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Cyclin-dependent kinase-like 5 (CDKL5) deficiency disorder (CDD) is a 
neurodevelopmental epileptic encephalopathy that is characterized by early-
onset epilepsy, sleep disturbances, and developmental challenges (Symonds et 
al., 2019). Pharmaco-resistant epilepsy with generalized, multifocal, and 
myoclonic seizures are a major issue for CDD patients and result in a significant 
risk of injury and/or death. Currently, no targeted treatment or gene therapy 
exists for CDKL5 disorder. CDKL5 is a serine/threonine protein kinase and 
although it is known to be essential for normal brain development and function it 
is unknown which proteins are targeted by CDKL5. 

 KCC2 is the principal Cl- extrusion mechanism employed by developing 
and mature neurons in the CNS (Moore et al., 2017). Its activity is a prerequisite 
for the efficacy of fast synaptic inhibition mediated by γ-aminobutyric acid type A 
receptors (GABAAR), which are Cl- permeable ligand-gated ion channels. The 
developmental appearance of hyperpolarizing GABAAR currents is determined 
by the phosphorylation status of KCC2, a process that facilitates its membrane 
trafficking and activity (Moore et al., 2019). KCC2 loss of function is strongly 
correlated with cognitive impairment, and the development of pharmaco-
resistant seizures that are insensitive to benzodiazepines (Deeb et al., 2013). To 
address this issue, we have developed a novel small molecule activator (OV350) 
that potentiates KCC2 activity (Jarvis et al., 2023).

Methods

Cdkl5 KO mice have similar increases in 
baseline EEG total power and alteration in 
EEG spectra to CDD patients

Cdkl5 KO mice have a higher baseline 
power and are more susceptible to kainate 
induced seizures and SE

KCC2 activation restores diazepam’s ability 
to terminate SE in Cdkl5 KO mice
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• The alteration in the phosphorylation of KCC2 in Cdkl5 KO mice (decreased 
S940, and increased T1007 phosphorylation) is consistent with described 
effects resulting from such changes: reduced KCC2 activity, seizures, and 
cognitive impairment. 

• Treatment with OV350 significantly reduced baseline EEG power.

• Treatment with OV350 significantly reduced kainate-evoked seizure 
properties as measured in EEG recordings. 

• OV350 treatment reversed resistance to diazepam and restored its ability to 
terminate seizure activity in Cdkl5 KO mice. 

• OV350 shows great promise as a therapeutic agent in pharmaco-resistant 
SE and CDD epileptic encephalopathy.
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KCC2 phosphorylation: Brain lysates prepared from wild-type (WT), or Cdkl5 
KO mice (8-12 weeks old) were immunoblotted with; β-actin, CDKL5, KCC2, and 
phospho-specific antibodies against T906, S940, T1007, and S1022.

 Kainate (KA)-induced seizures: WT and Cdkl5 KO mice (8 to 10 weeks old) 
were implanted with electroencephalography/electromyography (EEG/EMG) 
head mounts (3-channel, Pinnacle Technology #8201), four screws were 
inserted above the frontal and parietal lobes. After the surgery, mice were 
allowed to recover for one week before testing. On the day of recording, a 2-
hour baseline recording was taken before mice were injected with vehicle or 
OV350 (50 mg/kg i.p.) and monitored for 1 hour followed by 20 mg/kg i.p. KA 
injection to induce seizures. Diazepam (5 mg/kg) was administered 30 minutes 
after entering status epilepticus (SE) and recordings continued for another hour.

Analysis
Effect on baseline: To assess the efficacy of the drug on the baseline, 10-
minute long (no muscular movement period based on EMG channel) was 
selected. One group of mice received a single dose of 50mg/kg OV-350 after 
two hours and the other received captisol. The first ten minutes of the second 
hour of EEG epoch after 350 or captisol treatment was compared to the baseline 
pretreatment EEG epoch. For comparisons, EEG signals were transformed 
using the fast-fourier transformation (FFT). These plots were made using 
LabChart software [8K FFT size, Hann (cosine-bell), 87.5% window overlap]. 
EEG frequency analysis was performed by binning the total signal into the 
following frequencies (0-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), 
low gamma (30-50 Hz) and high gamma (50-100 Hz). 
Seizure: Both groups of mice received kainate (20 mg/kg). Different 
comparisons were made between captisol and OV350 treated groups.

(A) Box plots for differences in baseline EEG power and spectra from human 
typically developing (TD, grey) and CDKL5 deficiency disorder (CDD, white) 
individuals. Figure preproduced from Saby et al., 2022. (B) Box plots for the 
differences in baseline EEG power and spectra from wild-type (WT, grey) and 
Cdkl5 KO (KO, white) mice. Mann–Whitney U-tests ***P<0.001, **P <0.01, 
*P<0.05, 11-12 mice.

Experimental timeline showing 2 hours of baseline recordings followed by 
injection of kainate (20 mg/kg i.p., first arrow). After 30 minutes of status 
epilepticus (SE) diazepam (5 mg/kg i.p., second arrow) is administered and EEG 
is recorded for one hour. Representative raw EEG trace shown above power 
spectra for WT (upper) and Cdkl5 KO (lower) mice demonstrating an increase 
in baseline EEG power of Cdkl5 KO mice compared to WT mice.  Additionally, 
kainate induced seizures quickly developed into SE which were resistant to 
diazepam (5 mg/kg).

(A) Experimental design to model diazepam (DZ) resistant SE. Representative 
power spectra for Cdkl5 KO mice treated with vehicle (top) or OV350 (bottom). 
All drugs were administered IP; kainate = 20 mg/kg, DZ = 5 mg/kg, OV350 = 50 
mg/kg. (B-C) Seizure parameters were compared for mice treated with vehicle 
(Veh, Captisol), or OV350. The effects of 5 mg/kg DZ on EEG power show a 
significant (p=0.001) reduction in OV350 treated mice. The number above bar 
graph represent the p value (t-test; n=11 mice).

OV350 reduced total EEG baseline power6

Representative power spectra for Cdkl5 KO mice treated with vehicle, Captisol 
(A) or OV350 (B). There was no difference in baseline power before mice were 
treated (C), and Captisol treatment alone has no effect on basal EEG (D). 
Treatment with OV350 (50 mg/kg) significantly reduced baseline EEG power 
(E), *=p<0.05, t-test, n=14 mice. 

4 Cdkl5-KO mice have longer seizure duration 
and higher interictal power

Breakdown comparison of different seizure parameters. Compared to WT mice, 
Cdkl5 KO mice have longer seizure durations, higher interictal power, shorter 
latency to first seizure and shorter latency to SE.  However, average seizure 
power and SE power are not different in Cdkl5 KO mice compared with WT mice. 
The number above bar graph represent the p value (t-test; n=11-12 mice).

Pre-treatment with OV350 significantly 
reduces severity of kainate-evoked seizures 
in Cdkl5 KO mice. 
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Breakdown comparison of different seizure parameters. Compared to vehicle 
treated Cdkl5 KO mice, OV350 pre-treatment increases the latency to 1st 
seizure following kainate injections. OV350 pre-treatment reduces the interictal 
EEG power, reduces the time spend in epileptiform activity, and reduces the 
EEG power after diazepam treatment. *=p<0.05, **=p<0.01, ***=p<0.001 t-test, 
n=14 mice. 

1 Loss of functional CDKL5 is associated 
with reduced phosphorylation of KCC2  in 
the forebrain of adult Cdkl5 KO mice

Forebrain lysates prepared from male WT, or Cdkl5 KO mice (8-12 weeks old) 
were immunoblotted with; β-actin, CDKL5, KCC2, and phospho-specific 
antibodies against T906, S940, T1007, and S1022. Immunoblotting shows that 
loss of CDKL5 is associated with reduced KCC2 expression and a concomitant 
reduction in the level of phosphorylation of KCC2 at serine 940 site. However, 
phosphorylation is increased at T906 and T1007 sites. No changes in 
phosphorylation at S1022 site. *<0.05 p value (t-test; n=3-4 mice).

OV350 pre-treatment reduced kainate-
induced seizures and restores efficacy of 
diazepam to terminate seizures
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(Upper) Experimental timeline showing 2 hours of baseline recordings following 
injection of either captisol (vehicle) or OV350 (50 mg/kg). This was followed by 
injection of kainate (20 mg/kg i.p., first arrow), EEG was recorded for 2 hours 
before diazepam (5 mg/kg i.p., second arrow) was administered and EEG is 
recorded for one hour. (Lower) Representative power spectra for Cdkl5 KO mice 
treated with vehicle, Captisol (A) or OV350 (B). 
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