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Abstract 

Approximately one in every 50 people is affected with bipolar disorder (BD), making this disease a major 
economic burden. Having previously studied the phenotype of dentate gyrus granule neurons derived 
from BD patients, we turned our attention to studying the phenotype of CA3 pyramidal neurons. We 
found that CA3 BD neurons were hyperexcitable only when derived from patients who responded to 
lithium. The higher amplitudes and faster kinetics of fast potassium currents correlated with this 
hyperexcitability. Further supporting the involvement of the fast potassium currents in this 
hyperexcitability and sustained activity, we observed an overexpression of Kcnc1 and Kcnc2 in 
hippocampal neurons derived from lithium responders. We therefore applied specific fast potassium 
channel blockers, which diminished the hyperexcitability. When differentiating this cohort into spinal 
motor neurons, we did not observe any physiological changes between BD motor neurons and control 
motor neurons, suggesting that the physiological alterations were neuronal type specific in BD. 

Introduction 

Bipolar disorder (BD) affects around 1-2.5% of the worldwide population, depending on the severity of 
the symptoms (Grande et al., 2016; Merikangas et al., 2007; Van Meter et al., 2011). People with this 
disorder suffer from episodes of mania and depression and, without treatment, are at high risk of suicide 
(Jamison, 2000). This disorder places a major economic burden on the health system. Lithium is still 
among the first-line treatments for both acute episodes and long-term prevention of manic and depressive 
recurrences. However, a large proportion of patients do not respond to lithium and they are sometimes 
treated for long periods before a clinician realizes that they are non-responders. In addition, some patients 
experience side effects from lithium such as tremor, polyuria or reduced kidney function (Gitlin, 2016).  

Like other psychiatric disorders, BD has a complex genetic background; many genes are known to 
associate with it (Ferreira et al., 2008; Gershon et al., 2011; Muhleisen et al., 2014) but each gene is 
considered a subtle addition to disease susceptibility, and there are no genes that have a large impact. 
Some of the known associations include ANK3 and CACNA1C (Ferreira et al., 2008), ODZ4 
(Psychiatric, 2011), BDNF (Neves-Pereira et al., 2002), DGKH (Baum et al., 2008) and other risk loci; 
some are shared with multiple psychiatric disorders (Forstner et al., 2017; Green et al., 2010; Huang et al., 
2010). These complex genetics slowed down research into BD before the introduction of induced 
pluripotent stem cells (iPSCs), since most of that earlier research had to be done in post-mortem tissue. 
Gene expression differences were found in post-mortem tissue of the frontal cortex in genes such as TGF-
β, Casp-8 and Tob (Bezchlibnyk et al., 2001). Decreased levels of the major brain antioxidant, 
glutathione, were found in the post-mortem prefrontal cortex of patients with BD and other psychiatric 
disorders (Gawryluk et al., 2011). Distinct proteomic profiles of pituitary glands from post-mortem tissue 
of BD patients were also reported (Stelzhammer et al., 2015). But generally, experiments using post-
mortem tissue were obviously limited. Upon the development of iPSC techniques, the study of this 
disease took a large step forward, enabling measurements of neurons that were derived directly from BD 
patients. Moreover, these neurons could be generated from patients with distinct clinical characteristics.  

The hyperexcitability phenotype of dentate gyrus (DG) hippocampal neurons derived from BD patients 
was first reported in our initial study (Mertens et al., 2015) using gene expression profiles, where 
mitochondrial defects were also detected.  We replicated these findings in another cohort, showing again 
that DG hippocampal neurons were hyperexcitable (Stern et al., 2018). The hyperexcitability in both 
studies was assessed using the total number of evoked action potentials in a few current steps, which 
would reflect on the ability of BD DG neurons to sustain activity with a high current injection. In 
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addition, we found that the physiology of the neurons derived from lithium-responsive (LR) patients was 
very different than the physiology of neurons derived from non-responsive (NR) patients. Other studies 
have shown differences in the transcriptomics of neurons derived from BD patients (Kim et al., 2015) and 
changes in the expression of genes critical for neuroplasticity such as WNT pathway components and ion 
channel subunits (Madison et al., 2015). Tobe et al. (Tobe et al., 2017) used proteomics profiling of 
human iPSCs (hiPSCs) from BD patients and showed that lithium changed the phosphorylation of 
CRMP2. These authors found that the ratio of phosphorylated to unphosphorylated CRMP2 was elevated 
only in BD patients who responded to lithium. Lithium lowered the ratio and spine density, acting 
through phosphorylation of CRMP2. Overall, the use of iPSCs has enabled the identification of an 
endophenotype of hyperexcitability, but generally the mechanisms underlying the causes of BD remain 
elusive, leaving us still far from finding better treatment. In addition to our general lack of understanding 
of the mechanisms of this disease, the understanding of the mechanisms by which lithium acts to reduce 
the number of episodes in BD patients is not complete. Lithium is the most recommended drug today for 
BD patients, but the majority of patients either do not respond or only partially respond to lithium 
treatment.  

In this study, we used a new protocol that we recently developed (Sarkar et al., 2018) to search for a 
phenotype in CA3 pyramidal neurons of the hippocampus. We have found a similar phenotype of 
hyperexcitability (measured similarly as the total evoked potentials in a few current steps), but only in the 
neurons derived from the LR patients. We delved deeper into the mechanistic causes that produced these 
hyperexcitable neurons, which have an extraordinary capability of sustained and high frequency activity. 
We observed that this hyperexcitability was highly correlated with the amplitude and fast kinetics of the 
fast potassium channels. qPCR confirmed that Kv3.1 and Kv3.2 were over-expressed in these BD LR 
neurons, further supporting the involvement of fast kinetics potassium channels. BD NR neurons, 
although not being as significantly hyperexcitable as CA3 neurons compared to the control CA3 neurons, 
had alterations in their physiological properties such as drastically reduced sodium currents and increased 
fast potassium currents, but the latter had a slower kinetics than the LR neurons’ fast potassium currents. 
A non-CNS neuron that we measured - the spinal motor neuron - did not show any physiological 
difference that we could identify between neurons derived from BD patients and control individuals, 
further showing that the physiological changes are neuronal type specific.  

Methods 

Patients 

The cohort in this study consisted of the same patients used in the previous study (Stern et al., 2018). 
Supplementary table 1 summarizes their clinical data. 

Cell culture: DG neurons 

DG granule neurons were cultured according to our published protocol (Yu et al., 2014), and 
measurements were performed on these neurons approximately 4.5 weeks after the start of the 
differentiation date, which is about a week later than the measurement in our previous study (Stern et al., 
2018). This 4.5-week time point is denoted throughout the manuscript as t2; an earlier time point of 
around 2.5 weeks is denoted as t1. 

Cell culture: CA3 neurons  

CA3 pyramidal neurons were cultured according to our published protocol (Sarkar et al., 2018) and 
measured at t1 or t2.  
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Cell culture: motor neurons 

Motor neurons were cultured according to our published protocol (Marchetto et al., 2008).  

RNA preparation and qPCR: CA3 neurons 

Total cellular RNA was extracted from 3-5 million cells per sample at 30 days post-differentiation using 
the RNA-BEE (QIAGEN), according to the instructions supplied with the kit, and reverse transcribed 
using the high-capacity cDNA synthesis kit from AB Biosystems. qPCR was done using SYBR green 
(Life Technologies). Samples with cycle threshold (CT) values of more than 30 were discarded from the 
analysis. qPCR results were analyzed using SDS Software v 3.2 for a 7900HT real-time PCR system. 

Whole cell patch clamp 

Neurons were infected with the ELAVL2::eGFP lentiviral vector at 15 days differentiation (as previously 
reported; (Sarkar et al., 2018). Neurons on glass coverslips were transferred to a recording chamber in 
standard recording medium containing (in mM) 10 HEPES, 4 KCl, 2 CaCl2,1 MgCl2, 139 NaCl, and 10 
D-glucose (310 mOsm, pH 7.4). Whole-cell patch-clamp recordings were performed from 
ELAVL2::eGFP-highlighted CA3 pyramidal neurons [the neurons patched were typically the larger cells 
in all the groups, which is customary in the field (Stern et al., 2015), with bright ELAVL2::eGFP 
expression], typically at 2 recording dates: around 2.5 weeks of differentiation (t1) and at 30-35 days of 
differentiation (t2). Patch electrodes were filled with internal solutions containing (in mM) 130 K-
gluconate, 6 KCl, 4 NaCl, 10 Na-HEPES, 0.2 K-EGTA, 0.3 GTP, 2 Mg-ATP, 0.2 cAMP, 10 Dglucose, 
0.15% biocytin and 0.06% rhodamine.  The pH and osmolarity of the internal solution were brought close 
to physiological conditions (pH 7.3, 290–300 mOsmol) (pipette tip resistance was typically 10–15MΩ). 
Signals were amplified with aMulticlamp700B amplifier and recorded with Clampex 10.2 software (Axon 
Instruments). Data were acquired at a sampling rate of 20 kHz and analyzed using Clampfit-10 and the 
software package Matlab (2014b, The MathWorks Inc., Natick, MA, 2000). All measurements were 
conducted at room temperature. 

Lithium treatment 

Cultures of CA3 neurons were treated with 1 mM LiCl starting at 16 days of differentiation by 
exchanging 50% of the media daily, similar to the chronic treatment they had been exposed to in our 
previous study (Stern et al., 2018), Electrophysiological recordings were conducted at 30-35 days of 
differentiation (t2).  

Analysis of electrophysiological recordings 

Total evoked action potentials 

Similar to our previous study (Stern et al., 2018), cells were typically held in current clamp mode near       
-60 mV with a steady holding current, and current injections were given starting 5 pA below the steady 
holding current, in 3 pA steps of 400 ms in duration. A total of 35 depolarization steps were given. 
Neurons that needed a current injection of more than 50 pA to be held at -60 mV were discarded from the 
analysis. The total number of action potentials was counted in 35 depolarization steps, starting from the 
first depolarization step, which was 10 pA below the current and caused the membrane potential to be at   
-60 mV (typically around 0). 

Spike shape analysis  
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The first evoked action potential was used for spike shape analysis (with the lowest injected current 
needed for eliciting an action potential). Spike threshold was the membrane potential at which the slope 
of the depolarizing membrane potential increased drastically, resulting in an action potential (the first 
maximum in the second derivative of the voltage vs. time). The 5-ms AHP amplitude was calculated as 
the difference between the threshold for spiking and the value of the membrane potential 5 ms after the 
potential returned to cross the threshold value at the end of the action potential. The spike amplitude was 
calculated as the difference between the maximum membrane potential during a spike and the threshold. 
Action potential width was calculated as the time it took the membrane potential to reach half the spike 
amplitude in the rising part of the spike to the descending part of the spike (Full Width at Half 
Maximum). 

Input conductance  

The input conductance was calculated around the resting membrane potential by measuring the current 
with the cell held in voltage clamp mode first at -70 mV and then at -50 mV. The difference in currents 
divided by the difference in membrane potential (of 20 mV) is the calculated input conductance. 

Sodium and potassium currents 

The sodium and potassium currents were acquired in voltage clamp mode. Cells were held at −60 mV, 
and voltage steps of 400 ms were made in the range of −90 mV to 80 mV. Currents were usually 
normalized by the cell capacitance (changing the units from pA to pA/pF), by an automatic Matlab script. 
In addition, when calculating the fast potassium currents at the low depolarization potentials (-20 mV to 
20 mV), we manually calculated the currents because fluctuations that are due to the opening of the 
sodium currents (see for example Supplementary Fig. 9) affect the measurement with the automatic script, 
making them inaccurate in these potentials. 

Fast and slow potassium currents 

The fast potassium current has been shown to be related to the A-type potassium channels (Rudy, 1988). 
We measured the fast potassium current by the maximum current immediately following a depolarization 
step, typically within a time window of a few milliseconds. The slow potassium currents were obtained at 
the end of the 400-ms depolarization step and have been shown to be related to the delayed rectifier 
potassium channels (Rudy, 1988). 

Kinetics of closing of sodium channels by inactivation  

An exponential decay coefficient was fitted to the current curve during voltage clamp conditions at -20 
mV from the minimum of the input current to the current 200 ms after the depolarization step. This decay 
coefficient was considered the kinetics time constant.  

Kinetics of opening of sodium channels by depolarization 

The time constant of the opening of the sodium currents was taken as the time from the depolarization 
step until the input current reached its minimum (at -20 mV) 

Excitability graph as a radius of the dot 

To see the dots at a reasonable size, the radius of each of the dots in the graph was plotted as the total 
number of evoked potentials to the exponent of 0.85. 

Kinetics of closing of the fast potassium channels by inactivation 
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An exponential decay coefficient was fitted to the maximum outward current at 20 mV to the current at 
200 ms after the voltage step. This decay coefficient was considered the kinetics time constant of the 
closing or the fast potassium currents. 

Imaging of soma size 

During electrophysiological recordings, the images of the neurons recorded were captured for later 
analysis of the soma size, which was done using ImageJ SW. 

Tracing of neural progenitor cells (NPCs) 

NPCs were plated on glass coverslips and fixed 24 hours after plating using 4% paraformaldehyde (PFA). 
Thirty cells were then imaged from each group and analyzed with Neurolucida SW, where neurites and 
soma were manually traced.  

Channel blockers 

Channel blockers were applied to the extracellular recording solution at the following concentrations: 1 
mM tetraethylammonium chloride (TEA cat. 306850 R&D systems), 0.3 mM 4-aminopyridine (4-AP 
Tocris cat. 940100) and 200 nM α-dendrotoxin (DTX Bachem, cat. H-1088).  

Immunohistochemistry 

Cells were fixed in 4% paraformaldehyde for 15 minutes. Cells were subsequently blocked and 
permeabilized in PBS containing 0.1%–0.2% triton X-100 and 10% horse serum. Coverslips were 
incubated with primary antibody in blocking solution overnight at 4o C, washed in Tris-buffered saline, 
incubated with secondary antibodies for 30 minutes at room temperature, counterstained with DAPI, 
washed, mounted on slides using PVA-DABCO (Sigma-Aldrich), and dried overnight protected from 
light. The following antibodies and dilutions were used:  Map2ab (1:1000), Elavl2 (1:250), Elavl2/4 
(1:500), Scgn (1:250, Invitrogen), NeuN (mouse, 1:100, Millipore), ELAVL2 (1:100), and GABA 
(1:1000). Fluorescence signals were detected using a Zeiss 710 confocal microscope and images were 
processed with Zen and ImageJ. 

Results 

CA3 pyramidal neurons derived from BD patients are hyperexcitable only when derived from 
patients with a good outcome in response to lithium treatment, and spike shape properties are 
altered between the three groups: control, LR and NR  

Both DG and CA3 neurons were patch clamped at time point t2. We partitioned our data into 3 groups: 
neurons derived from control individuals, neurons derived from BD patients who responded to lithium 
(LR), and neurons derived from BD patients who did not respond to lithium (NR).  Around 60% of the 
neurons in the 3 groups were CA3 pyramidal neurons, expressing the ELAVL2 protein (see 
Supplementary Figure 1a for immunohistochemistry and Supplementary Figure 1c for quantification of 
the number of neurons expressing the ELAVL2 protein, which is a specific marker for CA3 pyramidal 
neurons), and approximately 12% of the neurons were expressing GABA (see Supplementary Fig. 1b for 
representative images, and Supplementary Fig. 1d for quantification). The total number of action 
potentials produced in 35 first depolarization steps (see Methods) was counted, and this number served as 
the measure for excitability throughout this study. Unlike DG neurons, where both LR and NR DG 
neurons produced significantly more action potentials than the control neurons, only LR CA3 neurons 
produced significantly more evoked action potentials when compared to control CA3 neurons (Fig. 1a for 
averages and Fig. 1b-d for representative example recordings). This hyperexcitability of the LR CA3 
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neurons appeared in the form of the ability to sustain activity with high current injections (see Fig. 1e-g 
for representative traces with a 50 pA current injection). So LR neurons recovered faster from sodium 
inactivation periods and were therefore able to sustain activity in high current injections. Like DG LR 
neurons, LR CA3 neurons also exhibited a faster rate of spontaneous activity (when holding the cell at a 
potential of -45 mV in voltage clamp mode) (Fig. 1h). Similar to what we reported earlier (Stern et al., 
2018), the spike shape features of DG and CA3 neurons were different between the 3 groups in the 
recording time t2 (a time point that is slightly different than the recording time in our previous study; see 
Methods). The fast AHP was increased in both LR and NR DG neurons, but only in LR CA3 neurons 
compared to the controls (Fig. 1i-k for example recordings, and Fig. 1l for averages). (The development 
over time is shown in Supplementary Fig. 2a for DG and CA3 neurons). The spike height was similarly 
larger for LR neurons both in DG and in CA3 neurons (Fig. 1m, Supplementary Fig. 2b); spike width was 
narrowest for LR CA3 neurons (Fig. 1n, Supplementary Fig. 2c), The threshold for evoking an action 
potential was more depolarized in NR DG neurons, with no significant changes in NR CA3 neurons (Fig. 
1o, Supplementary Fig. 2d). The input conductance was increased in NR CA3 neurons (Fig. 1p, 
Supplementary Fig. 2e). 

In the same recording period t2, which was half a week later on average than our previous study (Stern et 
al., 2018), we observed in DG neurons a hyperexcitability of both LR and NR BD neurons compared to 
controls. Generally, CA3 neurons of the control and LR groups produced more action potentials than DG 
control and LR groups (at the same age of the neurons), respectively, but CA3 NR neurons did not 
produce more action potentials than NR DG neurons (Supplementary Fig. 3a). DG granule neurons are 
inactive compared to other neuronal types in the hippocampus (Senzai and Buzsaki, 2017), and this may 
be the reason that in our experiments control and LR DG neurons are less excitable than control and LR 
CA3 neurons. Supplementary Figures 3b-3c show the number of evoked potentials at an earlier time point 
(t1=14-23 days after start of differentiation), and Supplementary Figure 3f shows the development over 
time of the evoked activity for DG and CA3 neurons. At t1, DG neurons already exhibited differences 
between the 3 groups, whereas, in CA3 neurons, the differences were not yet evident (Supplementary Fig. 
3b). There was no significant difference between the spontaneous activity of DG and CA3 neurons in any 
of the 3 groups (Supplementary Fig. 3d for rate, and 3e for amplitude). Supplementary Figures 4 and 5 
show different comparisons of the spike features in the 3 groups and over 2 differentiation times.  

Excitability is correlated with the amplitude of fast potassium currents in BD hippocampal 
neurons, and blocking these currents diminishes the hyperexcitability phenotype 

Trying to pinpoint what the changes in the BD neurons might be that contribute to the hyperexcitability 
phenotype, we compared some of the currents between the 3 groups. One of the currents that showed a 
significant difference in the BD neurons both in DG and CA3 neurons was the fast potassium current. A 
significant increase in amplitude of the fast potassium currents was measured. Figure 2a-b shows the 
amplitude of the fast potassium currents in CA3 and DG neurons at low depolarization potentials for the 3 
groups, and it was increased in the BD neurons. Interestingly, the decay time for the fast potassium 
currents was also significantly faster in the LR CA3 neurons compared to CA3 neurons in the other 
groups, and slower in NR DG neurons compared to control DG (Fig. 2c and example traces in Fig. 2d), 
implying different ion channel distributions. Next, to see the effects of the amplitude and kinetics of the 
fast potassium currents, we plotted the excitability as proportional to the size of the circle (see Methods 
for exact mathematical formula) as a function of the amplitude of the fast potassium currents on the y 
axis, and as a function of the time constant of the decay of the fast potassium currents (see Methods) on 
the x axis for CA3 neurons (Fig. 2e) and DG neurons (Fig. 2f). The graphs show that control and LR CA3 
neurons produced more action potentials than DG neurons (as seen also in Supplementary Fig. 3a). It is 
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known that mature DG neurons are very quiescent, but not mature CA3 pyramidal neurons, and this 
finding may be an indication of this phenomenon. In addition, BD CA3 neurons generally had larger 
amplitudes of the fast potassium currents than DG neurons. Neurons with the shorter and faster time 
constants were more excitable and, in DG neurons, the cells that were more excitable had larger 
amplitudes and faster kinetics of the fast potassium currents, as indicated by the larger circles in the left-
upper parts of these graphs. 

Holding the cells in a voltage clamp, we measured sodium currents (Fig. 2g for CA3 and Fig.2h for DG). 
CA3 NR neurons had significantly lower sodium currents (Fig. 2g sodium currents, and Supplementary 
Fig. 7i sodium currents normalized by capacitance) compared to CA3 LR and CA3 control (p<0.0001 for 
currents at -20 mV for the normalized currents). DG NR neurons also had lower sodium currents 
(p=0.038 for currents at -20 mV for the normalized currents). (Fig. 2h shows sodium currents, and 
Supplementary Fig. 7j shows sodium currents normalized by capacitance). Since the sodium channel 
opening happens in a positive feedback manner, probably due to the lower amplitudes of sodium currents, 
the sodium closing (Supplementary Figure 7c) and opening (Supplementary Figure 7d) kinetics were 
slower in CA3 NR neurons.  

To further assess the affect that these changes in currents had on neuronal excitability, we calculated the 
correlations between the amplitude of the sodium currents and amplitude and kinetics of the fast 
potassium currents and excitability. We plotted the excitability as a function of the sodium currents at -20 
mV holding potential (Fig. 2i-k). As expected, all 3 groups had a positive correlation between the 
amplitude of the fast potassium currents and the excitability (R=0.37. p=0.004 for control CA3 neurons, 
R=0.33, 0=0.027 for LR CA3 neurons and R=0.72, p=1e-11 for NR CA3 neurons). Interestingly, there 
was also a significant correlation between the excitability and the amplitude of the fast potassium currents 
at 10 mV in the LR CA3 neurons (Fig. 2m, R=0.31, p=0.04) and in the NR neurons (Fig. 2n, R=0.36, 
p=0.003), but no correlation between the excitability of the control neurons and the amplitude of their fast 
potassium currents (Fig. 2l, R=0.03. p=0.82) was observed. When correlating with the time constant of 
decay of the fast potassium currents, there were also significant correlations, especially in the CA3 
neurons. The correlation of the excitability and the time constant in all 3 groups pooled together was R=-
0.38, p=6e-5 (so the faster the kinetics is, the more excitable the neuron is). In DG neurons this 
correlation was borderline significant, R=-0.24, p=0.05 (excitability and decay time in all 3 groups 
together). In DG in general, the decay time constants were faster compared to CA3 decay time, except in 
the LR group, as can be seen Figure 2c, 2e and 2f. Since the amplitude of the fast potassium currents was 
correlated with the BD neurons’ excitability, we next blocked these currents using 3 different channel 
blockers - 200 nM dendrotoxin (DTX), 1 mM tetraethylammonium (TEA), and 0.3 mM of 4-
aminopyridine (4-AP) - to look for the effect on neuronal excitability. The results are depicted in Figure 
2o. Potassium blockers did not reduce the excitability of control neurons and application of DTX made 
the cells significantly more excitable. DTX was previously reported to increase excitability in rat 
neocortical pyramidal neurons (Bekkers and Delaney, 2001). However, potassium channel blockers 
reduced excitability in both LR and NR neurons. More specifically, all of them significantly reduced the 
hyperexcitability in LR neurons, with TEA having the largest effect. In NR neurons, 4-AP significantly 
reduced the excitability. We next performed qPCR for a few types of potassium channels. Kcnc1 was 
significantly overexpressed in LR neurons compared to control neurons (p=0.005) and an elevated level 
in the NR neurons that did not reach statistical significance compared to controls (p=0.07, Fig. 2p). Kcnc2 
was also significantly overexpressed when comparing LR and control neurons (p=0.01, Fig. 2q), and NR 
neurons had a significant reduction in expression compared to controls (p=0.04). No change was observed 
in the expression of KCNMA1 and KCNMB1 genes (Supplementary Fig. 8a, 8b). Interestingly, fast 
spiking interneurons also had a strong expression of Kcnc1 and Kcnc2, and the high expression level of 
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these channels was shown (Kaczmarek and Zhang, 2017; Martina et al., 1998) to assist with their fast 
spiking abilities, helping their fast recovery from sodium inactivation, similar to the physiology we 
observed for LR hippocampal neurons. After observing these changes in expression of the Kcnc genes in 
the CA3 neurons from this cohort, we re-analyzed our already published data (Mertens et al., 2015) and 
separated the cohort into 3 groups - control, LR and NR - to look at expression differences in the Kcnc 
genes. The results are plotted in Supplementary Figure 6. An overexpression of the Kcnc2 gene was 
observed in LR neurons. A similar overexpression of Kcnc3 was observed in LR neurons and a reduced 
expression in this gene was observed in the NR neurons. These Kcnc genes all belong to a family of very 
fast kinetics potassium channels. Supplementary Figure 7 presents the sodium and potassium currents 
(fast and slow) of DG and CA3 neurons of the 3 groups at 2 different differentiation time points, t1 and t2 
(see Methods).  

Neural progenitors, CA3 pyramidal and DG granule neurons are larger when derived from BD 
patients than from controls  

In our previous study (Stern et al., 2018), we reported that DG neurons derived from BD patients were 
larger 3.5 weeks after starting differentiation from NPCs; specifically, the NR group neurons were the 
largest. We measured the capacitance at t2=4.5 weeks of CA3 pyramidal neurons (Supplementary Fig. 
11a) and similarly observed that BD neurons were larger than controls and the NR group neurons were 
the largest (~30% increase in capacitance for the LR group, and 70% increase for the NR group when 
compared to the control group). The development course of the capacitance is shown in Supplementary 
Figure 11b. Imaging of the soma and tracing its size using ImageJ SW showed similar increases in cell 
size (Supplementary Fig. 11c). The ratio of capacitance to soma size was similar between the 3 groups 
(Supplementary Fig. 11d), indicating that there was a similar increase in neurite length and that the 
changes to the cell size in BD were scaled similarly throughout the entire cell. Example images of control, 
LR and NR CA3 neurons are provided in Supplementary Figure 11e-g. We were interested to see if these 
differences manifested as early as the NPC stage, so we imaged 75 control NPCs from the 4 patients, 60 
LR NPCs (3 patients) and 60 NR NPCs (3 patients) and measured the soma size and the total neurite tree 
length. Interestingly, the soma was already larger in LR NPCs compared to controls, and even larger in 
NR NPCs (Supplementary Fig. 11h). The total neurite length was larger in the NR NPCs than in the 
controls (Supplementary Fig. 11i). Examples of control, LR and NR NPC images are shown in 
Supplementary Figure 11j-l. 

Lithium increases sodium currents but reduces the amplitude of the fast potassium currents, 
resulting in a reduction of hyperexcitability of neurons derived from BD patients who respond to 
lithium (LR) 

We were interested to see the effects of chronic lithium treatment on CA3 pyramidal neurons derived 
from patients and healthy subjects. We added 1 mM of LiCl to the media 2 weeks prior to patch clamp 
recordings, similar to the treatment that was used in our previous study (Stern et al., 2018). Lithium was 
not present during patch recordings. Similar to our previous reports on DG neurons (Stern et al., 2018), 
lithium reduced the hyperexcitability of CA3 neurons that were derived from LR patients. This effect was 
evident both in total evoked potential measurements (Fig. 3a) and spontaneous activity (Fig. 3b) but had 
little or no effect on the excitability of NR and control neurons. Interestingly, chronic lithium treatment 
reduced the size of the overly large neurons to a size that was more similar to the control neurons, both in 
LR and NR cells (Fig. 3c). By imaging and tracing the neurons during the electrophysiological 
recordings, we found that this change did not come from changes to the soma size (Fig. 3d); therefore, it 
likely emerged from the neurites’ length and arborization. Looking further into spike parameters, we 
found that lithium treatment reduced spike height in LR neurons (Fig. 3e), did not change the fast AHP 
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significantly in any of the groups (Fig. 3f), broadened the spike in LR neurons (Fig. 3g), and did not alter 
the threshold for evoking an action potential in any of the groups (Fig. 3h). An increase in the normalized 
sodium currents was observed in all 3 groups (using an ANOVA. p=2e-4 for control, p=4e-8 for LR and 
p=3e-8 for NR) (Fig. 3i-k). There were no significant differences in the potassium currents in any of the 3 
groups when we ran an ANOVA on the entire or part of the voltage recording range (Fig. 3l-q).  

However, when comparing the amplitude of potassium currents at specific holding potentials with a t-test, 
we did find significant differences between the groups. We were therefore interested to see which of the 
holding potentials produced currents that correlated most with excitability (in continuation with the plots 
presented in Fig. 2i-k, 2l-n). We calculated the correlation of the cell excitability (as measured by the total 
amount of evoked potentials) and a few of the features and currents that were measured in the cell. The 
excitability generally correlated with capacitance for control and LR neurons (Supp. Fig. 12a-b), whereas 
it did not correlate with capacitance in NR neurons (Supp.  Fig. 12c). This miscorrelation of excitability 
specifically in NR neurons with capacitance was already reported in our previous study with DG neurons 
(Stern et al., 2018). In LR neurons, where we have seen that lithium treatment reduced capacitance, the 
correlation grew stronger between excitability and capacitance after lithium treatment. Only in NR 
untreated neurons did the excitability correlate with the slow potassium currents (Supp.  Fig. 12d-f). In 
LR and NR neurons, the excitability correlated much more strongly with the fast potassium currents at the 
lower depolarization steps (Supp. Fig. 12g-i) than with the fast potassium currents at the higher 
depolarization steps (Supp. Fig. 12j-l). And finally, as expected, the excitability correlated with the 
amplitude of the sodium currents. The very strong correlation for the NR neurons (R=0.72, p=1e-11) and 
the large slope of the line representing excitability as a function of sodium currents in NR neurons were 
notable (Supp. Fig. 12m-o). Since the correlation plots indicated that the fast potassium currents at the 
lower depolarization steps were more correlated with excitability in BD neurons, we also plotted the 
changes to these currents after lithium treatment. We observed that these currents were reduced in LR 
neurons after treatment (Fig. 3r), which is a possible cause of the reduction in excitability after lithium 
treatment. In addition, measurements of the decay time constants of the fast potassium currents showed 
that they were faster in control and NR neurons after lithium treatment, indicating faster kinetics (Fig. 
3+s). 

To summarize, lithium affected the cells in several ways. It reduced the huge capacitance of BD neurons. 
It increased the amplitude of the sodium currents in all 3 groups, and it reduced the amplitude of the fast 
potassium currents at the lower depolarization holding potential in the LR group (currents that we have 
showed correlate with excitability). We therefore think that this may be lithium’s dual way of operation as 
a mood stabilizer: increasing sodium currents and thus reducing the amount of hypoexcitable cells on one 
hand, but also reducing the fast potassium currents and thus reducing the total number of hyperexcitable 
cells. 

Motor neurons 

Observing what seemed to be a multi-regional hyperexcitability of BD hippocampal neurons, we were 
interested to see whether a completely different, non-CNS neuron would show any different phenotype or 
physiology in BD. We differentiated our iPSCs into spinal motor neurons using the protocol previously 
described in our lab (Marchetto et al., 2008). Neurons were cultured on spinal astrocytes as described in 
the Methods section. Whole cell patch clamp was performed 10 days after dissociation of the 
neurospheres. Immunostaining for islet-positive cells (examples in Fig. 4a, 4b and 4c) indicated similar 
ratios of Islet+/MAP2 (Fig. 4d). To measure excitability, the total number of evoked potentials in 35 
depolarization steps was measured, similar to the excitability measure that was used for DG and CA3 
pyramidal neurons. There were no significant changes in the excitability between the 3 groups: control, 
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LR and NR (Fig. 4e). The spike parameters that were measured in hippocampal neurons - fast AHP (Fig. 
4f), spike width (Fig. 4g), threshold (Fig. 4h) and spike amplitude (Fig. 4I) - were not significantly 
different between the 3 groups. There were no significant changes in capacitance (Fig. 4j) or in the input 
conductance (Fig. 4k) between the groups. Interestingly, sodium currents were increased in the NR 
neurons compared to the control neurons (using an ANOVA, p=5e-9, Fig. 4l). There was no significant 
change in the slow or fast potassium currents (Fig. 4m, 4n). To summarize, there were almost no 
physiological changes between the motor neurons of the 3 groups. 

Discussion 

BD affects approximately 2% of the worldwide population and puts a huge burden on the world’s health 
and economic systems. This disorder was described first in detail in 2 books in the first century AD by 
Aretaeus of Cappadocia: “On the Aetiology and Symptomatology of Chronic Diseases” and “The 
Treatment of Chronic Diseases.”  In the 17th century, Theophilus Bonet described it in his work 
“Sepuchretum,” where he linked mania and melancholy in a condition called “manico-melancolicus.”  
Yet, after centuries of studying this condition, we still know very little about it. The introduction of iPSC 
technology allowed us for the first time to study this disorder in a dynamic human model and has enabled 
us to define an endophenotype of this disorder in the form of hippocampal overexcitability (Mertens et al., 
2015; Stern et al., 2018) or, more specifically, DG hyperexcitability. Exciting as this step was, it only 
gave us the end of a thread that we could follow. So, having developed a new protocol for CA3 pyramidal 
neurons (Sarkar et al., 2018), we were interested to see if there were any functional changes in other types 
of hippocampal neurons; furthermore, we were interested in looking for the mechanisms that caused this 
hyperexcitability.  

The phenotype of the CA3 pyramidal neurons that we report here was somewhat different than that of DG 
neurons. While BD DG neurons were hyperexcitable, only BD CA3 neurons derived from LR patients 
were hyperexcitable in our recordings. This hyperexcitability significantly correlated with the amplitude 
and the fast kinetics of their fast potassium currents. Moreover, qPCR experiments confirmed an 
overexpression of the fast kinetics potassium channels Kcnc1 and Kcnc2, which are known to assist fast 
spiking interneurons with their fast spiking ability. These changes had implications for their spike shape 
parameters: the spike amplitude was increased, the fast AHP was larger, and the spike width was 
narrower. Importantly, blocking these currents using different types of potassium channel blockers 
diminished the hyperexcitability phenotype, with the strongest effect seen using TEA. The NR CA3 
neurons did not have a significantly increased excitability compared to the control CA3 neurons. 
However, their physiology had alterations that did not result in an average change in excitability of the 
cells: they had drastically reduced sodium currents and increased fast and slow potassium currents, but 
with a slower kinetics than the CA3 LR neurons. In the NR neurons, potassium channel blockers also 
reduced their excitability, with the strongest effect seen with 4-AP. Morphological analysis of the BD 
neurons showed that, as we previously reported for DG neurons, BD neurons were larger. Specifically, 
the BD NR neurons were very large (70% increase compared to controls). Interestingly, when we looked 
at NPCs, we also observed enlarged cell sizes for the LR and even more so for NR NPCs compared to the 
control NPCs. Reviewing the literature we found reports of enlarged (Beyer et al., 2004; Brambilla et al., 
2003; Cao et al., 2016; Javadapour et al., 2010; Strakowski et al., 1999), smaller (Blumberg et al., 2003), 
and unchanged (Videbech and Ravnkilde, 2004) hippocampal volume in BD patients. However, there 
were also reports showing that multiple episodes of mania and depression correlated with this decrease in 
brain volume (Cao et al., 2017; Javadapour et al., 2010; Strakowski et al., 2002). Another interesting 
study showed that hippocampal volume was increased in BD patients and then decreased with the 
episodes’ occurrence (Blumberg et al., 2003) It is therefore hard to know what the anatomical or 
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morphological changes in the patient’s hippocampus before disease onset and episodes were. Thus the 
ability to model young hippocampal neurons from BD patients allows us to observe the morphology and 
function of BD hippocampal neurons before disease onset or any drug treatment, and we know now that 
BD hippocampal neurons are larger. 

We have shown here a few lines of evidence supporting a conclusion that the hyperexcitability of LR 
hippocampal neurons is caused by an overabundance of very fast potassium channels, namely Kcnc1 and 
Kcnc2, thus resembling the physiology of fast spiking interneurons. We have shown with patch clamp 
experiments that there is an increased amplitude and faster kinetics of the fast potassium currents in LR 
neurons, and that the hyperexcitability correlated with the amplitude and kinetics of these currents. The 
fast AHP amplitude was increased in LR hippocampal neurons, which also points to the fast potassium 
currents, and also a phenotype that is similar to the fast spiking interneurons. With qPCR we have shown 
a gene overexpression of Kcnc1 and Kcnc2, and experiments using channel blockers targeting these fast 
potassium currents reduced the hyperexcitability drastically.  

Lithium, being the first line of treatment of BD today, is known to be a mood stabilizer. Chronic lithium 
treatment in our neuronal cultures of 1 mM LiCl reduced the hyperexcitability of DG LR neurons (but not 
of DG NR neurons) (Stern et al., 2018) and reduced the hyperexcitability of CA3 LR neurons, as we show 
in this study. The treatment increased the sodium currents in all 3 groups (control, LR and NR) and 
decreased the amplitude of the fast potassium currents in the LR group. We hypothesize that this may be 
the dual mechanism by which lithium acts both to reduce depression episodes in patients on one hand (the 
increase in sodium currents) and to reduce mania episodes in patients on the other (the decrease of the 
amplitude of the fast potassium currents that correlates with the CA3 LR hyperexcitability, as we have 
shown in this study). It is also interesting to note the effect of lithium treatment on the reduction in cell 
capacitance both for the LR and NR groups in the CA3 neurons, as we had previously reported in the DG 
neurons (Stern et al., 2018). Lithium treatment in human patients has been shown to increase hippocampal 
volume, which may seem to contradict our results. However, there are also quite a few studies showing 
that reduction in hippocampal volume without treatment is due to recurrent episodes of mania and 
depression, which is likely why lithium causes a hippocampal volume increase (Hajek et al., 2012; Zung 
et al., 2016) in the patients. 

To summarize, in this study, we unraveled some of the physiological changes in BD hippocampal 
neurons. Many previous studies have shown that BD manifests in the hippocampus (Blumberg et al., 
2003; Fatemi et al., 2000), but it is important to keep in mind that other areas of the brain have also been 
shown to be affected (Abe et al., 2015; Altshuler et al., 1998; Hibar et al., 2018; Lawrence et al., 2004; 
Rajkowska et al., 2001), and further studies of other neuronal types should follow. We have shown here 
that BD motor neurons do not display any physiological changes compared to controls. LR neurons had 
larger fast potassium currents with a faster kinetics that significantly correlated with their 
hyperexcitability in the experiments. This hyperexcitability was accompanied by an overexpression of 
Kcnc1 and Kcnc2 genes, known to assist fast spiking interneurons with their fast spiking abilities. NR 
neurons had larger slow and fast potassium currents but with slower kinetics and had decreased sodium 
currents, but the NR CA3 neurons were not significantly hyperexcitable. BD neurons were also physically 
larger than control neurons. The increase in the amplitude of the potassium currents that underlies the 
phenotype of BD neurons can be blocked, reversing the phenotype. These blockers should be considered 
as an alternative treatment for BD (TEA seems most suitable for BD LR and 4-AP for BD NR), and we 
suggest their use for further studies with human subjects.  
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Figure 3 
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Figure 4 
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Figure legends 

Figure 1. Hyperexcitability in hippocampal neurons derived from BD patients a. Cells patched at 30 days 
from start of differentiation. DG BD LR and NR neurons are hyperexcitable when compared to controls, 
but only BD LR CA3 neurons are hyperexcitable compared to controls. The points that were plotted 
represent the mean of each cell line (patient), but the number of total neurons patched is as follows: DG: 
control n=76 neurons, LR n=69 neurons, NR n=25 neurons; CA3: control n=58 neurons, LR n=46 
neurons, NR n=71 neurons. b. Representative example recordings in current clamp mode of evoked 
potentials for a control (blue), c. LR (red) and d. NR (green) neuron. Plotting only the high current 
injection component reveals that the hyperexcitability of LR neurons was in the form of sustained activity 
with high current injections, as can be seen from the representative traces of the e. control (blue), f. LR 
(red) and g. NR (green) CA3 neurons. h. Spontaneous activity. BD LR neurons have an increase in the 
rate of spontaneous activity both in DG and CA3 neurons. Analysis of spike shape. i. Example recordings 
of a single spike in current clamp mode of a control (blue) neuron, j. LR (red) neuron and k. NR (green) 
neuron. l. The fast after-hyperpolarization (AHP) is increased in the BD NR DG neuron at the t2 time 
point. Our previous report at t* (around 25 days after start of differentiation) (Stern et al., 2018) showed 
that DG LR fast AHP was also increased at that time point. Fast AHP is also increased in BD LR CA3 
neurons. m. Spike amplitude is larger for BD LR neurons, both in DG and CA3, when compared to 
control and NR neurons. n. Spike width is narrower in CA3 LR neurons. In (Stern et al., 2018), at the t* 
time point, DG LR neurons also displayed a narrower spike width. o. The threshold for eliciting an action 
potential is more depolarized in DG NR neurons compared to control and BD LR neurons, but there is no 
significant change between the 3 groups in CA3 neurons. p. Input conductance is larger in CA3 BD NR 
neurons compared to control and BD LR neurons. Asterisks represent statistical significance by the 
following code: * p value<0.05, **p value<0.01, ***p<0.001, ****p<0.0001. Error bars represent 
standard error.  

Figure 2. The effects of different currents on cell excitability. Each dot in the graphs represents an 
average over the total amount of patched cells for one human subject.  a. The manual measurement of fast 
potassium currents in CA3 neurons at 0 mV (see Methods section) shows a significant increase in BD LR 
and even more in BD NR. b. Similarly, in DG at 20 mV, BD LR neurons have increased fast potassium 
currents and BD NR neurons have an even more elevated level. c. Fast potassium decay time. In DG, NR 
neurons have a slower kinetics compared to control neurons. In CA3, LR neurons have a very fast 
kinetics compared to control and NR neurons. d. Representative example recordings of CA3 control 
(blue), LR (red) and NR (green) neurons in voltage clamp mode, displaying the increased amplitude of 
the fast potassium currents in BD LR and BD NR neurons and the faster kinetics in BD LR neurons. e. 
CA3 excitability (encoded in the radius of the dot, see Methods) as a function of the amplitude of the fast 
potassium currents (y-axis) and the kinetics or decay time constant of the fast potassium current (x-axis). 
The larger dots are generally observed in the neurons with fast kinetics or fast decay time of the fast 
potassium currents. f. DG excitability (encoded in the radius of the dot, see Methods) as a function of the 
amplitude of the fast potassium currents (y-axis) and the kinetics or decay time constant of the fast 
potassium current (x-axis). The larger dots are observed in the neurons with fast kinetics or fast decay 
time and higher amplitudes of the fast potassium currents. g. Sodium currents are reduced in CA3 NR 
neurons compared to controls and increased in CA3 LR neurons compared to controls. h. Sodium currents 
are reduced in DG NR neurons compared to controls and slightly increased in DG LR neurons compared 
to controls. i-k. The excitability in all the groups correlate with sodium currents (at -20 mV). This 
correlation is much stronger in NR neurons compared to control and LR neurons. l-n. A significant 
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correlation is observed between excitability and the amplitude of the fast potassium currents at 0 mV in 
LR and NR neurons. The excitability in control neurons does not correlate with the amplitude of the fast 
potassium currents at 0 mV. o. Blocking of different potassium channels reduced excitability of CA3 BD 
neurons but increased excitability of CA3 control neurons; Dendrotoxin (DTX) at 200 nM significantly 
increased excitability of control neurons. 1 mM Tetraethylammonium (TEA) most drastically reduced 
hyperexcitability of CA3 LR neurons, but 0.3 mM of 4-aminopyridine (4-AP) and DTX also significantly 
reduced their hyperexcitability. 4-AP reduced excitability of CA3 NR neurons. A total number of 53 
control, 28 control TEA, 27 control 4-AP, 28 control DTX, 47 LR, 39 LR TEA, 18 LR 4-AP, 29 LR 
DTX, 104 NR, 28 NR TEA, 28 NR 4-AP and 28 NR DTX neurons were recorded. p. qPCR results (fold 
change) of Kcnc1 showed that CA3 LR neurons have elevated levels compared to control neurons. q. 
Fold change values of Kcnc2 showed a decreased expression in NR neurons and an increased expression 
in LR neurons compared to CA3 control neurons. Asterisks represent statistical significance by the 
following code: * p value<0.05, **p value<0.01, ***p<0.001, ****p<0.0001. Error bars represent 
standard error.  

Figure 3. Response to lithium treatment of CA3 neurons at t2. The total number of cells patched for this 
analysis was as follows: control, n=49 neurons; control lithium (Li), n=56 neurons; LR, n=43 neurons; 
LR Li, n=41 neurons; NR, n=71 neurons; NR Li, n=65 neurons. a. Lithium treatment reduces the 
hyperexcitability (total number of evoked action potentials) of CA3 BD LR neurons. b. The spontaneous 
rate of action potentials is also reduced with lithium treatment in CA3 BD LR neurons. c. Similar to our 
previous report in DG neurons (Stern et al., 2018), the capacitance of BD LR and BD NR neurons is 
smaller with lithium treatment than the equivalent neurons grown without treatment. d. The soma of the 
BD LR and BD NR CA3 neurons did not decrease in size with lithium treatment, indicating that the 
reduction in capacitance with lithium treatment was due to a reduction in size of the neuritic tree. e. The 
spike height of BD LR CA3 neurons was reduced with lithium treatment. f. The fast AHP did not change 
with lithium treatment in any of the groups. g. The spike width broadened after lithium treatment in CA3 
BD LR neurons. h. The threshold for evoking an action potential did not change in any of the 3 groups 
following lithium treatment. i. Lithium treatment increased normalized sodium currents in control CA3 
neurons. j. Lithium treatment increased normalized sodium currents in BD LR CA3 neurons. Lithium 
treatment increased normalized sodium currents in BD NR CA3 neurons. l-q. The fast and slow 
potassium currents did not change significantly (ANOVA). r. The amplitude of the fast potassium current 
at 0 mV was significantly decreased after lithium treatment in CA3 BD LR neurons. s. The decay time 
constant of the fast potassium current decreased (decay was faster) with lithium treatment in CA3 control 
and CA3 BD NR neurons. Each dot represents an average over the total number of patched cells for one 
human subject. Asterisks represent statistical significance by the following code: * p value<0.05, **p 
value<0.01. Error bars represent standard error.  

Figure 4. Physiology of motor neurons in BD a. Example image of control islet-positive neurons. b. 
Example image of LR islet-positive neurons. c. Example image of NR islet-positive neurons. d. Similar 
ratios of islet-positive neurons in the 3 groups. e. Neurons from the 3 groups display similar excitability 
measured by the total number of elicited action potentials. Spike parameters: fast AHP (f), spike width 
(g), threshold (h) and spike height (i) are similar between the 3 groups. j. Capacitance is similar between 
the 3 groups. k. Input conductance is similar between the 3 groups. l. Sodium currents are similar between 
the 3 groups. m. Slow potassium currents are similar between the 3 groups. n. The fast potassium current 
is similar between the 3 groups. Each dot represents an average over the total number of patched cells for 
one human subject. 
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Supplementary Figure 1 
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Supplementary Figure 3 
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Supplementary Figure 5 
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Supplementary Figure 6 
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Supplementary Figure 7 
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Supplementary Figure 9 
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Supplementary Figure 11 
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Supplementary Figure 12 

 

 

 

Supplementary Figure 1. Neuronal markers and potassium channels expression. a. Example images of 
immunostaining for 4′,6-diamidino-2-phenylindole (DAPI, blue, marks the nucleus), ELAV-like RNA 
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binding protein 2 (ELAVL2, red, specific marker of CA3 pyramidal neurons) and microtubule associated 
protein 2 (MAP2, green, enriched in neurites). b. Example images of immunostaining for GABA-
expressing neurons in control neurons, LR and NR cultures. c. Percentage of ELAVL2-expressing 
neurons is approximately 60% in all 3 groups, indicating that our differentiation protocol is efficient. d. 
No significant change between the 3 groups in the percentage of GABA-positive neurons (ranging 10-
13%).  

Supplementary Figure 2. Development over time of spike shape features. a. Development from t1 to t2 
of a. the fast AHP, b. spike height, c. spike width, d. threshold for evoking an action potential and e. input 
conductance in DG and CA3 neurons for the 3 groups: control, BD LR, and BD NR.  

Supplementary Figure 3. Each dot in this figure represents one cell. The different human subjects are 
marked with a different shape of the dot. a. Comparison of excitability between DG and CA3. CA3 
neurons produce more evoked potentials in the control and LR groups. In the NR group there is a similar 
number of evoked potentials between DG and CA3 neurons. b. Excitability at t1 (2.5 weeks). There is a 
significant increase in excitability in the NR and LR groups in DG neurons compared to controls, but no 
change in CA3 neurons between the 3 groups. This indicates that the differences between BD and control 
in the DG neurons appear before the differences in the CA3 neurons c. Excitability comparison between 
DG and CA3 neurons at t1=2.5 weeks. CA3 control neurons produce more evoked potentials than DG 
neurons. d. Comparison of spontaneous activity rate between DG and CA3 neurons at t2=30 days reveals 
similar spontaneous activity rate between DG and CA3 neurons in all 3 groups. e. No changes are 
observed in the spontaneous spike amplitude between the 3 groups in both DG and CA3 neurons. f. 
Development over the time period between t1 and t2 of neuronal excitability (total evoked action 
potentials) of DG and CA3 neurons of the 3 groups: control, LR and NR. Asterisks represent statistical 
significance by the following code: * p value<0.05, **p value<0.01, ****p<0.0001. Error bars represent 
standard error.  

Supplementary Figure 4. Each dot in this figure represents one cell. The different human subjects are 
marked with a different shape of the dot. a. Comparison DG and CA3 capacitance at t2=30 days. In all 
groups CA3 neurons are larger than DG neurons, but statistical significance is observed in the LR and NR 
groups. b. Already at t1=2.5 weeks, larger cell size is observed in the BD groups in both CA3 and DG 
neurons, but the NR group is always the largest. C. At t1=2.5 weeks, CA3 neurons are larger than DG 
neurons in all 3 groups, with a significant increase in control and NR neurons. d. The capacitance to soma 
area ratio does not change between control, LR and NR neurons, indicating that the increase is both in the 
soma size and in the neurites. e. At t2=30 days, comparison of DG and CA3 fast AHP shows a significant 
increase in LR CA3 fast AHP compared to LR DG neurons. f. At t1=2.5 weeks, no significant change in 
the fast AHP is observed between the groups. g. Spike amplitude does not change between DG and CA3 
neurons in all 3 groups at t2=30 days. h. The spike height at t1=2.5 weeks is larger for the DG LR group 
compared with DG control or DG NR. There is no change in the CA3 neurons between the 3 groups, 
since the maturation in CA3 neuron is delayed. i. The spike height at t1=2.5 weeks is smaller in control 
and LR Ca3 compared to control and LR DG neurons, further indicating slower maturation of CA3 
neurons compared to DG neurons. Asterisks represent statistical significance by the following code: * p 
value<0.05, **p value<0.01, ***p<0.001, ****p<0.0001. Error bars represent standard error.  

Supplementary Figure 5. Spike shape parameters. In this figure, each dot in the graph represents a single 
patched neuron. Each patient is denoted with a different shape of the dot. a. Spike width (at t2=30 days) 
does not significantly change between DG and CA3 neurons in any of the 3 groups. b. Spike width is 
narrower at t1=2.5 weeks in LR DG neurons compared to NR DG neurons. c. At t1=2.5 weeks, spike 
width is narrower in DG neurons compared to CA3 neurons, further indicating that DG neurons mature 
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faster than CA3 neurons. d. At t2=30 days, the threshold for evoking an action potential is more 
depolarized in the control group. e. In DG neurons at t1=2.5 week, the threshold for evoking an action 
potential is more depolarized in the NR neurons than in control and LR neurons. f. At t1=2.5 weeks, the 
threshold for evoking an action potential is more depolarized in the control (significant) and LR 
(significant) CA3 neurons compared to DG neurons, but in NR neurons; CA3 neurons have a less 
depolarized threshold for evoking an action potential. g. No significant changes in the input conductance 
of CA3 vs. DG neurons in all 3 groups at t2=30 days. h. No significant changes in the input conductance 
of CA3 vs. DG neurons in all 3 groups at t1=2.5 weeks. i. The input conductance is significantly 
increased in CA3 LR neurons compared to DG neurons at t1=2.5 weeks. Asterisks represent statistical 
significance by the following code: * p value<0.05, **p value<0.01, ***p<0.001, ****p<0.0001. Error 
bars represent standard error.  

Supplementary Figure 6. Fpkm values of RNA sequencing from DG neurons derived from our previous 
cohort (Mertens et al., 2015). Similar to CA3 neurons derived from the current cohort, LR neurons have 
an overexpression of Kcnc2 and Kcnc3 potassium channels whereas NR neurons have a decreased 
expression of Kcnc3 expression. 

Supplementary Figure 7. a. The fast potassium currents are increased in BD LR and BD NR CA3 
neurons compared to controls. b. The fast potassium currents are similar between the control, B LR and 
BD NR DG neurons compared to controls. c. Sodium currents in CA3 NR neurons display a slower 
kinetics of closing of the channels. d. Sodium currents in CA3 NR neurons display a slower kinetics of 
opening of the channels    e. The fast potassium currents in CA3 neurons at t1=2.5 weeks are increased in 
LR and even more in NR neurons. f. In DG neurons, the fast potassium currents at t1=2.5 weeks are 
increased in the LR neurons. g. Normalized sodium currents at t1=2.5 weeks are increased in CA3 NR 
neurons compared to the other groups. h. The normalized sodium currents at t1=2.5 weeks are decreased 
in the NR group in DG neurons. i. Further comparison of the normalized sodium currents in CA3 neurons 
reveals a drastic reduction of sodium currents in NR neurons at t2=30 days. j. In DG neurons at t2=30 
days there is also a reduction in the normalized sodium currents, although less drastic than in the CA3 
neurons. k. Calculating the sodium currents at t1=2.5 weeks in CA3 neurons reveals that there is a big 
fluctuation in these currents, and at t1 NR sodium currents are increased, just to later on be severely 
decreased. l. The sodium currents at t1=2.5 weeks in DG neurons are reduced in the NR group. m. The 
slow potassium currents are increased at t2=30 days in CA3 LR and NR neurons compared to controls n. 
Similar slow potassium currents are observed between the 3 groups in DG neurons at t2=30 days. o. At 
t1=2.5 weeks the slow potassium currents are increased in CA3 LR and NR neurons compared to control 
neurons. p. At t1=2.5 weeks the slow potassium currents are increased in DG LR neurons compared to 
control and NR neurons.   

Supplementary Figure 8. qPCR of KCNMA1, KCNMB1. a. No significant change in expression of 
KCNMA1 gene between the 3 groups. b. No significant change in expression of KCNMB1 gene in the 3 
groups. 

Supplementary Figure 9. An example recording in voltage clamp mode demonstrating that, due to 
fluctuations in the currents, the potassium current should be calculated manually at the low (-20 mV – 20 
mV) depolarization steps. 

Supplementary Figure 10. Measurements after chronic lithium treatment in CA3 neurons at t2. a. The 
input conductance does not significantly change with lithium treatment in any of the 3 groups. b. The 
sodium opening kinetics (each dot representing a patched neuron) becomes faster after chronic lithium 
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treatment in control and NR neurons. c. Same graph as in b, but here each dot represents an average over 
each of the lines’ (patients’) recordings. 

Supplementary Figure 11. BD neurons and NPCs are larger than controls. a. The capacitance of CA3 
BD LR neurons is larger than the controls’ capacitance, and CA3 NR neurons are even larger (around 
70% increase compared to controls). [Remark: In our previous report, at around 25 days, BD DG neurons 
were larger than controls as well (Stern et al., 2018)] b. Development from t1=2.5 weeks to t2=30 days. c. 
Imaging of the soma of CA3 neurons further supports the capacitance changes: soma is larger for CA3 
LR neurons and even more for CA3 NR neurons. d. The ratio of capacitance to soma size is not changed 
between the groups - control, BD LR and BD NR - and this indicates that there are similar larger neurites 
in LR BD and even more in NR BD compared to controls. e. Example of a control soma. f. Example of a 
BD LR soma. g. Example of a BD NR soma. h. Imaging of a total of n=30 neurons from each patient of 
neural progenitor cells (NPCs) further shows that there is a change in cell size as early as the NPC stage 
(each dot in the graph represents the average of one human subject). i. The initial neurites at the NPC 
stage are larger in BD NR neurons. j. A representative image of control NPCs. k. A representative image 
of BD LR NPCs. l. A representative image of BD NR NPCs. Asterisks represent statistical significance 
by the following code: * p value<0.05, **p value<0.01, ***p<0.001, ****p<0.0001. Error bars represent 
standard error.  

Supplementary Figure 12. Correlations of CA3 excitability with currents at t2=30 days. a-c. Control and 
LR excitability correlates significantly with cell capacitance, but this correlation is completely lost in NR 
neurons. d-f. Control and LR neurons weakly correlate with the amplitude of the slow potassium currents 
at 10 mV, but a significant correlation is observed in NR neurons (which diminishes with lithium 
treatment). g-i. A strong correlation is observed between excitability and the amplitude of the fast 
potassium currents at 0 mV in LR and NR neurons. This correlation weakens with lithium treatment. 
Control neurons’ excitability does not correlate with the amplitude of the fast potassium currents at 0 mV, 
but this correlation is seen with lithium treatment. j-l. Control and LR excitability does not correlate with 
the amplitude of the fast potassium current at 100 mV. However, NR excitability does correlate with the 
amplitude of the fast potassium current at 100 mV. This correlation diminishes after lithium treatment. m-
o. All the groups correlate with sodium currents (at -20 mV). This correlation is much stronger in NR 
neurons compared to control and LR neurons, and so is the incline of the graph. This correlation weakens 
a bit with lithium treatment but remains very significant.  
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