WAG/Rij rats (data not shown).   
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3.3 Effects of ELTT with TCZ on behavior in WAG/Rij rats 

We also studied the effects of ELTT with TCZ on anxiety and depressive-like behavior in the 

WAG/Rij rats at two different ages (6 and 10 month-old). Control WAG/Rij rats at the age of 6 

months display a depressive-like behavior highlighted by an increased IT in the FST, which is linked 

to the development of SWDs [25]. 

ELTT with TCZ, at both doses, significantly (CTRL vs TCZ 30 mg/kg p = 0.0001; CTRL vs TCZ 

10mg/kg p = 0.001) decreased the IT in 6-month-old WAG/Rij rats (Fig. 3; 1 month after treatment 

discontinuation), whereas this TCZ antidepressant-like effect was not observed in WAG/Rij rats at 

10 months of age (5 months after treatment withdrawal) ( Fig. 3; p > 0.05). Mean velocity did not 

significantly differ (speed about 5 cm/s; p > 0.05) between groups. No effects were observed on 

anxiety-related behavior, evaluated by EPM, both at 6 and 10 months of age (data not shown). 

 

 

3.4 Changes in SWD parameters after LPS or IL-6 administration and TCZ 

LPS administration (0.5 µg/5 µl; i.c.v.) significantly increased the number of SWDs in WAG/Rij rats 

in accordance with other studies (Figure 4A) [41]. The number of SWDs was more than doubled 

(~65% increase) at 150 min post LPS injection and significantly increased between 30 and 270 min 

after injection. Similarly, an increased duration of SWDs also occurred in the same time interval. The 

administration of TCZ (30 mg/kg; i.p.) 120 min before the LPS injection (0.5 µg/5 µl; i.c.v.) almost 

fully abolished the effect of LPS on SWD number and duration (Figures 4A). LPS was injected at the 

time of plateau effect of TCZ as demonstrated above (see section 3.1) and at the peak of LPS action 

under TCZ a 25% increase in SWDs number was observed vs 65% increase observed without TCZ 

administration (LPS effects in the two groups were compared by t-test of percentage differences 

relatively to measures of the last epoch before LPS administration; p<0.05).

IL-6 (40 pg/2 µl; i.c.v.) administered alone, increased the SWDs number and duration significantly 

in the first 4 h of the EEG recordings with a maximum increase of about 50% between 60 and 150 
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min after injection. The effect of TCZ (30mg/kg; i.p.) on the IL-6 i.c.v. administration was similar to 

that of combined TCZ and LPS administration. In particular, pretreatment with TCZ 120 min before 

the IL-6 injection, almost completely abolished the IL-6-induced SWD parameters increase (Fig. 4B);  

at the peak of IL-6 action under TCZ a 18% increase in SWDs number was observed vs 52% increase 

observed without TCZ administration (IL-6 effects in the two groups were compared by t-test of 

percentage differences relatively to measures of the last epoch before IL-6 administration; p<0.05). 

 

4. Discussion 

Inflammatory cytokines such as IL-6 significantly contribute to the generation and recurrence of 

spontaneous epileptic seizures and to neurological comorbidities in animal epilepsy models [5, 42]. 

IL-6 is a critical cytokine controlling the transition from innate to acquired immunity, which is 

responsible, for damage to brain tissue, and where IL-6 trans-signaling is very important. This 

suggests a functional role for IL-6 in epilepsy and psychiatric comorbidity and a potential target for 

treating  these disorders in humans [17]. 

The present study revealed some interesting new findings in general accordance with the above pro-

epileptic role of IL-6. Firstly, early chronic treatment with the IL-6R blocker TCZ, reduced the 

epileptogenesis process (i.e. disease modifying or delaying epilepsy development) and decreased 

depressive behavioral comorbidity in the genetic WAG/Rij rat model of absence epilepsy. Secondly, 

acute TCZ treatment had antiepileptic effects on SWD parameters in adult WAG/Rij rats, supporting 

a role for neuroinflammation in this model. Thirdly, TCZ/LPS or TCZ/IL-6 co-administration studies 

showed that TCZ prevented the LPS or IL-6 -dependent increases in absence seizures, further 

indicating that TCZ effects are mediated by IL-6 that plays a role in epileptogenic process also in this 

model.   

 

4.1 Tocilizumab and epilepsy/epileptogenesis 
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Our data have demonstrated for the first time, that a continuous treatment with TCZ, started prior to 

the onset of seizures, reduces the subsequent development of EEG absence epilepsy in adult WAG/Rij 

rats, thereby displaying antiepileptogenic properties. However, this effect found at 6 months of age, 

was only temporary, since at 5 months after drug withdrawal, absence seizures returned to their 

control levels. This latter result may indicate that full development of absence seizures is possibly 

delayed and not necessarily disease modifying. Furthermore, we demonstrated that acutely 

administered TCZ in WAG/Rij rats at the age of 6 months (with absence seizures already established) 

was also able to reduce both the number and total duration of SWDs up to 50% as compared to 

untreated control rats, exhibiting direct anti-seizure properties. However, no direct dose response 

effect was observed indicating that a ceiling effect has been reached similarly to what was observed 

also with other drugs acting on inflammation in this model (e.g. etoricoxib, indomethacin) [43, 44] 

but also by levetiracetam [45]. In accordance with our results, recent data have indicated that after 

blocking IL-6Rs also by TCZ, a reduction of epileptic seizures in experimental and human refractory 

epilepsy can be achieved [33, 34, 46].  

The role of IL-6 in WAG/Rij rats and absence epilepsy has not been directly investigated while, the 

involvement of neuroinflammation has only been poorly studied [23, 26, 27]. In an attempt to 

determine whether IL-6 pathway was hyperactivated into the brain of WAG/Rij rats, we measured 

the phosphorylation levels of STAT3 (which is downstream activated following IL-6R activation) 

but found no differences when comparing TCZ treated and untreated groups. A possible explanation 

is due to the fact that we attempted to measure phospho-STAT3 in the full brain. In fact, it is possible 

that an increase in IL-6 levels occurs in specific brain areas that we have not been able to measure. 

Interestingly, previous studies showed that alterations in pro-inflammatory cytokines are associated 

with the location of the epileptogenic zone [47]. Accordingly, IL-1 was only found to be modified 

in the somatosensory cortex of GAERS (another very similar rat model of absence epilepsy) [48]. 

The same may apply to IL-6 levels, however, we not decided to measure this cytokine levels 

according to the knowledge that, in systemic diseases more frequently treated with TCZ (e.g. 
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rheumatoid arthritis), it is not possible to predict the response to therapy by serum IL-6 levels, as 

these may not change significantly [49, 50]. While we have no direct demonstration of TCZ 

antiepileptogenic and anti-absence effects through IL-6 block, this is supported by our experiments 

in co-administration (see section 4.3) and the knowledge that TCZ is a monoclonal antibody highly 

specific for this cytokine. 

IL-6, a pro-inflammatory cytokine, is typically found in low quantities in the CNS, but stimulation of 

astrocytes and microglia can lead to increased production [15]. IL-6 is also upregulated by increased 

levels of other cytokines such as TNF-α, IL-Iβ, IFN-γ, and IL-17 [17]. Some patient studies have 

reported an increase of IL-6 levels,  plasma and CSF [8, 20, 51–54], in patients with different epileptic 

conditions. Thus, IL-6 is proposed to be a contributor to seizure predisposition, occurrence and 

seizure-related brain injury [55]. This hypothesis is further supported by experimental evidence in 

which IL-6 is increased in the cortex and striatum after audiogenic seizures in Wistar audiogenic rats 

(WAR) and that IL-6 mRNA rapidly increased in the hippocampus after status epilepticus induced 

by pilocarpine-lithium in rats [56, 57].  

Inflammation has not been clearly linked to absence seizures in WAG/Rij rats and, in fact, is known 

that cytokine brain levels do not differ significantly from non-epileptic control ACI rats [26]. 

However, drugs acting on inflammatory background (e.g. etoricoxib, indomethacin, fingolimod or 

rapamycin) decreased the epileptogenesis process in WAG/Rij rats [38, 41, 43, 44] and LPS or 

cytokines administration (including IL-6 as demonstrated in our experiments; see section 4.3) 

increased SWDs activity [26, 30, 31]. These results indicate a role for neuroinflammation and 

therefore support TCZ effects in this model through its anti-inflammatory mechanism. 

On the other hand, we observed that TCZ effects are only temporary as it happens also for other drugs 

(e.g. fingolimod, etoricoxib, ethosuximide and levetiracetam) and this has previously been explained 

by the ability of genetically determined epileptogenesis to restart at any time during animal life and 

the lack of efficacy of the treatments in inducing a permanent effect [23, 38, 43, 58]. Furthermore, 

considering that TCZ is also effective against absence seizures in adult WAG/Rij rats, this effect may 
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contribute to the final antiepileptogenic properties demonstrated. This would also raise the hypothesis 

that TCZ is delaying seizure onset more than acting as a disease modifying agent. 

 

4.2 Tocilizumab and psychiatric comorbidity 

Development of SWDs has previously been associated with depressive-like behavior in WAG/Rij 

rats [59–61]. In agreement   with the hypothesis that SWDs are necessary for the development of 

behavioral alterations [59], we found that ELTT with TCZ significantly decreased IT in FST, at both 

doses, therefore displaying antidepressant-like effects while, TCZ did not affect anxiety-like behavior 

in the EPM test. While this effect may be secondary to TCZ inhibition of absence seizures 

development (in line with several other previous observations), it is not possible to exclude that TCZ 

antidepressant-like effects are mediated by its action on IL-6 [24]. In fact, neuroinflammatory 

pathogenic mechanisms have been identified in rats with coexisting chronic epilepsy and depression 

and it is logical to assume that inflammation may represent a causal link between the two disorders, 

thereby explaining the high degree of comorbidity between epilepsy and depression [4, 5, 62]. Among 

the pro-inflammatory cytokines, preclinical and clinical studies have demonstrated that IL-6 may 

have a special role in the pathogenesis of depression. Preclinical studies have provided evidence on 

sustained elevations of IL-6 in the CNS as a main contributor to depressive-like phenotypes in animal 

models [63, 64]. Transgenic mice that overexpressed IL-6 centrally presented also an increased 

immobility time in the FST [64] similar to animals that received intra-cranial injections of IL-6 [65, 

66]. Instead, IL-6 knockout mice showed a reduced depressive-like behavior and were more resistant 

to behavioral stress, suggesting a functional role for IL-6 also in the molecular mechanism of 

depression [67, 68]. The involvement of IL-6 in depression-like behaviors is consistent with clinical 

studies in humans; increased levels of IL-6 have been found in the plasma [69–71] and brain of 

patients with mood disorders [72–74]. 

Therefore, the mechanism by which TCZ positively influences depressive behavior in WAG/Rij 

might also be due to the modulation of IL-6 proinflammatory cytokine as in the case of both IL-6 
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antibody and soluble gp130 (a natural inhibitor of the IL-6/sIL-6R complex) blocking the effects of 

IL-6 infusion on immobility, improving depressive-like symptoms in mice [64]. Finally, preliminary 

clinical evidence assessing pro-inflammatory cytokines in mood disorders have demonstrated a 

favorable impact of anti-cytokine treatment and TCZ therapy in treatment-refractory major 

depression [75] and on depressive symptoms in patients with rheumatoid arthritis [76–78].  

 

4.3 Tocilizumab effects against LPS and IL-6 administration  

Considering all the above-mentioned results, it seems reasonable to suggest that our observed effects 

of TCZ could be mediated through inhibition of the IL-6 signaling system in the brain of WAG/Rij 

rats. To validate this hypothesis, we decided to test whether IL-6 would increase per se SWDs and 

then measure the effects of TCZ against the increased SWDs induced by IL-6. The bacterial endotoxin 

lipopolysaccharide (LPS) is a general stimulator of microglia to produce the pro-inflammatory and/or 

cytotoxic factors [29, 30] 

We demonstrated for the first time that IL-6 directly injected into the brain is able to increase SWDs 

parameters for a short time of period of about 4 hours. Pretreatment with TCZ, inhibiting IL-6 

receptors, was sufficient to completely suppress the increased SWD parameters. These results 

indicate that the inflammatory response, particularly that mediated by IL-6 in the brain, is critical 

involved in absence seizure generation in WAG/Rij rats. Furthermore, these data definitively support 

the central effects of TCZ. This is also in line with results showing that a specific anti-inflammatory 

approach, which blocked IL-1β biosynthesis, reduces SWD activity in adult GAERS, demonstrating 

the likely contribution of pro-inflammatory cytokines to absence epilepsy [48].  

In order to further study the role of inflammation and TCZ effects, we tested its efficacy in preventing 

LPS-induced increase in absence seizures of WAG/Rij rats; it is known that LPS administration is 

able to increase SWDs activity, in this and other strains, and this has been linked to an increase in 

peripheral and cerebral cytokine levels such as IL-6, IL-1β and TNF-α [30, 79]. In this regard, we 

found that TCZ pretreatment significantly reduced the LPS-induced increase of absence seizure in 
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WAG/Rij rats indicating that LPS mediated effects are strongly linked to IL-6 activity. This is in 

agreement with previous findings indicating that LPS, normally induces IL-6 in both astrocytes and 

microglia [80, 81].  

 

4.4. Conclusions 

Overall, our results suggest that the proinflammatory cytokine IL-6 may have a role in the generation 

of neuronal hyperexcitability and contributes to the modulation of absence epileptic activity in 

WAG/Rij rats. The interruption of the IL-6 signaling pathway through administration of TCZ, a 

neutralizing antibody to the IL-6R, reduced the development of absence seizures and depressive-

comorbidity in this model. As such, targeting cytokines may open the perspective to develop specific 

anti-inflammatory approaches for managing this non-convulsive form of epilepsy and its related 

neuropsychiatric comorbidities. To more effectively design anti-IL-6 treatments for absence epilepsy, 

it is advantageous to understand how IL-6 signals, in concert with other inflammatory mediators, 

produce epileptic features. In particular, more studies are necessary to evaluate the actual clinical 

applicability of TCZ as an antiepileptogenic/antiepileptic drug or as an adjuvant therapy for absence 

epilepsy which needs to be further confirmed by controlled studies.   
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Figure Captions 

 

Fig. 1. Effects of acute TCZ administration on absence seizures in WAG/Rij rats. 

Effects of the administration TCZ at two different doses (10 and 30 mg/kg; i.p.) on the number (A) 

and duration (B) of characteristic SWDs in 6-month old WAG/Rij rats (4 days EEG recording).  After 

a single drug injection, EEG data of 4 recording days were separated into epochs of 30 min. A 

significant reduction of the incidence of SWDs was found during the first day of recording with a 

peak at 150 min and until the second EEG recording day. Values are means ± S.E.M of 6 animals for 

each dose. *p < 0.05 (one-way ANOVA) vs. the corresponding value obtained in control rats. 

Abbreviations: CTRL = control; i.p.= intraperitoneal; TCZ = Tocilizumab; SWDs = spike-wave 

discharges.  

 

Fig. 2. Effects of ELTT with TCZ on the development of absence seizures in WAG/Rij rats. 

Effects of chronic treatment (starting at P30 and lasting 17 weeks) with TCZ (10 and 30 mg/kg/day; 

i.p.) on SWDs recorded in WAG/Rij rats at 6 (6m) and 10 (10m) months of age. Data (means ± SEM, 

n = 8 per group) are expressed as percentage change relative to 6-month-old CTRL rats (dotted line; 

values for control rats were: nSWDs = 10.56 ± 1.11; dSWDs = 71.95± 13.14; nSWDs = 6.41 ± 0.66). 

*Significantly different (p < 0.05) from age-matched CTRL rats. Abbreviations: CTRL = control rats; 

TCZ= Tocilizumab; nSWDs = mean number of SWDs for every 30-min epoch; dSWDs = mean 

cumulative duration of SWDs for every 30-min epoch expressed in seconds; sSWD = mean duration 

of a single SWD expressed in seconds. 

 

Fig. 3. Effects of ELTT with TCZ on IT in the FST in WAG/Rij rats 

Effects of chronic treatment (starting at P30 and lasting 17 weeks) with TCZ (10 and 30 mg/kg/day; 

i.p.) on IT in the FST in WAG/Rij rats at the age of 6 months (left side) and 10 months (right side).  

Bars indicate IT expressed in seconds. Values are means ± SEM of IT (s) (n = 8 for every group). 

Data marked with an asterisk are significantly different (p < 0.05) from the respective control group 

(CTRL). Abbreviations:  IT = immobility time; FST = forced swimming test; CTRL = control rats; 

TCZ = Tocilizumab. 

 

Fig. 4. Effects of acute systemic administration of TCZ 120 min before LPS or IL-6 administration 

in adult WAG/Rij rats. (A) Plots show effects of LPS (0.5 µg/5 µl i.c.v.)  alone or in combination with 

https://www.sciencedirect.com/topics/medicine-and-dentistry/electroencephalogram
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TCZ (30mg/kg; i.p.) on the number of epileptic SWDs. (B) Plots show effects of IL-6 (40 pg/2 µl; 

i.c.v.)  alone or in combination with TCZ (30 mg/kg; i.p.) on the number of epileptic SWDs. Data 

values are means ± SEM (n = 8 for each compound or drug combination). Abbreviations:  LPS = 

lipopolysaccharide; IL-6 = Interleukin 6; TCZ = Tocilizumab; i.c.v. = intracerebroventricular; i.p. 

= intraperitoneal. 

 


