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SUMMARY 

Status epileptics (SE) can be refractory to standard anti‐seizure medications in up to 20% of 

patients. The timely abortion of SE is key to preventing harmful consequences. Prolonged SE is 

molecularly characterized by acute alterations in certain ion channels including a decrease in the 

inhibitory properties and internalization of the γ‐Aminobutyric acid type A receptors (GABARs). 

This increases excitability and weakens the effectiveness of many standard medications such as 

phenobarbital; the anticonvulsant effect of which is mediated via the modulation of such 

channels. We have recently shown that blockade of tropomyosin‐related kinase B receptor (TrkB) 

with the investigational new drug, lestaurtinib (CEP‐701), attenuates SE‐induced 

hyperexcitability 1. Since TrkB is a regulator of GABARs 2, and its blockade might potentially 

prevent SE‐induced changes in these receptors, we hypothesized that TrkB blockade with CEP‐

701 will potentiate the anticonvulsant effect of phenobarbital against kainic acid (KA)‐induced 

SE. 

Seizures were induced in periadolescent postnatal day 35‐40 (P35‐P40) Sprague Dawley rats by 

injecting 0.5 μg of KA into the basolateral amygdala. Status epilepticus was confirmed using 

epidural cortical electroencephalography (EEG). Fifteen minutes after SE onset, rats received 

either 25 mg/kg of CEP (KA‐CEP) or its vehicle (KA‐V) intraperitoneally (i.p.). Six hours after SE 

onset, rats were given 100 mg/kg of phenobarbital i.p., supplemented every 15 minutes with an 

additional 25 mg/kg until cessation of clinical and electrographic seizures was achieved. 

All the rats that received KA developed electroclinical SE within 30 minutes to 1 hour after KA 

injections. The average cumulative dose of phenobarbital required to achieve seizure cessation 

in the KA‐CEP group (107.5 ± 4.5 mg/kg, n=14) was significantly lower than in the KA‐V group 

(125.0 ± 5.4 mg/kg, n=15, t‐test, p=0.015). Moreover, recurrence of SE occurred 5‐10 hours after 

abortive therapy in 4 of the KA‐V rats, and only in 2 of the KA‐CEP rats. 

Given its known clinical safety profile in children, CEP‐701 is a clinically promising adjuvant drug 

that can be potentially used with standard anticonvulsant medications to abort SE.  
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INTRODUCTION, SIGNIFICANCE AND RATIONAL  

Seizures are paroxysmal involuntary movements or sensations that are caused by 

synchronized hyperexcitability of neurons, and their spontaneous recurrence is termed 

epilepsy. Ongoing epileptic seizures for more than 5 minutes are identified as status 

epilepticus (SE) 3. Status epileptics can be refractory to classical anti‐seizure medications 

in up to 20% of the cases 4,5. Abortion of those refractory SE episodes is currently often 

achieved with anesthetic agents to induce coma in the intensive care setting. In addition 

to the mortality and morbidities associated with intensive care hospital stays, these 

refractory episodes are also associated with long‐term behavioral and cognitive issues in 

children, and these long‐term detrimental consequences are also echoed experimentally 

in animal models, specifically the herein used KA‐induced SE model 6.  

It is known that refractory status epilepticus (RSE) causes modifications at the 

molecular level in many of the factors that are critical for synaptogenesis, learning and 

memory in the hippocampus. Those modifications include the induction of the brain‐

derived neurotrophic factor (BDNF) 7. BDNF can activate tropomyosin‐related kinase 

receptor B (TrKB), which is an upstream regulator of both the mammalian target of 

rapamycin (mTOR) pathway 7, and the alpha‐amino‐3‐hydroxy‐5‐methyl‐4‐isoxazole 

propionic acid receptors (AMPARs) subunits 8. Both the mTor pathway and AMPARs are 

involved in hyperexcitability during RSE. Indeed, mTOR induction may cause an 

internalization of the inhibitory GABA receptors 7. On the other hand, RSE induces 

AMPARs phosphorylation and a subsequent increase in their calcium permeability and 

neuronal excitability 9. In summary, TrkB is a potential upstream regulator of multiple RSE‐

induced hyperexcitability pathways.  

The RSE‐related changes in the transmembrane electrical channels can be 

described as an acquired “channelopathy”. In the resultant channelopathy process, trans 

membrane electrical channels, namely GABARs and AMPARS are subject to change in 

availability or potency 7,8,10. This channelopathy is believed to be attributable, at least 

partially, to the increase in protein kinases during RSE, such as TrKB 11. 
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Regular anti‐seizure medications (Carbamazepine, Phenytoin, Felbamate, 

Tiagabine, Levetiracetam, Lamotrigmine, and Phenobarbital) usually work on either GABA 

receptors or voltage gated calcium channels. Those medications will have lesser effect 

against seizure after the patient start experiencing RSE, due to the process of 

“channelopathy” mentioned above. 

We hypothesize that Lestaurtinib (CEP‐701), an inhibitory drug of TrKB, can 

subsequently reduce the “channelopathy” process, which would allow the regular anti‐

seizure medication to work and ultimately abort RSE. If this hypothesis is proved to be 

correct, Lestaurtinib may be potentially employed in children with RSE as an adjuvant 

therapy to attenuate the pathological changes and to potentiate the efficacy of the 

regular anti‐seizure medication to attenuate SE. 
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METHODS 

Subjects 

Twenty male Sprague Dawley rats were ordered to be P35‐P40 day old on the day 

of the experiment. Surgical procedures were performed on the rats at age 39±1day old. 

Rats were housed individually after the surgical procedures. All experimental procedures 

were performed as approved by the Institutional Animal Care and Use Committee at the 

Dignity Health ‐ Saint Joseph’s Medical Center in Phoenix, Arizona and according to the 

National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.  

Surgical procedure 

 Rats were anesthetized using the IACUC anesthetic drug cocktail 

(Ketamine/Xylazine/Acepromazine). After the rat was anesthetized, the head was shaved 

with a clipper and the rat was placed on a standard stereotaxic instrument. The head was 

prepped with Iodine Prep Solution. A vertical incision was made in the scalp exposing the 

skull. Five handmade sterilized electrodes were placed in accordance to measurement 

calculated based on the bregma’s location of a 39‐day‐old rat. A cannula was inserted into 

the amygdala after calculating the location based on the Bregma parameters using a p39 

rats’ brain atlas. Post‐operatively, the rats were given 24‐48 hours to recover. 

Kainic Acid (KA) Administration 

Kainate Acid injections into the amygdala were used to induce recurrent seizures. 

Briefly, 1 mg of Kainic acid (Sigma—Aldrich, St. Louis, MO) was dissolved in 1.2 ml saline. 

0.6 Microliter of the KA solution was administered via the implanted cannula directly into 

the amygdala. Rats were monitored using live EEG while status epilepticus was being 

achieved. Status epilepticus was defined as continuous recurrent seizures on the live EEG. 

If the animal did not achieve SE within one hour, 0.3 microliter of supplementary KA was 

given via the same cannula. Fifteen minutes of continuous Status epilepticus was defined 

as Refractory Status Epilepticus (RSE) 
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Drug Administration 

To test the effect of CEP‐701 (Cephalon, Inc., Frazer, PA) on the severity of the KA‐

induced seizure following RSE, rats were monitored for 15 minutes after SE was achieved; 

at the end of the 15 minutes, rats were intraperitoneally (IP) injected with either 25 

mg/kg/dose of CEP‐701 dissolved in Dimethyl Sulfoxide (DMSO) (n=14) or with vehicle, 

DMSO, (n=15). 

  Six hours after the EEG assessed seizures; rats were given 100‐mg/kg 

Phenobarbital, which was increased by 25 mg/kg increments every 15 minutes until 

cessation of seizures on the EEG was achieved. Twenty‐four hours post‐EEG assessment 

of SE, rats were sacrificed and the brains were procured for further studies. The total 

amount of phenobarbital needed to halt seizure activity was recorded for each rat.   

An illustration of the experiment timeline is shown in Figure 1. 

Quantification of seizure severity 

Rats were monitored live during the experiment. Seizures were identified as 

clinically defined: rhythmicity and spikes that evolve in time and space. Periodic 

discharges after treatment initiation were also therapeutically approached as seizures.   
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Figure 1 | Schematic Timeline |Kianic acid (KA) was used to induce seizures. 
Status Epilepticus (SE) was defined as 15 minutes (0.25 h) of continuous Seizures. 
After the rat was in SE, CEP‐701 (Lestaurtinib) or vehicle (DMSO) was 
administered. Six hours after the initiation of SE, Phenobarbital was 
administered. Twenty‐four hours after the start of SE, the rat was sacrificed and 
the brain was harvested.  
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RESULTS 

All the rats injected with KA underwent electroclinical status epilepticus and 

reached Racine stage 4. Our data showed that intra‐peritoneal administration of 25 mg/kg 

of CEP‐701 15 minutes following seizure onset significantly decreases the required 

amount of phenobarbital to stop electro‐clinical seizures 6 hours after the initiation of 

KA‐induced SE. The average cumulative dose of phenobarbital required to abort SE in the 

CEP‐701 treated group (107.1 mg/kg with a mean error of ± 4.5 mg/kg, n=14) was 

significantly lower than in the vehicle treated group (125.0 mg/kg with a mean error of ± 

5.4 mg/kg, n=15, t‐test, p=0.015) as seen in Figure 2. 
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Figure 2 | the use of CEP‐701 decreased the amount of phenobarbital required to 
halt RSE p=0.015. The average cumulative dose of phenobarbital required to 
abort SE in the CEP‐701 treated group (107.1 mg/kg with a mean error of ± 4.5 
mg/kg, n=14) was significantly lower than in the vehicle treated group (125.0 
mg/kg with a mean error of ±  5.4 mg/kg, n=15, t‐test, p=0.015).  
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DISCUSSION 

The conventional antiepileptic medications that are currently being used to 

terminate clinical and electroencephalographic seizures in the pediatric population are 

poor in treating status epilepticus 12. Our focus was to utilize the investigational drug 

Lestaurtinib (CEP‐701), tropomyosin‐related kinase receptor B (TrKBR) inhibitor and a 

drug that is currently approved by the U.S. Food and Drug Administration (FDA) for 

treating acute myeloid leukemia (AML) in children, as an adjuvant medication to an 

existing, yet failing, urgent anti‐epileptic medications to treating status epilepticus in rat 

models. Our choice of anti‐epileptic drug was phenobarbital due to its current use in 

treating emergent, urgent, and refractory seizures in pediatric population. In order to 

accurately quantify the amount of phenobarbital required to abolish status epilepticus, 

we followed electroencephographic seizures in real time and summed the amount of 

phenobarbital required to terminate seizures in the rats that were treated with CEP‐701 

or with DMSO (vehicle).  

Previous studies had shown that status epilepticus causes multiple molecular 

changes; such as the activation of BDNF and mechanistic Target of Rapamycin (mTOR) 

pathway in the hippocampus, the alteration of α‐amino‐3‐hydroxy‐5‐methyl‐4‐

isoxazolepropionic acid receptor (AMPAR) subunit composition, the reduction of gamma‐

aminobutyric acid (GABA) receptor, and the phosphorylation of the TrkB 7,8. It has also 

been shown that TrKB is required for epilpetogenesis and the elimination of it would halt 

epileptogenesis 13. Even though molecular studies are yet to be done for this current 

study, previous studies at our laboratory had shown that the treatment of hypoxic status 

epilepticus in rat models with CEP‐701 would quantitatively decrease the 

phosphorylation of TrKB to normal levels. By using the FDA approved CEP‐701 as early as 

15 minutes after the start of SE we aimed to reverse the increase in TrkB thus inhibiting 

the molecular changes mentioned above. CEP‐701 significantly decrease the amount of 

Phenobarbital required to attenuate SE in rat models.  
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Future directions of this research will target the molecular and the behavioral 

changes associated with SE; such as the channelopathy mentioned above and the learning 

and memory deficits in the hippocampus 7,8,6,14. Ongoing studies at our laboratory had 

shown the beneficence of CEP‐701 with the behavioral changes in rat models. We were 

able to show that treatment with CEP‐701 normalized both long‐term behavioral deficits 

in the forced swim test and contextual learning in the modified active avoidance test in 

rats with SE. 

This study suggests a promising use for CEP 701 in reversing the molecular changes 

that take place during SE and thus allowing the conventional anti‐epileptic medications 

to be efficacious in otherwise treatment‐resistant children.  
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CONCLUSION AND FUTURE DIRECTIONS  

Given its known clinical safety profile in children, CEP‐701 is a clinically promising adjuvant 

drug that can be potentially used with standard anticonvulsant medications to abort SE. 

Future work will aim at assessing the molecular changes via using immunohistochemistry 

and western blots, namely in TRKB receptor and in electrical channels in order to better 

understand the molecular mechanisms underlying the herein described beneficial effect 

of (CEP‐701). 
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