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Human induced pluripotent stem cell (hiPSC) derived neurons express native complements of human ion channels 
and their accessory proteins providing enhanced translatability from early in vitro studies to patient biology. De-
spite this promise, few studies have examined the suitability of hiPSC neurons for automated patch clamp studies. 
Here, we establish the feasibility of recording voltage gated channel activity from hiPSC derived excitatory neurons 
in 384 well format with the Sophion Qube automated patch clamp system. 

hiPSC derived neurons were generated by overexpression of the transcription factor NGN2 driven from a stably in-
tegrated cassette in the AAVS1 locus. We first optimized dissociation procedures with 2-3 weeks in vitro NGN2 neu-
rons by assessing the percentage of cells with voltage-gated sodium (NaV) and potassium (KV) currents on the Qube 
384 system. Recordings following optimized dissociation found that ~30% of single cells had NaV currents >200 pA, 
leading to recordings of >100 cells in parallel. Minimal reduction of experimental throughput was observed with 
recordings following culture up to four weeks. Isolation of NaV currents with cesium internal solution showed ex-
pected NaV activation and inactivation curves with mean NaV currents >1 nA. Exchange of intracellular solution 
from cesium to potassium-based reversed block of KV channels and did not significantly impact recording success 
rate. In multi-cell recording configurations we attained success rates of ~80%, sufficient to examine dozens of ex-
perimental conditions simultaneously.

These results suggest that key hiPSC NGN2 neuronal properties, NaV and Kv activity, are retained in conditions that 
support high throughput patch clamp studies. Furthermore, we show that the automated patch clamp drastically 
increases experimental throughput for hiPSC neuron neurophysiology. Future studies will examine properties of 
other hiPSC derived neuronal types and establish the diversity of ion channels amendable to automated record-
ings.

NGN2 neurons are a robust source of human neurons for large  
scale studies

The expression of the transcription factor NGN2 is sufficient to drive 
hiPSC differentiation to excitatory cortical neural fate (Zhang et al., 
2013). This expression system can provide large scale batch production 
(billions/batch) and the early, immature NGN2 neurons can be cryopre-
served. 

Comparison between manual and APC recordings

Although the cell harvesting and resuspension procedures are expected 
to reduce the channel number and current amplitude due to the damage 
from dissociation, the channel properties are qualitatively similar between 
manual and automated recordings. 

Leveraging Qube capabilities to multiple readouts from single cells

Sequential recordings are ‘incompatible’ with traditional manual patch 
clamp neurophysiology techniques while APC recordings on Qube are sta-
ble with intracellular solution exchange on the same cells. 

Current clamp recordings on Qube 384 reveal naturalistic firing patterns

The complete endogenous ion channel composition of NGN2 neurons 
makes it possible to record realistic action potential waveforms. ‘EC50 to 
cellular effect’: The modulation of individual ion channel properties can be 
directly related to the impact on action potential firing patterns.

Multi-cell recordings maximize success rate

The success rates using multi-cell QChips are comparable with stable HEK/
CHO cell lines (85-90%). Most wells have cells that meet basic success criteria. 

NGN2 neurons develop mature passive and active membrane properties

Comparison and optimization of cell dissociation protocols 

Ion channel studies have long used recombinant human proteins expressed in human cell lines to screen ion channel mod-
ulators and to develop potential disease-modifying drug candidates. Although recombinant human proteins are powerful 
tools, they have several limitations such as missing co-expression of appropriate accessory subunits, lack of full excitable cell 
context and the difficulty to examine complex endogenous channel stoichiometry and gene expression. Human induced plu-
ripotent stem cells (hiPSCs) encapsulate the signaling pathways of the desired cell types, such as neurons, and thus they are 
better model cells for defining the critical ion channel activity in healthy and disease states. As such, hiPSC married with high 
throughput automated patch clamp (APC) ion channel recording platforms provide a foundation for significant physiological, 
medical and drug discovery advances.

The goal of this study is to establish the feasibility of APC recordings with NGN2 neurons:

1. Optimize NGN2 cell culture, dissociation, and resuspension procedures
2. Confirm general neuronal properties
3. Establish viable time points for NGN2 APC recordings, success rates, recording stability and estimate throughput

Basic success criteria for automated patch-clamp recordings:

1. Seal resistance >100 MΩ
2. Peak Na+ current >200 pA
3. Steady state K+ current >100 pA
4. Stability (Seal resistance >100 MΩ after intracellular solution exchange)
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hiPSC NGN2 neurons were provided by Biogen.

Standard operating procedures for cell culturing and cell suspension preparation were based on Sophion standards or provided by Biogen.

Solutions: Extracellular solution (in mM): 2 CaCl2, 1 MgCl2, 10 HEPES, 4 KCl, 145 NaCl, 10 Glucose, pH = 7.4 with KOH, Osmolarity 305 mOsm 
with sucrose. Potassium-based intracellular solution (in mM): 120 KF, 20 KCl, 10 HEPES, 10 EGTA, pH 7.2 with KOH, Osmolarity 300 mOsm 
with sucrose. Cesium based intracellular solution (in mM): 140 CsF, 1EGTA, 5 CsOH, 10 HEPES, 10 NaCl, pH: 7.3 with CsOH, Osmolarity 320 
mOsm with sucrose.

Voltage- and current-clamp protocols: Holding potential was at -90mV, voltage step protocol consisted of a 200 ms pre-step at -120 mV, 
followed by 500 ms voltage steps from -90 mV to +60 mV with 10mV increment. In step current clamp, holding voltage was at -90mV, fol-
lowed by a sequential 10 pA stepwise current injection.

All recordings were performed on the Qube 384 system of Sophion Bioscience.

All analysis was performed with Sophion Analyzer.

Fig. 1: Stable expressing ‘tet-on’ inducible NGN2 expression system.

Table 1: Comparison of overnight and 6-hour long Papain dissociation protocols with or 
without the addition of ROCK inhibitor and DNAse in the dissociation media at DIV21 
using single cell QChip recordings. 

Table 2: Comparison of the success rates using multi-cell and single-cell QChips at DIV21 
and DIV 28 timepoints.

Fig. 2: Manual patch-clamp recordings on NGN2 neurons at mature timepoints (>4 
weeks). A. Microscopic picture of a NGN2 neuron approached by a patch pipette. B. 
Passive membrane properties of a NGN2 neuron. The Resting membrane potential 
(RMP), cell size measured by cell membrane capacitance (Cm) and the input resis-
tance (Rin) are comparable to mature neurons in vitro. C. Representative recording of 
the repetitive firing properties with overshooting action potentials. 

Fig. 4: Comparison between manual and APC recordings. A. Manual patch clamp
recordings showing the current-voltage (I/V) relationships of voltage-gated potassium 
(K+ ) and sodium (Na+) channel activation. Different colors represent different batch of 
NGN2 neurons. B. APC recordings of voltage-gated sodium channel inactivation and ac-
tivation in response to voltage step protocols. Fig. 6: Representative raw trace of a NGN2 neuron firing action potentials using the 

current clamp feature of the Qube 384 system.

Fig. 7: A. Full plate view of a multi-hole QChip showing the raw traces from the 384 
recording sites. Green framed boxes show wells with cells that passed all criteria for 
successful recording. Red framed boxes show wells that failed one or more criteria. B. 
Histogram showing the distribution of NaV current amplitudes from a multi-hole QChip 
at DIV21. 

Fig. 5: Representative raw traces of isolated voltage gated sodium (left) and potassium 
channels (right) using cesium containing or cesium free internal solutions on the same cells.

Fig. 3: Comparison of Accumax and overnight Papain dissociation enzymes on success 
rates at DIV 14 using single cell QChip recordings on Qube.

Qube 384 

DIV 21 NGN2 Overnight  
Papain 6-hour Papain

6-hour Papain with  

ROCKi+dNase

Seal success rate >80% >80% >80%

NaV success rate 15% (58 cells) 16% (60 cells) 29.7% (114 cells)

NaV amplitude -793 pA -922 pA -1311 pA

Multi cell Single cell

DIV 28 DIV 21 DIV 28 DIV 21

Success rate
72.4%

(278/384)

80.5%

(309/384)

30.2%

(116/384)

29.7%

(114/384)

Average Na+ current -1.7 nA -2.8 nA -0.9 nA -1.3 nA

Maximum Na+ current -9.5 nA -11.8 nA -9.3 nA -9.1 nA

These results reveal the fundamental hiPSC neuronal properties obtained from automated patch clamp system, with drastically in-
creased throughput relative to manual recordings. Our data demonstrate the feasibility of performing cell type and ion channel char-
acterization with the combination of hiPSC-derived NGN2 neurons and automated patch clamp platforms which is comparable with 
manual patch clamp recordings. Current clamp recordings including actional potentials suggest that dissociated hiPSC neurons retain 
concerted action of many ion channels such as NaV, Kv, and CaV.


