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Abstract 

Background: 

We recently reported a hyperexcitability phenotype displayed in dentate gyrus (DG) granule neurons 

derived from bipolar disorder (BD) patients (1, 2) and also a hyperexcitability that appeared only in CA3 

pyramidal hippocampal neurons that were derived from BD patients who responded to lithium treatment 

(LR) but not from BD patients who were lithium non-responders (NR) (3).  

Methods: 

Here we used our measurements of currents in neurons derived from 4 control individuals, 3 LR BD 

patients, and 3 NR BD patients. We have changed the conductances of simulated DG and CA3 hippocampal 

neurons according our measurements to derive a numerical simulation for BD neurons.  

Results: 

The computationally simulated BD DG neurons had a hyperexcitability phenotype similar to the 

experimental results. The simulated BD CA3 neurons were only hyperexcitable when derived from LR BD 

patients. Interestingly, our computational model captured a physiological instability intrinsic to 

hippocampal neurons that were derived from NR BD patients that we also observed when reexamining our 

experimental results.  This instability is caused by a drastic reduction in the sodium current, accompanied 

by an increase in the amplitude of the fast potassium currents. These baseline alterations cause NR BD 

hippocampal neurons to drastically shift their excitability with small changes to their sodium currents, 

alternating between hyperexcitable and hypoexcitable states.  

Conclusions: 

Our computational model of BD hippocampal neurons that was based on our measurements reproduced the 

experimental phenotypes of hyperexcitability and physiological instability. We hypothesize that the 

physiological instability phenotype strongly contributes to affective lability in BD patients. 

Introduction 

Bipolar disorder (BD) is a devastating neuropsychiatric disease affecting 1-3% of the general population, 

causing a major economic burden and drastically reducing the quality of life of patients. Induced pluripotent 

stem cell (iPSC) technology has allowed us to study BD in neurons derived from human patients (3-5).This 

approach was an exciting advance because it allowed viable cell studies in a disease for which animal 

models did not fully reconstruct the complicated genetics. Neither did these models fully recapitulate the 

symptoms of human patients (6, 7). Our first two studies in this line of research described in detail the 

phenotype that DG neurons derived from BD patients exhibited: hyperexcitability in the form of sustained 

activity. Our most recent study (3) describes the phenotype of another type of hippocampal neuron, the 

CA3 pyramidal neuron, and further unravels a mechanism that is responsible for the measured phenotypes.  

In a previous study (5), we showed that the physiology of DG neurons derived from patients with a good 

outcome from lithium treatment was very different from the physiology of DG neurons of NR  patients. In 

our recent study (3), we also show that only CA3 pyramidal neurons derived from LR patients are 

significantly hyperexcitable compared to CA3 pyramidal neurons derived from healthy controls; the 

respective CA3 neurons derived from lithium NR patients are not significantly hyperexcitable. Moving 

from the dish to human patients, it is interesting to note that the behavioral characteristics of LR patients 



are also very different from those of NR patients  (8, 9). There are quite a few studies showing that patients 

who suffer from mixed episodes (depression and mania symptoms occurring at the same time) are less 

likely to respond to lithium treatment (10-14), and so mixed episodes mainly occur in lithium NR patients. 

In this study we used our experimental data presented in (3, 5) to build a numerical simulation of the two 

types of studied hippocampal neurons: DG and CA3 pyramidal neurons.  By increasing the conductance of 

a few types of the fast potassium currents and the sodium current, we were able to simulate BD LR and BD 

NR neurons for both DG and CA3 pyramidal neurons with the experimental phenotypes. Our computational 

models showed further evidence that BD hyperexcitability was linked with increased amplitude of 

potassium currents Moreover, we showed that NR hippocampal neurons displayed a physiological 

instability that resulted in a network of neurons in multi-excitatory states. 

Methods 

Patients 

The cohort in this study consisted of the same patients used in the previous study (5). Supplementary table 

1 summarizes their clinical data. 

Cell culture: DG neurons 

Using iPSC technology, DG granule neurons were cultured according to our published protocol (15) and 

measured at t2=4.5 weeks (Supplement). 

Cell culture: CA3 neurons  

CA3 pyramidal neurons were cultured according to our published protocol (16) and measured at t2=4.5 

weeks.  

Whole cell patch clamp 

Neurons were infected with the ELAVL2::eGFP lentiviral vector at 15 days differentiation (as previously 

reported (16). 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 (17), with bright ELAVL2::eGFP expression], typically at 4.5 weeks after start of 

differentiation. 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. 

Analysis of electrophysiological recordings 

See Supplement 

Simulation 



A neuron simulation environment (18) was used for the mathematical models of the cells. A published, 

fully reconstructed CA3 neuron (19) was used to simulate a CA3 pyramidal neuron whereas, for the BD 

LR and BD NR neurons, several conductances of the ioninc currentsthat were altered in BD neurons (3)were 

changed accordingly. For a DG neuron, a published (20) cell morphology was used. Another type of ion 

channel was added to the model to represent the fast kinetics potassium channel Kv3.1 (21) to both DG and 

CA3 simulations, due to the altered expression of these channels (3).  

Results 

A computational model for a BD DG granule neuron and a CA3 pyramidal neuron recapitulates 

experimental phenotypes  

We have shown the involvement of potassium currents in the hyperexcitability phenotype in BD (3). We 

next used the changes that we measured in the currents respectively as changes to channel conductances in 

a numerical model for BD. For a DG neuron, we downloaded a published DG neuron with a morphology 

shown in Figure 1A (20). We modified the conductance of 4 potassium channels and a sodium channel 

(Fig. 1B). We increased the delayed rectifier conductance by 15% in the LR neuron and 30% in the NR 

neuron (similar to the changes in our electrophysiological recordings summarized in table 2 in the 

Supplementary). Similarly, we increased the conductance of the M current, which is also a sustained 

potassium current, by 15% for LR neurons and 30% for NR neurons. Since the Kcnc genes were upregulated 

along with evident changes to the amplitude and kinetics of the potassium currents (3), we added an already 

published Kcncn1 conductance. The qPCR results exhibited a large fold change of the Kcnc genes in LR 

neurons, yet the electrophysiological measurements showed slightly faster kinetics and approximately a 

15% increase in the sustained potassium currents (which are composed of other currents too and do not 

solely reflect the changes in the Kcnc1/2 related currents). We therefore increased the Kcnc related 

conductance in the LR simulated neuron by 75%, Finally, we increased the cell size by 20% for NR neurons, 

similar to what we had observed in NR neurons at the time point of the recordings. These changes are 

summarized in the table shown in Figure 1B. When injecting currents into these two BD models (LR and 

NR), we observed how the simulated BD neurons recapitulated the experimental phenotype of 

hyperexcitability in the form of sustained activity. Figure 1C-E shows evoked potentials in response to 

different current injections in these neurons. In the top right corner is the number of evoked potentials 

measured with current steps of 0.15 
𝑚𝐴

𝑐𝑚2, starting at 0.45 
𝑚𝐴

𝑐𝑚2. The DG BD LR and NR neurons produced 

more action potentials than the DG control neurons, recapitulating the experimental hyperexcitability 

phenotype.  

We similarly modeled a CA3 pyramidal neuron using a fully reconstructed, published cell depicted in 

Figure 2A (19). We changed the conductance of 4 types of ion channels according to our 

electrophysiological measurements (summarized in Supplementary table 3) and qPCR results and the cell 

size according to capacitance and morphological measurements (3) (Fig. 2B summarizes the changes). 

Again, in the Kcnc1/2 conductances, we had two indications, one from qPCR results, indicating a large fold 

change (but mRNA did not translate immediately to conductance changes), and the second from the 

increase in the sustained potassium currents (about a 20% increase, but these contained other types of 

currents). It was clear that the conductance was increased, and we increased it in the LR simulation by 

100% (due to the large fold change in qPCR). We wanted to see whether the phenotype of hyperexcitability 

would be recapitulated even with a smaller conductance change, so we ran the model with a 50% increase 

in the Kcnc1/2 conductance as well. As can be seen from Supplementary Fig. 4, the hyperexcitability 

phenotype persisted. Figure 2C-E displays the evoked potentials in the 3 neuron types - control, LR and 

NR – in response to current injections. The numbers on the right-hand side represent the total number of 



action potentials, with 26 current injections starting at 0.45 
𝑚𝐴

𝑐𝑚2 and with a current step of 0.15 
𝑚𝐴

𝑐𝑚2. The 

computationally modeled CA3 LR neuron was hyperexcitable compared to the control neuron, but the NR 

neuron was not. The modeled CA3 BD neurons therefore also recapitulated the experimental phenotype. 

NR hippocampal neurons display a physiological instability both in the experiment and in a 

numerical simulation 

NR DG neurons in experiment and in simulation were, on average, hyperexcitable. However, these neurons 

also exhibited a form of change in their physiology that we termed a “physiological instability.” We usually 

observed within the same culutre, neurons that were hyperexcitable, neurons that were hypoexcitable, and 

neurons with neurotypical excitability. To assess this phenomenon quantitatively, within each experiment, 

we defined a state score, describing the excitability of the neuron. The state score was ‘1’ (hyperexcitable) 

to those cells that produced more than the average plus a half of a standard deviation of the number of 

action potentials that were evoked by the control neurons on average. The state score was -1 

(‘hypoexcitable’) to those neurons that produced less than the average minus a half of the standard deviation 

action potentials than the control neurons. Anything in between received a state score of 0 and was 

considered ‘neurotypical.’ For each experiment, we calculated a diversity measure by the standard deviation 

of these state scores, as depicted in Figure 3A. Each dot in this plot represents a diversity in the neuronal 

excitability within a single experiment, calculated by the standard deviation of the state scores of each of 

the patched neurons (5-10 neurons within one experiment). The results indicated that there was a larger 

diversity in the excitability of NR neurons compared to control neurons.. Similarly (Fig. 3B), there was a 

larger diversity in the excitability of CA3 NR neurons compared to CA3 control neurons within an 

experiment.  

Trying to understand why NR neurons had a larger diversity in the excitability, we noticed a strong 

influence of the sodium currents. First, when we measured the correlation between excitability and sodium 

currents (3), this correlation was very significant, and the slope of the graph was very steep for NR neurons 

but much less significant for the other groups ((3)Fig. 3C-E). Second, we calculated the sodium currents 

(at 0 mV) for the hypoexcitable neurons and compared them to the sodium currents (at 0 mV) of the rest of 

the recorded cells. The difference between these 2 groups was drastic (p=3e-5 for DG neurons Fig. 3Cc, 

and p=4e-5 for CA3 neurons, Fig. 3D), indicating that hypoexcitable neurons observed in the NR group 

exhibited low sodium currents. 

Example recordings illustrating the larger diversity of excitability in NR neurons are provided in Fig. 3E-

H. Fig. 3E presents one experiment with control neurons. The number of action potentials did not vary 

greatly between the different recorded neurons in the control experiment. In the left corner of each evoked 

potential plot the inset shows the sodium currents at -20 mV and -10 mV. Fig. 3F presents one experiment 

with NR neurons. A big diversity in excitability is evident with a large proportion of hypoexcitable or 

hyperexcitable neurons, and we termed this behavior a “mixed physiological state”.. The sodium currents 

in the inset show the strong influence of these currentson the excitability of NR neurons;  the hypoexcitable 

cells usually had very low sodium currents. This mixed physiological state represented most of our NR 

experiments (71% of NR experiments compared to 33% of control experiments). However, the network of 

NR neurons also sometimes organized in a general “hypoexcitable state,” where almost all the measured 

neurons within the experiment were hypoexcitable and had almost no evoked action potentials (28% in NR 

experiments compared to 0% in control experiments) (example experiment Fig. 3G). The sodium currentsin 

the inset strongly suggest that this global hypoexcitability stemmed from very low sodium currents globally 

in the culture. Interestingly, we were also able to find experiments where the NR network was in a global 

“hyperexcitability state” (17% in NR experiments compared to 5% in control experiments), where most 



neurons in the experiment were hyperexcitable (Fig. 3H). Even in this hyperexcitable state, the few NR 

neurons that were hypoexcitable had very low sodium currents.  

To summarize, NR DG neurons had lower sodium current amplitudes on average (3), but at this low sodium 

level they were hyperexcitable on average. However, due to the natural diversity between the cells, there 

were always neurons with lower than average sodium currents and; these cells  were extremely 

hypoexcitable. We termed this a physiological instability because shifts in the sodium currents resulted in 

a large change in the excitability of the cells. We further hypothesized that this phenomenon likely 

contributes to depression (the global hypoexcitability state), mania (the global hyperexcitability state), and 

mixed episodes (the mixed physiological state). 

Similar analysis of CA3 neurons also showed a clear physiological instability of the NR CA3 neurons. The 

standard deviations of the hyperexcitability scores in each experiment are plotted in Figure 3B. The global 

hypoexcitability state occurred in 24% of the NR experiments and only in 12% of the control experiments. 

Global hyperexcitability occurred in 24% of the NR experiments and only in 6% of the control experiments. 

The mixed state occurred in 71% of NR experiments and 53% of the control experiments 

We then turned to the numerical simulation. Since we observed an experimental physiological instability 

in NR neurons (both DG and CA3) that was dependent on the sodium currents,  we were interested to see 

how the excitability of the numerically simulated neurons (NR compared to control) changed when adding 

a perturbation to the sodium conductance and deviating it around its mean values, similar to the natural 

variation in the conductance that we see in the experiment.. We deviated the sodium conductance of the 

numerically simulated control and NR neurons by constant steps around the mean conductance. As can be 

observed from Figure 3I, the BD NR neuron changed its excitability with a larger derivative with respect 

to changes in sodium conductance (steeper slope); therefore, it had a higher tendency to become 

hypoexcitable or hyperexcitable upon deviations in sodium currents (using an ANOVA, we calculated a 

significant change in the slope of the NR vs. control curve, p=0.0034). Thus, in its basal state of lower 

amplitudes of sodium currents and higher amplitudes of potassium currents, the NR DG neuron was 

physiologically unstable also in the numerical simulation; small changes in its sodium currents were 

translated into large changes in its excitability. We next simulated the changes in the sodium conductance 

of the NR and control CA3 neurons and observed a similar physiological instability in the NR neurons 

compared to control. The slope of the excitability as a function of the sodium conductance was steeper for 

the NR neurons (p=0.001 using an ANOVA), showing also a physiological instability in NR CA3 

numerically simulated neurons. The changes in the cells’ excitability as a function of other ion channels 

perturbations are presented in Supplementary Fig. 1,2. 

Potassium channel blockers reduce the percentage of non-typically spiking NR neurons. 

We have shown (3)that application of 1 mM TEA or 200 nM DTX or 0.3 mM 4-AP reduces the 

hyperexcitability of LR CA3 neurons. In NR CA3 neurons, 4-AP significantly reduced the excitability and 

DTX and TEA reduced the excitability, but not significantly. The phenotype of NR neurons was more 

complicated and involved multi-excitatory states of the neurons. We tested the effects of 4-AP, DTX and 

TEA on the distribution of excitability in the NR cultures. We defined 3 states in each recorded neuron: 

very hypoexcitable (not being able to produce action potentials at all), hyperexcitable (more than the mean 

number of action potentials in the control neurons plus a half of standard deviation of the number of action 

potentials in the control), or neurotypical (anything within that range). The distribution over these states in 

control and NR CA3 neurons is presented in Figure 4A. Similarly, this distribution is presented for control 

vs NR after application of 0.3 mM 4-AP in Figure 4B. The excitability distributions with application of 1 

mM TEA and 200 nM DTX are presented in Figure 4C and D, respectively. The distributions in Fig. 4 



indicate that application of potassium channel blockers changed the excitability states of NR neurons to be 

closer to that of the controls. When comparing the percentage of non-typically spiking neurons (plotted in 

the top right of each of the distributions), there is a significant increase in non-typical neurons in NR neurons 

compared to control neurons (Fig. 4A, p=0.0097), but no change in NR neurons treated with potassium 

channel blockers compared to control neurons (4B-D).  

Discussion 

The introduction of induced pluripotent stem cell (iPSC) technology allowed us to recognize a clear 

hyperexcitability physiological phenotype of DG neurons derived from BD patients (1, 4) and the 

hyperexcitability of CA3 hippocampal pyramidal neurons derived from LR BD patients (3). Other iPSC 

studies have shown that expression of transcripts for membrane-bound receptors and ion channels increased 

in BD neurons, and BD neurons treated with lithium exhibited a smaller amplitude of calcium transients 

(22). Not many other functional studies have been performed, but GWAS studies also suggest ion 

channelopathies may be involved in BD (23). Here we focus our attention on an intrinsic physiological 

instability in NR neurons, shifting their excitability drastically with small changes in their sodium currents, 

which results in a network with multi-excitatory states and suggests the existence of multi-excitatory states 

in the patients’ brains that likely contribute to the patients’ emotional dysregulation.  

In order to design computational models for the two types of BD hippocampal neurons that we have 

extensively characterized using whole cell patch clamp (3-5), we altered conductances of potassium and 

sodium channels in the simulated BD neurons with respect to the control similar to the changes in the related 

currents amplitudes in our experimental measurements. We also changed the size of  the BD neurons to 

reflect the changes in morphology and capacitance that we measured in the BD neurons (3, 5). Interestingly, 

the physiological phenotype was recapitulated in our computational models; In current clamp mode, both 

LR and NR DG simulated neurons produced more total action potentials than the control DG neurons, 

whereas only the CA3 LR simulated neurons produced more total action potentials than the control CA3 

neurons, like our experimental measurements (3). When comparing the simulated potassium currents in 

voltage clamp model, we see similar overall changes in the amplitudes of both the fast and slow components 

when compared to the example traces and also when comparing to the mean currents recorded over many 

neurons (3). The kinetics of the simulated currents differ from the recordings: the slow currents in the 

recorded neurons slowly decrease until stabilization, while in the simulation, the currents first decrease to 

a minimum at around 100 ms. and then slowly increase until they stabilize. It is therefore important to note 

that although many of different ionic conductances are taken into account in the numerical simulation, it is 

not a complete replica of the live neuron and many types of ionic conductances were not implemented, 

similar to the original models that our simulations were based on (19, 20). For example, our simulation 

does not include HCN or inward rectifier channels. Therefore, the simulation does not fully replicate the 

complete neurophysiology of a live neuron, and we expect some differences. Despite this drawback, the 

Neuron simulation environment is extensively used to model different neurons (24-26), although 

imperfectly, concentrating usually on a specific set of ionic conductances of interest. Overall, our numerical 

models of BD neurons indicate that our observed findings on current amplitude, which we translated into 

changes in ion channel conductivity,  are generally compatible with the observed alterations in overall 

excitability that we observed in the experiment and the simulation. Goldman et al. (27) have shown that 

similar patterns of firing can be established from different amplitudes and combinations of ionic currents. 

It is therefore important to keep in mind that these numerical models give additional support to our 

experimental conclusions (3), and the computational model together with the experimental results suggest 

that changes in the potassium currents are correlated and causative of the hyperexcitability of DG BD 

neurons, and of the hyperexcitability of CA3 LR neurons.  



While performing patch clamp of  hundreds of neurons from the NR cohort, we recognized that the 

phenotype was more complicated than we initially reported; On average NR neurons were hyperexcitable, 

but many recorded neurons were hypoexcitable. . This phenomenon was not observed in the control and 

LR BD neurons, although they were grown in the same conditions. To quantify this large diversity in 

excitability states in NR neurons, we gave an excitatory score to each recorded neuron within the same 

experiment. The diversity of these scores was significantly higher in NR neurons compared to the controls. 

In a neuronal culture, there is a continuum range of values of the different currents (the law of large numbers 

dictates a continuous Normal distribution), but the already low average sodium current in NR hippocampal 

neurons resulted in those neurons on the lower part of this normal distribution of sodium currents being 

extremely hypoexcitable. However, due to the large amplitude of the fast potassium currents, the neurons 

with the average or higher-than-average sodium currents were usually hyperexcitable, resulting in a large 

number of hyperexcitable and hypoexcitable neurons within the same NR culture. Potassium channel 

blockers reduces the average excitability of NR hippocampal neurons and also importantly shifted many of 

the hypoexcitable neurons towards the neurotypical state, making the distribution of cell excitability closer 

to that of the controls. 

We returned to the numerical simulation, to see if this physiological instability would be evident.We 

simulated a continuum of sodium channel conductances around the mean value that was originally used. 

Interestingly, deviating the sodium conductances resulted in large changes in neuronal excitability only in 

the NR neurons. NR neurons with low sodium conductances were hypoexcitable compared to control 

neurons with the same shift in their sodium conductance, whereas NR neurons with the higher sodium 

conductances were hyperexcitable compared with the same shift in sodium current in control. The intrinsic 

physiological instability that we observed in the experimental data was also therefore evident in the 

numerical simulation. NR neurons easily alternated between hypoexcitability and hyperexcitability states, 

with the same changes in sodium conductances that had little effect on the control neuron.  

To understand the impact of this instability on the network behavior in the experiment, we explored the NR 

network organization was at different days of recordings (in mature cultures). In about 25% of the 

experiments, the NR network organized in a global hyperexcitability. In another 25%, the network 

organized in a global hypoexcitability, and on most of the recording days, the network appeared to be in 

the multi-excitatory state, exhibiting neurons that were hyperexcitable, hypoexcitable and neurotypical all 

within the same dish. Witnessing these different states that occurred only in NR neurons, we hypothesized 

that these states contributed to behavioral symptoms such as mixed episodes (our mixed physiological 

state), depression (our global hypoexcitability state) and mania (our global hyperexcitability state). Linking 

this phenomenon to BD patients, it is useful to note that the presence of “mixed episodes” (manic and 

depressive symptoms that are present at the same time in a patient) is one of the clinical features that is 

more characteristic of patients who are non-responsive to lithium (12-14).  

To summarize, this study complements our study of the mechanisms that underlie the hyperexcitability in 

BD hippocampal neurons (3). The numerical model provides further support to our conclusions that 

increased potassium currents participate in BD hippocampal neuronal hyperexcitability .  Additionally, we 

report that DG and CA3 pyramidal hippocampal neurons derived from NR patients, exhibited an intrinsic 

physiological instability, shifting their excitability states easily. Their multi-excitatory state network 

occasionally shifts towards a global hyperexcitable or global hypoexcitable state, and usually exhibits 

irregular and extreme excitability states within the same dish.  

Financial disclosures: The authors declare no biomedical financial interests or potential conflicts of 

interest. 



 

 

Figure legends 

Figure 1. A NEURON computational model for DG control, BD LR and BD NR neurons recapitulates the 

electrophysiological phenotypes. The BD neurons were achieved by changing the ion channel conductance 

compared to the control neurons, similar to the changes that we observed in electrophysiology or qPCR. A. 

The morphology of the DG neuron that was simulated (20). B. A schematic showing how the different 

measured cellular changes affect the model. The table summarizes the changes in ion channel conductance 

and sizes of control, LR and NR DG neurons that were incorporated in the DG neuron simulation of the 3 

groups. C-E. Evoked potentials in A. control, B. BD LR, and C. BD NR DG neurons. The number at the 

top right corner is the sum of the evoked potentials. BD DG neurons (LR and NR) display a 

hyperexcitability in the computational model similar to the experimental phenotype that we measured with 

patch clamp. F. Representative recorded currents in DG neurons from each of the groups (control, LR and 

NR) in voltage clamp mode (clamping at -60 mV -> 20 mV -> -60mV) demonstrate an increase in outward 

potassium currents in BD neurons. G. Total somatic currents in the DG neurons’ simulation (multiplying 

the current density by the mean soma surface area) in voltage clamp mode. The potentials used for the 

simulation were similar to those in the example recording (F), but after compensation of the liquid junction 

potential in the recordings (simulation clamping at -70 mV -> 20 mV -> -70 mV). An increase in the 

amplitude of the outward currents is observed in the BD neurons, similar to the experimental results.  

Figure 2.  

A NEURON computational model for CA3 control, BD LR and BD NR neurons recapitulates the 

electrophysiological phenotypes. The BD neurons were achieved by changing the ion channel conductance 

compared to the control neurons, similar to the changes that we observed in electrophysiology or qPCR. A. 

The morphology of the CA3 neuron that was simulated (19). B. A schematic showing how the different 

measured cellular changes affect the model. The table summarizes the changes in ion channel conductance 

and sizes of control, LR and NR CA3 neurons that were implemented in the CA3 neuron simulation of the 

3 groups. C-E. Evoked potentials in A. control, B. BD LR, and C. BD NR CA3 neurons. The number at the 

top right corner is the sum of the evoked potentials. BD LR CA3 neurons display a hyperexcitability in the 

computational model similar to the experimental phenotype that we measured with patch clamp. F. 

Representative recorded currents in CA3 neurons from each of the groups (control, LR and NR) in voltage 

clamp mode (clamping at -60 mV -> 20 mV -> -60mV) demonstrate an increase in outward potassium 

currents in the BD neurons. G. Total somatic currents in the CA3 pyramidal neurons’ simulation 

(multiplying the current density by the mean soma surface area) in voltage clamp mode. The potentials 

were similar to those in the example recording (F), but after compensation of the liquid junction potential 

in the recordings (simulated clamping at -70 mV -> 20 mV -> -70 mV). An increase in the amplitude of the 

outward currents is observed in the BD neurons, similar to the experimental results. 

Figure 3. A large diversity in excitability is observed in NR hippocampal neurons due to a physiological 

instability. Electrophysiological measurements (A-H) compared to the computational simulation (I-J). A. 

Measuring the diversity in excitability within each experiment (see Supplementary Methods) reveals that, 

in NR DG neurons, there is a significantly larger diversity in excitability between different neurons during 

an experiment as compared to control DG neurons. B. Measuring the diversity in excitability in each 

experiment (see Supplementary Methods) reveals that, in NR CA3 neurons, there is a significantly larger 

diversity in excitability between different neurons during an experiment as compared to control CA3 

neurons. C. Dividing the NR DG neurons that we recorded in experiment into hypoexcitable neurons vs. 



all the rest, there is a very large and significant change in the sodium currents of the hypoexcitable neurons 

vs. all the rest. D. Dividing the NR CA3 neurons that we recorded into hypoexcitable neurons vs. all the 

rest, there is a very large and significant change in the sodium currents of the hypoexcitable neurons vs. all 

the rest. E-H. Examples of different experimental days recordings from a control (physiologically stable) 

DG culture and from a DG NR (physiologically unstable) culture. On each line, recordings during one 

experiment are plotted. The evoked potentials are presented in the main graph, and in the inset in the left 

corner, the normalized sodium currents are presented at -20 mV and -10 mV. E. An example of a control 

culture in which neurons are not hyperexcitable or hypoexcitable. The total evoked potentials do not change 

much from neuron to neuron during the experiment. The mean sodium currents vary from around 15 pA/pF 

to 33 pA/pF. F. Similarly, an example with recordings from several NR neurons during the same experiment 

is presented. Neurons tend to be hyperexcitable or hypoexcitable (“mixed physiological state”), where a 

main effector is the sodium current; the hypoexcitable neurons have sodium currents that are close to 0. G. 

Although most of the NR networks tend to be in a mixed state of hyperexcitable and hypoexcitable cells, 

in approximately 15% of the experiments we found the entire culture was hypoexcitable, with neurons 

producing very little action potentials (and the sodium currents were very low throughout the experiment). 

Although most of the NR networks tend to be in a mixed state of hyperexcitable and hypoexcitable cells, 

in approximately 12% of the experiments we found the entire culture was hyperexcitable, with most neurons 

producing many action potentials (above the neurotypical- mean plus a half of a standard deviation). I. 

Applying changes to the sodium conductance in the numerical simulation of the DG neurons (as these vary 

throughout the different neurons in the experimental settings) causes mild changes in excitability of the 

control DG neuron (blue) vs. drastic changes in excitability in the BD NR DG neuron (green). J. Applying 

changes to the sodium conductance in the numerical simulation of the CA3 neurons (as these vary 

throughout the different neurons in the experimental settings) causes mild changes in excitability of the 

control CA3 neuron (blue) vs. drastic changes in excitability in the BD NR CA3 neuron (green). We 

conclude that low sodium currents are the main driver of the large number of hypoexcitable neurons that 

we observe in NR cultures. Note that NR neurons have a significantly reduced sodium current ((3)Fig. 2). 

In the experiment, like in the simulation, NR neurons with the average (decreased) sodium currents 

compared to control neurons are on average hyperexcitable, but those neurons with sodium currents that 

are below the average (already very reduced) sodium current become hypoexcitable. We termed this 

phenomenon a “physiological instability,” since the NR neurons are easily shifted between a hyperexcitable 

and a hypoexcitable state. Asterisks represent statistical significance by the following code: * p value<0.05, 

***p value<0.001, **** p value<0.0001. Error bars represent standard error.  

Figure 4. Potassium channel blockers reduce the percentage of non-typically spiking NR neurons. A. A 

comparison of the distribution of the excitability of control and NR neurons into 3 different states - 

hypoexcitable, neurotypical and hyperexcitable. Inset of the top right shows that there is a significant 

increase in the number of non-typically spiking neurons in the NR networks compared to the control 

networks. B. A comparison of the distribution of the excitability of control and NR neurons with 4-AP into 

3 different states - hypoexcitable, neurotypical and hyperexcitable. Inset on the right shows that, in NR 

networks with 4-AP applied, the amount of non-typically spiking neurons is not significantly different than 

in the control networks. C. A comparison of the distribution of the excitability of control and NR neurons 

with TEA into 3 different states - hypoexcitable, neurotypical and hyperexcitable. Inset on the right shows 

that, in NR networks with TEA applied, the amount of non-typically spiking neurons is not significantly 

different than in the control networks. D.  A comparison of the distribution of the excitability of control and 

NR neurons with DTX into 3 different states - hypoexcitable, neurotypical and hyperexcitable. Inset on the 

right shows that, in NR networks with DTX applied, the amount of non-typically spiking neurons is not 

significantly different than in the control networks Overall these results indicate that potassium channel 



blockers shift the distribution of the excitability of NR neurons to be closer to that of the controls. Asterisks 

represent statistical significance by the following code: * p value<0.05. 
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