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RELAZIONE:  
 
Background and aim 

KCNQ2 and KCNQ3 encode voltage-gated ion channel subunits mediating a subthreshold potassium 
current, called M-current (IKM ), important in limiting neuronal excitability (1). Missense loss-of-
function (LoF) variants in KCNQ3 cause Benign Familial Neonatal Epilepsy (BFNE), characterized by 
seizures in the neonatal period with normal development (2), though rare families with more severe 
epilepsy phenotypes have also been described (3,4). LoF variants in KCNQ2 also cause BFNE, while 
de novo variants (DNVs) that result in more profound disruption of KCNQ2 function (e.g., through 
dominant negative effects) (5) lead to KCNQ2 Encephalopathy, a severe developmental and 
epileptic encephalopathy (DEE) characterized by seizures with onset in the neonatal period and 
global neurodevelopmental disability (NDD) (6). 
 

Voltage-gated potassium channel subunits contain six transmembrane segments (S1-S6) and 
cytoplasmic N- and C-termini. Within the S1-S4 voltage-sensing domain (VSD), the S4 
transmembrane segment includes a series of positively-charged arginine residues that allows the 
channel to change its opening probability in response to changes in membrane potential (7). 
Missense DNVs at the two outermost arginines of the KCNQ3 S4 segment (R1: R227Q; R2: 
R230C/S/H) have surfaced in heterogeneous cohorts studied by exome sequencing for DEE, NDD or 
ID (8-10) and cortical visual impairment (11). The phenotypic spectrum associated with KCNQ3 R227 
and R230 variants has not yet been described. 
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We delineate the novel electroclinical phenotype in 11 patients with 4 different heterozygous GoF 
DNVs at R227 and R230 in KCNQ3. In contrast to previously described patients with KCNQ3 LoF, we 
find that these patients do not present with seizures in the neonatal period. Instead, within the first 
two years of life, they demonstrate global NDD and autism spectrum disorder (ASD) or autistic 
features (12). For 6/9 (67%) recorded between 1.5 and 6 years of age, spikes became near-
continuous during sleep, raising concerns for epileptic encephalopathy. Sleep-activated spikes in 
two patients demonstrated a marked response to high-dose diazepam therapy, providing insight 
into a possible therapeutic intervention. 

 
P # Age, Neurodevelopment Other EEG Seizures AEDs 

 Sex  features    
  Walked at 18m; Few words;  MSES at 30m (posterior Not EEG DZP 

1 4,M ASD diagnosis at 21m; ID; Hypotonia predominant EDs) confirmed CLB 
  Impulsive and aggressive behavior     
  Walked at 23m;  Spikes at 12m; Not EEG  

2 23, M Non-verbal, autistic features Hypotonia MSES at 18m & 4y; confirmed VPA 
    No spikes (awake) at 12y   
    & 19y   

3 5, M Walked at 25m; Non-verbal, Hypotonia MSES at 3.5y & 4.5 y Not EEG LEV 
  impulsive and repetitive behavior   confirmed DZP 
  Walked at 24m; 4-5 words; Alternating Normal at 4.5y; GTC VPA 

4 20, F Moderate ID; Aggressive behavior exotropia Diffusely slow electrical from 13y CLB 
    activity at 16y  LCM 

5 4, F Walked with assistance at 34m; Hypotonia MSES at 3y No No 
  2 words at 34m Strabismus    
      VPA, 
  Walked at 23m; Non-verbal;   GTC LEV, 

6 11, M ASD diagnosis at 3y; Strabismus MSES at 6y from 10m OXC, 
  Impulsive, self-injurious behavior    RUF, 
      KD 

7 5, M Walked at 14m; Words by 2y; Hypotonia Normal at 4.5y No No 
  ASD diagnosis at 3y Strabismus    
      VPA, 

8 21, M Walked by 18m; Non-verbal; Esotropia MSES at 30m, 3.5y, 4 y, Not EEG LTG, 
  ASD; Severe ID  4.5y & 5y confirmed CS, 
      CLB 
  Walked at 26m; Non-verbal;  MSES at 3.5y, 4y, 4.5y,  CS, 

9 8, M Anxiety; Aggressive behavior; Hypotonia 5.5y, 6.5y No ETX, 
  Autistic features    CLB 
    Frequent sleep-activated   

10 9, F Walked at 22m; ASD at 2y Hypotonia frontotemporal EDs at No No 
    9y   

11 18, F Walked at 12m; Words at 3y: No Normal Not EEG No 
  Assistance to brush teeth  at 2.5y confirmed  
Legend: ASD autism spectrum disorder, CLB clobazam, CS corticosteroids, DZP diazepam, EEG electroencephalogram, ETX 
ethosuximide, GTC generalized tonic-clonic seizure, ID intellectual disability, KD ketogenic diet, LEV levetiracetam, MSES multifocal 
status epilepticus during sleep, OXC oxcarbazepine, RUF rufinamide, VPA valproic acid 

The aim of this project is to investigate the consequences of de novo missense variants at R230 and 
R227 in the voltage-sensing domain of KCNQ3 found in heterozygosity in patients suffering from 
autism, motor delays with hypotonia, MSES responsive to benzodiazepine therapy.  

 
Previously data 

Patch-clamp analysis revealed that wild-type homomeric KCNQ3 channels generated small K+-
selective and voltage-dependent currents that activated around -60 mV and displayed a V1/2 of -38 
mV. At a holding voltage of -80 mV, the vast majority of KCNQ3 channels were closed; therefore, 
the ratio between the currents measured at the beginning of the depolarization step (I Instant) and 
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those at the end of the 0 mV depolarization (I steady-state) was close to zero. By contrast, 
homomeric KCNQ3 channels in which the charged side chain at R230 was substituted by cysteine, 
serine, or histidine residues (R2C, R2S, and R2H, respectively) showed an almost complete loss of 
time-dependent current activation kinetics; as a result, the I Instant /I steady-state ratio was close 
to unity. Similar, although quantitatively smaller, effects were observed upon neutralization of the 
R227 residue with glutamine (R1Q); in fact, KCNQ3 R227Q channels retained voltage-dependent 
gating, although with a drastic (>70 mV) hyperpolarization of the voltage requirement for activation. 
In addition, to mimic the genetic condition of patients, who carry a single mutant allele, and 
considering that IKM in adult neurons is mainly formed by tetrameric co-assembly of KCNQ2 and 
KCNQ3 subunits, I transfected CHO cells with KCNQ2 and KCNQ3 cDNAs in a 1:1 ratio (to mimic the 
genetic balance of normal individuals), and KCNQ2+KCNQ3+mutant KCNQ3 in a 1:0.5:0.5 ratio (to 
mimic the genetic balance of affected individuals). Co-expression of KCNQ3 R227Q, R230C, R230H, 
or R230S variants with KCNQ2 and KCNQ3 subunits caused a statistically significant 
hyperpolarization in activation voltage-dependence of about 6 mV, without affecting current 
density when compared to KCNQ2+KCNQ3 channel controls. These previously data revealed GoF 
effects, expanding the phenotypic spectrum associated with variants of KCNQ3 and adds KCNQ3 to 
genetic causes of ASD and NDD. 

 
Methods 

All experiments were performed according to the guidelines of the University of ConnecticutStorrs 
Institutional Animal Care and Use Committee.  

Slice preparation and electrophysiology. Mice post-natal day 14-18 (P14-P18) were anesthetized 
using isoflurane (Baxter Healthcare, Deerfield, IL) and euthanized by decapitation. Brains were 
quickly removed and placed in ice-cold cutting solution consisting of the following (in mM): 26 
NaHCO3, 210 sucrose, 10 glucose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, and 7 MgCl2. The cerebellum 
was removed, and 300 μm coronal slices were cut using a vibratome (Microm HM 650 V, Thermo 
Fisher Scientific, Waltham, MA). Slices were then transferred to a holding chamber containing 
artificial cerebrospinal fluid (aCSF) consisting of the following (mM): 125 NaCl, 26 NaHCO3, 2.5 KCl, 
1 NaH2PO4, 1.3 MgCl2, 1.5 CaCl2, and 12 D-glucose. Slices were recovered at 35°C for 30 minutes, 
then left at room temperature (~22°C) for ≥ 1 h prior to electrophysiological recording. Both cutting 
and aCSF solutions were saturated with 95% O2/5% CO2. Whole-cell recordings were obtained using 
electrodes pulled from thin-walled borosilicate glass capillaries (World Precision Instruments, 
Sarasota, FL) that had resistances of 2-4 MΩ when filled with recording solution, as described below. 
Neurons were visually identified using infrared differential interference contrast optics (Olympus 
BX51WI, Olympus, Tokyo, Japan). The internal recording solution for whole-cell recording from 
subiculum neurons consisted of the following (in mM): 125 potassium gluconate, 20 KCl, 4 Mg∙ATP, 
0.3 Na∙GTP, 10 HEPES, 0.1 EGTA, and 10 phosphocreatine (osmolarity ~278 mOsm). The pH was 
adjusted to 7.2-7.3 with KOH. All recordings were taken at 32-33°C using a Multiclamp 700B 
Amplifier (Molecular Devices), low-pass filtered at 10 kHz, and sampled at 50 kHz. 

Data analysis and statistics. Data were analyzed off-line using Axograph X (Axograph), Clampfit 
(Molecular Devices), Prism 7 software (GraphPad), or MATLAB (MathWorks). Data are displayed as 
the mean ± SEM, and significance was determined using either a Student's t test, a Mann–Whitney 
t test, or a two-factor mixed-design ANOVA. The n values reference the number of cells. 

 
Results 

We first sought to determine the expression and the role of KCNQ3 in the subiculum, the region of 
the brain identified as a transition zone between the hippocampus proper and the entorhinal cortex. 
The subiculum neurons are widely known as the output of the hippocampus projecting to the 
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entorhinal cortex topographically, the medial and lateral mammillary bodies, the nucleus 
accumbens with a reciprocal excitatory projection on to the CA1 region of the hippocampus. Its 
multiple input and output pathways and the presence of bursting neurons more than the regular 
spiking neurons suggests a modulatory role over epileptic activity during seizures. KCNQ3 channels 
are highly expressed in the CA1 regions of the hippocampus and its output, the subiculum (13). The 
high RNA expression profiles of KCNQ3 in the subiculum together with a similar but reduced 
expression of KCNQ2 dictates the role of the potassium channels, but not been clearly defined. We 
aspire to elucidate the roles of these channels in the subiculum regular spiking and the bursting 
neurons. To investigate this, we measured neuronal excitability in KCNQ3 global knockout mice to 
deduce the roles of these subunits in the KCNQ2/3 heteromer in the subiculum and its range of 
associated sub cortices including the entorhinal cortex. 

For this goal, we performed current clamp experiments in whole-cell configuration and injected a 
series of 1 s current steps (-100 pA to +325 pA, changing by 25 pA), measuring the number of action 
potentials produced from the depolarization-inducing positive current injections. We found that 
subiculum neurons from KCNQ3 global knockout mice showed number of action potentials and the 
initial and final frequencies like the wild-type (WT) mice. No change was measured in the input 
resistance measured from -25 pA steps.  

Next, we investigated the effect of Retigabine (RTG), an activator of KCNQ2/KCNQ3 K-channels that 
increases open channel probability and leads to hyperpolarization of the membrane potential, at 
concentration of 10 µM, in WT and KCNQ3 global knockout mice. RTG demonstrated the ability to 
significantly reduce the number of action potentials in WT mice, but not in KCNQ3 global knockout 
mice, suggesting the importance of the presence of KCNQ3 in the subiculum.  

In the ongoing experiment we are evaluating the neuronal excitability in KCNQ2 knockin mice. 

The knowledge acquired in these months at the Department of Physiology and Neurobiology of the 
University of Connecticut with the supervision of Prof. Tzingounis allowed me to optimize the 
experimental procedures, such as the analysis of genes expression by quantitative RT-PCR and the 
whole-cell patch-clamp recordings in brain slices, and to deepen further my knowledge about the 
connections of the Entorhinal Cortex (EC) – CA1/CA3 Hyppocampus – Subiculum axis.  
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