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Abstract

Bipolar disorder (BD) is a progressive psychiatric disorder with more than 3% prevalence
worldwide. Affected individuals experience recurrent episodes of depression and mania, disrupting
normal life and increasing the risk of suicide greatly. The complexity and genetic heterogeneity of
psychiatric disorders have challenged the development of animal and cellular models. We recently
reported that hippocampal dentate gyrus (DG) neurons differentiated from induced pluripotent
stem cell (iPSC)-derived fibroblasts of BD patients are electrophysiologically hyperexcitable. Here
we used iPSCs derived from Epstein—Barr virus-immortalized B-lymphocytes to verify that the
hyperexcitability of DG-like neurons is reproduced in this different cohort of patients and cells.
Lymphocytes are readily available for research with a large number of banked lines with
associated patient clinical description. We used whole-cell patch-clamp recordings of over 460
neurons to characterize neurons derived from control individuals and BD patients. Extensive
functional analysis showed that intrinsic cell parameters are very different between the two groups
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of BD neurons, those derived from lithium (Li)-responsive (LR) patients and those derived from
Li-non-responsive (NR) patients, which led us to partition our BD neurons into two sub-
populations of cells and suggested two different subdisorders. Training a Naive Bayes classifier
with the electrophysiological features of patients whose responses to Li are known allows for
accurate classification with more than 92% success rate for a new patient whose response to Li is
unknown. Despite their very different functional profiles, both populations of neurons share a
large, fast after-hyperpolarization (AHP). We therefore suggest that the large, fast AHP is a key
feature of BD and a main contributor to the fast, sustained spiking abilities of BD neurons.
Confirming our previous report with fibroblast-derived DG neurons, chronic Li treatment reduced
the hyperexcitability in the lymphoblast-derived LR group but not in the NR group, strengthening
the validity and utility of this new human cellular model of BD.

INTRODUCTION

Bipolar disorder (BD) affects more than 3% of the worldwide population.1~3 People with
BD experience episodes of mania and depression that often repeat periodically.*> About
50% of BD patients suffer from hallucinations or delusions.®. Left untreated, patients are at
a high risk of suicide.8:9 The main current treatment for BD is chronic lithium (Li) therapy.
10.11 | j is known to act through an inhibition of glycogen synthase kinase-38,12 modulation
of the neurotransmitters and signals impacting the cytoskeleton,2 an increase in
neurotrophic molecules, changes in the metabolic enzymes and signaling pathways involved
in the antioxidant response, apoptosis and endoplasmic reticulum stress.14-16 However, the
exact mechanism of how Li stabilizes mood is not completely understood. Only ~ 30% of
BD patients respond fully to Li (LR);17:18 in this study, half of our patients were Li-non-
responders (NR).

BD is a highly heritable disorder, with a risk ratio of 8-101 for first-degree relatives and
heritability of ~ 85% derived from twin studies.20-21 The genetics of BD is not well known
but it is considered to be polygenic, sharing common polygenic variations with
schizophrenia.22 Genome-wide association studies (GWAS) reveal several genetic variants,
including CACNA1C, ODZ4, ANK3 and NCAN,23-25 and several associated single-
nucleotide polymorphisms along with multiple gene factors.28:27 Owing to the complexity
and heterogeneity of the genetics of BD, it is difficult to develop gene-targeted or phenotypic
animal models,28:2% which has resulted in slow advances in our understanding of the disease,
especially at the cellular level.

The reported neuropathology of BD includes reductions in neuronal and glial density in the
prefrontal cortex, anterior cingulate cortex and hippocampus,30-33 although other studies of
the anterior cingulate cortex have found no difference in neuronal and glial density.3* Genes
and pathways associated with neurotransmitters have been shown to be altered in BD
patients,3° along with changes in the levels of several neuromodulators and
neurotransmitters.36:37 Alterations in the excitatory/inhibitory ratio have also been
demonstrated,38:39 and mitochondrial cytopathies and dysfunction have been associated with
BD.4O'41
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The introduction of induced pluripotent stem cell (iPSC) technology has greatly enabled the
advancement of research of psychiatric disorders, making the modeling of human disease
possible. Using patch-clamp recordings and somatic calcium imaging, we reported
recently#2 that hippocampal dentate gyrus (DG) granule-cell-like neurons that were
differentiated from fibroblast-derived iPSCs were hyperexcitable. The results were
significant but the size and representativeness of the patient cohort were limited.*3 We
therefore undertook the task of replicating this observation in a separate cohort of patients
and using a different somatic cell type to generate iPSCs. Our results demonstrate that
immortalized B-lymphocytes#44° can be reprogrammed to iPSCs and then can be induced to
DG-like neurons; the DG granule-cell hippocampal neurons differentiated from BD patients
in this new cohort are hyperexcitable. We further show that BD neurons can be divided into
two subgroups, each with very distinct and different electrophysiological features depending
on their responsiveness to Li. Training a Naive Bayes (NB) classifier on the
electrophysiological features of known patients can successfully predict the responsiveness
of an unknown patient to Li. The electrophysiological feature that is shared by the neurons
from the two subgroups of BD patients is a large, fast after-hyperpolarization (AHP), which
we suggest is a key to the BD neurons’ fast spiking abilities.

MATERIALS AND METHODS

Patient selection and clinical assessment

Probands with BD were recruited from our ongoing genetic studies.*6 The control subjects
were either healthy volunteers or married-in relatives of our probands. All study participants
underwent diagnostic assessments that followed a strict procedure: after signing an informed
consent they were interviewed by pairs of experienced clinician researchers blind to the
subject status. The interviews were followed by consensus diagnosis (according to Research
Diagnostic Criteria®’ and DSM-IV) established by a second blind panel of expert clinical
researchers. As the primary diagnostic tool, we used the Schedule for Affective Disorders
and Schizophrenia— Lifetime version.*8 All interviewers had undergone extensive training
previously and established very good inter-rater reliability for both diagnostic#® and
treatment response evaluations.>0

Patients with BD treated with Li for a minimum of 1 year were evaluated for their treatment
response. We used all available information, including data from clinical records, diagnostic
interviews and prospective follow-up, and converted it to a score on a 0-10 scale previously
validated and adopted by a number of research groups.>-52 A score of 7 or higher indicates
positive response to treatment.>1:52 Basic demographic and clinical data appear in
Supplementary Table 1.

Reprogramming and pluripotency analysis

Epstein—Barr virus (EBV)-immortalized B-lymphocytes were reprogrammed using the
Yamanaka Episomal vector set described by Okita et a/.,>3 consisting of three sets of
episomal plasmids expressing reprograming factors: pPCXLE-hOCT3/4-shp53, pCXLE-hSK
(SOX2, KLF4) and pCXLE-hUL (L-MYC, LIN28). We reprogrammed lymphocytes from a
total of six patients with BD: three were responders (SBP005, SBP007, SBP010) and three
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were non-responders (SBP001, SBP002, SBP004) to LiCl treatment. We also reprogrammed
lymphocytes from four age- and gender-matched neurotypical individuals as controls
(SBP008, SBP009, SBP011, SBP012). After reprogramming, at least three iPSC colonies
were selected for further characterization. Quality control criteria for validation of iPSC
lines included (a) absence of integration of episomal reprograming plasmids, presence of
normal karyotype; (b) positive staining for four pluripotent markers (Sox2, Oct4, Nanog and
Tra-1-81) and (c) authentication of cell lines using a comparison of a 16-loci short tandem
repeat profile between the iPSC clones and the original lymphoblast line (performed by
Genetica DNA Lab, Cincinnati, OH, USA). The episomal vector copy number per cell was
determined by the quantitative PCR method. The Foxb15 gene served as a chromosome
number control to determine the cell number input. The primer sets for Oct4, KIf4 and L-
Myc were used to determine the copy number of three vectors. The standard curve for each
quantitative PCR assay was performed using the plasmid DNA that contained the target
sequence. The primer sequence and PCR condition were described in Okita er a/>3

Immunofluorescence assays

The antibodies used for pluripotency and neuronal characterization were anti-hOct4 (Cell
Signaling, Danvers, MA, USA, cat. no. 2840S), anti-hSox2 (Cell Signaling; cat. no. 3579S),
anti-hNanog antibody (Cell Signaling; cat. no. 4903S), Tra-1-81 (Cell Signaling; cat. no.
4745S), anti-MAP2 (Abcam; cat. no. 5392) and anti-GFP (Abcam, San Francisco, CA,
USA; cat. no. 6673).

Electrophysiology

Li treatment

Neurons were infected with the Prox1::eGFP lentiviral vector at 8 days differentiation.
Neurons on glass coverslips were transferred to a recording chamber in a standard recording
medium containing (in mM): 10 HEPES, 4 KClI, 2 CaCl,,1 MgCl,, 139 NaCl, 10 D-glucose
(310 mOsm, pH 7.4). Whole-cell patch-clamp recordings were performed from Prox1::eGFP
highlighted DG-like neurons (the neurons patched were typically the larger cells, with the
bright Prox1::eGFP expression), usually after 20-30 days of differentiation and in a range of
10-45 days of differentiation. Patch electrodes were filled with internal solutions containing
(in mM): 130 K-gluconate, 6 KCI, 4 NaCl, 10 Na-HEPES, 0.2 K-EGTA, 0.3 GTP, 2 Mg-
ATP, 0.2 cAMP, 10 D-glucose, 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 mOsm) (pipette tip resistance was typically 10-15 MQ). Signals were amplified
with a Multiclamp700B amplifier (Sunnyvale, CA, USA) and recorded with Clampex 10.2
software (Axon Instruments, Union City, CA, USA). Data were acquired at a sampling rate
of 20 kHz and analyzed using Clampfit-10 and the software package MATLAB (release
2014b; The MathWorks, Natick, MA, USA). All measurements were conducted at room
temperature.

Cultures were treated chronically with 1 mM LiCl starting at 14 days differentiation. Every
second day, 50% of the differentiation medium containing 1 mM LiCl was exchanged.
Electrophysiological recordings were conducted at 22—-30 days differentiation.
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Electrophysiology analysis

Total evoked action potentials—Cells were typically held in current clamp mode near
—-60 mV with a steady holding current, and current injections were given starting 12 pA
below the steady holding current, in 3-pA steps 400 ms in duration. A total of 35
depolarization steps were given. Neurons that needed more than 50 pA to be held at -60 mV
were discarded from the analysis. The total number of action potentials was counted in the
35 depolarization steps, starting from the first depolarization step, which is 12 pA below the
current that causes the membrane potential to be at =60 mV (this current is usually 0, unless
there is some leakage current), with the last step being in a current injection of 90 pA.

For the most excitable data set, we used 35 action potentials as the threshold between
‘hyper’ and ‘hypo’ neurons. This threshold was chosen as approximately the total number of
evoked action potentials in the control neurons+one half of the standard deviation.

Action potential shape analysis—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 markedly, 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-to-potassium ratio—The sodium-to-potassium ratio was calculated as the ratio
between the sodium current when holding the membrane potential at =20 mV in voltage
clamp mode and the potassium current when holding the membrane at 20 mV in voltage
clamp mode. The sodium current is obtained by subtracting the minimum current,
representing the inward sodium current from the current after stabilizing from the transient
sodium current. The sodium at —20 mV is then divided by the slow potassium (sustained)
current at 20 mV. One reason for choosing these currents is that, at =20 mV, the gating
currents are small and the measured sodium currents are close to the actual sodium currents.
The second reason is that, at —20 mV, many sodium channels have opened. At 20 mV, on the
other hand, many potassium channels have opened, but the depolarization is not too large,
and most cells would have no problem sustaining this potential.

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
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in the range of —90 to 80 mV. Currents were generally normalized by the cell capacitance. In
the Li measurements, no normalization was performed, because of the large change in cell
capacitance caused by the Li treatment.

Fast and slow potassium currents—The fast potassium current has been shown to be
related to the A-type potassium channels.>* 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.>*

Classification between NR and LR patients

The training set that was used for training the model was electrophysiological recordings
taken during the 10-21 differentiation days, as the differences between the NR and LR
neurons are largest at these times. The model was trained with features extracted from the
recordings of five patients each time, and the classification was done on the sixth patient.
This procedure was followed repeatedly for each of the six patients (training on the
recordings of the other 5). The features that were used by the classifier were (1) the total
number of spikes in 30 current injections, stating from 12 pA below the current needed to
hold the cell at —60 mV; (2) the spike height; (3) the threshold potential for evoking an
action potential; (4) the number of spikes in the first three current injection steps starting
with the smallest current injection needed to produce one spike; (5) the number determined
in the fourth feature normalized by the total number of spikes as in the first feature; (6) the
number of spikes in the first three current injections as in the fourth feature divided by the
number of spikes in the next three current injections; (7) the normalized sodium currents at
—-20 mV (normalized by cell capacitance); and (8) the fast potassium currents at 20 mV
divided by the slow potassium currents at 20 mV. The features were quantized into two
levels. The distribution of each of the features was learned on the training data set:

Y é[xj/LR] 25[xj/NR]

m m

Pr{fl. = xj‘LR} = W and Pr{fl. = xj|NR} = W’ where m is the number
Jom 7 jom /

of sample from the training set. The test set was the recordings of the remaining (new to the

model) patient, whose samples were not used to train the model, We used an NB classifier,

which assumes statistical independence between the features, and so the likelihood of

obtaining features £, 5%, ..., f, from the positive or negative set is given by:

Pr{fl’fZ"'fn|LR} = Pr{f1|LR] ><Pr[f2|LR} X XPr[fn|LR}’ Pr[fl’f2"‘fn|NR} = Pr[fl|NR}
><pr{f2|NR} O ><Pr{fn|NR}

We classified according to the maximal posterior probability and generated a score that was
the ratio of the two posterior probabilities
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P {f1s fyr o of | LR} % P (LR}
PALR|f\. f o f) = lpz{fl’;zwf ]
r n

P (£ fyrf | NR) %P (NR)
P (NR|f\.for.-f,) = — .
i’{ | 1 2 I’l) Pr{fl’fZ’fn}

Since when we have a new patient that we need to classify, we usually patch a few neurons,
and we know a priorithat these all belong to the same patient, we can use this information to
improve prediction. We therefore multiply the posterior probabilities for classification of a
few neurons, take the ratio and classify according to this score.

RESULTS

Differentiation of hippocampal DG-like neurons from EBV-immortalized B-lymphocytes
from BD patients

Six patients with BD type | (three LR and three NR) were recruited as well as four healthy
control subjects (see Materials and Methods for further details). The B-lymphocytes from
these patients and neurotypical controls were immortalized using EBV virus and
reprogrammed into iPSCs using the Yamanaka episomal vector set described by Okita et al.
53 (see Materials and Methods for more details). The iPSC clones that passed the quality
controls described below in the Materials and Methods (Figure 1a—d) were differentiated
into a primed neural progenitor cell population and subsequently into hippocampal DG
granule-cell-like neurons using a protocol described previously>® (Figure 1e and f). Over
48% of the differentiated neurons expressed the ProxZ gene, which is a specific marker for
dentate granule cells, and no significant difference was observed between controls and
patients (average controls: 49.11 + 6.30%; LR: 48.87 £ 5.23%; NR: 49.59 + 6.37%, all
errors given as s.e.m.) (Figure 1f). This demonstrates that reprogramming of EBV-
immortalized B-lymphocytes into iPSCs was possible and that the differentiated cells could
be used to obtain reliable data are important advances in the field because large collections
of these cells are banked and readily accessible.

DG-like hippocampal neurons derived from BD patients are hyperexcitable, but the
intrinsic properties of LR and NR neurons are profoundly different

We patch clamped Prox1::EGFP-expressing neurons at 3.5 weeks postdifferentiation from
four control cell lines (95 cells), three LR patient cell lines (84 cells) and three NR patient
cell lines (63 cells). Representative traces of evoked action potentials of control, LR and NR
neurons are shown in Figure 2a—c. The neurons derived from both LR and NR patient cells
were hyperexcitable, with an average of 21.2 + 2.4 (control), 48 + 5.5 (LR) and 48.7 + 8.3
(NR) evoked action potentials (A<0.0001 for LR neurons vs control and 2= 0.0002 for NR
neurons vs control), producing more action potentials with injection of current (Figure 2d
with a patient-by-patient plot in Figure 2e). The spontaneous firing rate was the highest in
the LR group and lowest in the control group, with averages of 0.71 + 0.14 Hz (LR), 0.35
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+0.08 Hz (NR) and 0.24 £ 0.06 Hz (control) firing rates (Figure 2f, #=0.0006 LR vs
control, P=0.28 NR vs control and A= 0.03 LR vs NR). Averaging all BD lines together
and comparing them with the control lines revealed a significance of £=0.0055 BD vs
control). Using voltage clamp mode, we recorded sodium and potassium currents.
Representative traces are shown in Supplementary Figures 1c—e. The averages of the sodium
currents are shown in Figure 2g; the fast and slow potassium currents are shown in
Supplementary Figures 1a and b. We found that LR and control neurons exhibited similar
sodium currents, but NR sodium currents were 45% lower (Figure 2g). There was no
significant change in the potassium currents (Supplementary Figures 1a and b). The ratio
between the sodium and potassium currents (see Materials and Methods) was 25% higher in
LR (not significant) compared with control neurons and 46% lower (P = 0.0006) in NR
neurons compared with control neurons (Figure 2h).

Spike shape is an important determinant of neuronal excitability. We therefore analyzed the
spike shape for the three groups. Figure 2j—I displays representative traces of an action
potential of LR, NR and control DG-like neurons recorded in current clamp mode. Figure 2i
gives a schematic of the parameters analyzed for the spike shape. LR neuron spikes had
increased amplitude of 20% (= 0.0006) compared with control neurons, whereas NR
neuron spikes had 15% lower amplitude than control neurons (P = 0.01) (£<0.0001 between
LR and NR) (Supplementary Figure 1f). It should be noted that the spike height is correlated
with the size of sodium currents, but this does not explain all the differences between
subjects. Other factors that have an impact on the spike height are the sodium channels
kinetics, the potential in which they open and the potential in which the potassium channels
open. In addition, there are more factors, for example, the sodium currents are increased (at
-40 mV, there is ~ 80%, £ = 0.15 more sodium currents in the LR neurons than the
controls), additionally the kinetics of the channels is faster (the rise time, the time it takes the
spike to reach the maximum, is decreased in LR neurons and is 2.4 £ 0.2 msin LR vs 2.8

+ 0.2 ms in controls, P=0.13). The combination of faster channels that open at a less
depolarized potential allow for the spike height to be significantly larger in LR neurons. It
should also be noted that taking the area under the sodium currents curve from -60 to —20
mV is ~ 20% increased in LR neurons, similar to the increase in spike height. The fast 5-ms
AHP was larger for BD neurons (but not significantly in this data set) (Supplementary
Figure 1g). Spikes were 21% narrower in LR and 18% wider in NR compared with control
neurons (P =0.0475 control to LR, £=10.15 control to NR and A= 0.0002 LR to NR)
(Supplementary Figure 1h). The threshold for evoking a spike was 6 mV more depolarized
in NR (£<0.0001 for both control to NR and LR to NR) (Supplementary Figure 1i). This
finding seems at odds with the neurons’ hyperexcitability, but excitability is a combination
of many factors. For example, Down syndrome model neurons have been shown to have a
less depolarized threshold, yet they are hypoexcitable.>® Input conductance is also an
important player in cell excitability.>” A cell with lower conductance synaptic current inputs
will cause a larger change in the membrane potential (through Ohm’s law), so lower currents
are needed to reach the threshold for spiking. There was no change to the input conductance
in BD neurons (Supplementary Figure 1j). Capacitance was slightly increased for BD
neurons (Supplementary Figure 1k) but not significantly in this data set.
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Extending the measurement time frame further strengthens the results

To understand if the changes we observed for BD DG-like neurons appeared only during a
narrow time window of cell maturation, we patch clamped the neurons from 10 to 45 days
postdifferentiation, keeping the number of cells similar in each recording period between the
three groups (control 7= 190 cells from four lines, LR 7= 155 cells from three lines and NR
n=112 cells from three lines). The number of evoked action potentials followed the BD
general phenotype and was significantly increased for LR (37.5 £ 3.9) and NR (39.2 + 5.4)
DG-like neurons vs 20.6 + 1.7 action potentials in control neurons (£<0.0001 for both LR vs
control and NR vs control; Figure 3a). The sodium currents were similar for LR and control
neurons but were ~ 45% lower for NR neurons (£<0.0001; Figure 3b). The fast potassium
currents were ~ 8% increased in LR compared with control neurons (0 = 0.014, two-way
analysis of variance) and ~ 5% increased in LR neurons compared with NR neurons (P=
0.0085) (Figure 3c). The slow potassium currents did not change between the three groups
(Figure 3d). The sodium-to-potassium ratio was 42% reduced in NR neurons compared with
control (P=0.0002) and LR neurons (P = 0.0006) (Figure 3e). Capacitance was slightly
increased in LR neurons, but a significant difference was seen in NR neurons (P = 0.038)
(Figure 3f). Cell input conductance did not change between the three groups (Figure 3g).
Spike shape differed between the three groups: LR neurons had a higher spike amplitude
(+17% P=0.0002), whereas NR had a smaller spike amplitude compared with controls
(-13%, P=0.01) (Figure 3h). As noted in the previous section, the combination of channels
that have stronger currents at —40 mV (86% increase in LR neurons compared with controls,
P=0.02) and a faster kinetics gave rise to a bigger amplitude spike. If we look at the area
under the curve of the sodium currents from —60 to =20 mV, it is increased by 19%, similar
to the increase in spike height. The 5-ms AHP amplitude was larger in LR neurons (+21%, P
= 0.03) than in control neurons and was even larger in NR neurons (+49% £~ = 0.0003)
(Figure 3i). Spike width was the narrowest in LR and widest in NR neurons, with a
significant difference between NR and LR neurons (+21%, £ = 0.03) (Figure 3j). The
threshold for firing was 6 mV higher (more depolarized) in NR neurons compared with the
other two groups (P<0.0001 NR to control, A<0.0001 NR to LR) (Figure 3k). We found that
the distinct features of LR and NR neurons vs control neurons that were evident at 3.5 weeks
differentiation were observed through the entire measurement period of 10— 45 days
postdifferentiation, and the significance of the results increased in all measured parameters
(except for spike width) when analyzing the entire data set. Remarkably, while the
endophenotype of hyperexcitability is shared between NR and LR neurons, their difference
from the control neurons is in almost all parameters tested (except for the large fast AHP) in
an opposite direction.

Predicting a patient’s responsiveness to Li according to electrophysiological
measurements

As our results indicated that NR and LR neurons have very different electrophysiological
properties, we next wondered if we could predict the patient’s response to Li based only on
electrophysiological measurements from its derived neurons. To make these findings
applicable for medical purposes, we separated the data into training data composed of
recordings of five patients (see Figure 4a), and then classified recordings from a patient who
was new to the model (see Figure 4b). We used an NB classifier (see Materials and
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Methods), which learns the posterior probabilities of features extracted from the
electrophysiological measurements given that the patient was an NR or LR patient. This
model was then used to classify the remaining patient (see Figure 4b). Performance was
assessed by repeating this process 2000 times and the patient left out of the training data was
a different patient each time. Since a patch-clamp recording session usually consists of
patching a few neurons, to improve performance, we used, as the test data, 1-, 3- or 5-cell
recordings (from 1 or 3 or 5 cells accordingly, see Materials and Methods). The recordings
were chosen randomly from the recordings of the patient being classified, and this procedure
was repeated randomly 2000 times to get a statistical estimate of the success rate. When
classifying patient SBP001 (NR) according to one patch clamped neuron, the success rate
was 76%; classifying according to 3-cell recordings gave a success rate of 83%, and with 5-
cell recordings, the success rate was 92%. When classifying patient SBP002 (NR) with a 1-
neuron recording, the success rate was 88%; with 3-cell recordings, the success rate was
100%, and with 5-cell recordings it was 100% as well. When classifying patient SBP004
(NR) with 1-neuron recordings, the success rate was 62%; with 3-cell recordings, the
success rate was 81%, and with 5-cell recordings it was 88%. When classifying patient
SBP005 (LR) with 1-neuron recordings, the success rate was 67%; with 3-cell recordings,
the success rate was 81%, and with 5-cell recordings it was 90%. When classifying patient
SBP007 (LR) with 1-neuron recording, the success rate was 73%; with 3-cell recordings the
success rate was 76%, and with 5-cell recordings it was 85%. When classifying patient
SBP010 (LR) with 1-neuron recordings, the success rate was 82%; with 3-cell recordings,
the success rate was 97%, and with 5-cell recordings it was 100%. The performance was
further assessed by calculating the receiver-operating characteristics curve for classification
according to a single neuron recordings, 3-cell recordings or 5-cell recordings (see Figure
4c), where the area under the curve was 0.81, 0.94 and 0.98, respectively. To summarize,
having obtained electro-physiological measurements of a new patient, we can predict with
excellent accuracy whether this patient will respond well to Li treatment.

Analysis of the most excitable cells of control, LR and NR neurons Since the most obvious
phenotype for both LR and NR neurons is their hyperexcitability, we characterized the most
excitable neurons in each group and compared their electrophysiological profiles. We
characterized a subset of the data of neurons that had at least 35 evoked action potentials
(termed ‘hyper’) in all depolarization steps in 400 ms recording (see Materials and Methods)
and compared it with the remaining part of the data (termed ‘hypo’). In the control group,
there were 34 ‘hyper’ of the 190 cells (18%), with an average of 58.3 * 4.2 action potentials
(compared with 11.6 £ 0.7 in the control hypo £<0.0001), whereas for the LR neurons there
were 60 ‘hyper’ of the 155 cells (39%), with an average of 79.9 + 7 action potentials
(compared with 10.7 £ 1 in the LR ‘hypo’ A<0.0001), and 37 ‘hyper’ of the 112 of the NR
neurons (33%), with an average of 106.8 + 10.5 action potentials (compared with 10.1 £ 1.1
F£<0.0001) (Figure 5a compares the ‘hyper’ vs ‘hypo’ neurons in each of the three groups;
Supplementary Figure 2a makes two comparisons: the ‘hyper’ neurons of each of the three
groups and the ‘hypo’ neurons of each of the three groups). Sodium currents were higher in
all the groups in the ‘hyper’ vs ‘hypo’ groups (at the maximum current, control increased by
85% F<0.0001, LR increased by 96% A<0.0001, NR increased by 112% ~=0.0004). The
NR neurons had the lowest sodium currents in all the hyper and hypo groups (Figure 5b).
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The fast potassium currents were increased between control ‘hyper’ and ‘hypo’ neurons by ~
15% (P = 0.015, two-way analysis of variance; Figure 5c¢). In LR, the increase was ~ 10% (P
= 0.006). For the NR neurons, there was no significant increase in the fast AHP. The changes
in the slow potassium currents between the ‘hyper’ groups and the ‘hypo’ groups are shown
in Figure 5d. There was no significant change between any of the pairs. The sodium-to-
potassium ratio in the *hyper’ vs *hypo’ sets of the data was larger in all groups by ~ 56%
control (A<0.0001), 112% LR (/<0.0001) and 102% NR groups (P<0.0001, Figure 5e and
Supplementary Figure 2b). Another interesting phenomenon (Figure 5e and Supplementary
Figure 2b) was that there were both *hyper’ LR and NR neurons with a ratio of sodium-to
potassium close to 0 (but not the controls), indicating that BD neurons can be hyperexcitable
even with very low sodium-to-potassium ratio. The capacitance was larger in the ‘hyper’
groups of the control and LR (59% control, A<0.0001 and 24% LR, = 0.0002), confirming
a reduced correlation between capacitance and excitability in NR neurons (Figure 5f and
Supplementary Figure 2c). The input conductance of the neurons generally did not change
between the “hyper’ groups and ‘hypo’ groups (an increase of 40% in the control ‘hyper’ vs
‘hypo’ cells, P=0.05, Figure 5g and Supplementary Figure 2d).

Analysis of the spike shape for the ‘hyper’ vs ‘hypo’ groups revealed that the spike
amplitude increased by 53% in the controls (£<0.0001), 30% in LRs (~£<0.0001) and 55% in
NRs (Figure 5h and Supplementary Figure 2e). A big change was observed in the 5-ms AHP
when comparing the ‘hyper’ and ‘hypo’ neurons in all three groups. Controls exhibited an
increase of 196% (~<0.0001), LRs 123% (/<0.0001) and NRs 85% (~<0.0001, Figure 5i
and Supplementary Figure 2f). The spike width of the ‘hyper’ neurons was narrower than
that of the “hypo’ neurons (=60% in control £<0.0001, — 46% in LR A<0.0001 and - 43% in
NR P<0.0001) (Figure 5j and Supplementary Figure 2g). The threshold for firing was less
depolarized in the ‘hyper’ vs ‘hypo’ neurons (3.3 mV for control neurons A= 0.0012, 3.8
mV for LR neurons A= 0.005 and 5.6 mV for NR neurons A£<0.0001), with the NR neurons
having a more depolarized threshold in both the “hyper’ and ‘hypo’ groups (Figure 5k and
Supplementary Figure 2h).

To summarize, the functional features that characterize the hyperexcitable neurons include
larger sodium currents that open at a less depolarized potential (~ =50 mV), larger fast
potassium currents that also open at a less depolarized potential (~ =30 mV), larger sodium-
to-potassium ratio and a larger capacitance. The typical spike shape of the hyperexcitable
neurons is a larger amplitude narrower spike with a less depolarized threshold for evoking an
action potential and a very large increase in the fast AHP amplitude. While these features
characterize a hyperexcitable neuron, the diversity of these features within the population
changes in the three groups of control, LR and NR neurons. The control neurons changes
between the ‘hyper’ and ‘hypo’ neurons, is most pronounced in the fast AHP, whereas in the
NR group the largest changes are found in the sodium currents when comparing ‘hyper’ and
‘hypo’ neurons. The LR group changes in the sodium and fast AHP between ‘hyper’ and
‘hypo’ neurons are somewhere between the control and NR groups. The differences in the
basic features and currents between the three groups of control, LR and NR neurons, may
explain not only the average larger excitability of NR and LR neurons but also the larger
diversity of the BD, and especially NR BD, excitability phenotype. For example, the total
number of evoked action potentials in the NR neurons for the entire data set was 39.2 + 5.4,
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whereas it was 20.6 = 1.7 in the controls, with the average larger, but also a much larger
coefficient of variation in the NR group (0.14 NR vs 0.08 control).

Hyperexcitability is reversed by chronic Li treatment of LR DG-like neurons but not of NR
neurons, and Li treatment reduces cell capacitance in both LR and NR neurons

Mertens et al*? reported differential responses to Li depending on whether the neurons were
derived from LR or NR patients. To test Li responsiveness in our cells, we chronically
treated neurons with 1 mM LiCl (see Materials and methods). Neuronal excitability, as
defined by the total evoked action potential, was reduced in neurons from LR patients (59
non-treated cells and 67 treated cells from three cell lines, a reduction of 40% in the total
number of evoked spikes in 30 depolarization steps, 2= 0.02) but not in neurons from NR
patients (44 non-treated cells and 47 treated cells from three cell lines, a reduction of 15% in
the total number of evoked action potentials, 2= 0.44) upon Li treatment (Figure 6a and i,
with representative traces in current clamp mode shown in Figure 6b and j). Representative
traces in voltage clamp mode of sodium and potassium currents are shown in Supplementary
Figure 3a (LR), 3b (LR Li), 3 h (NR) and 3i (NR Li). The sodium current at =20 mV is
shown in the inset of each figure. The sodium currents were reduced in LR neurons after Li
treatment by ~ 10% (P = 0.03, two-way analysis of variance) but not in NR neurons (Figure
6¢ and k). Although the average across sodium currents in all holding potentials was reduced
in LR neuron in response to Li treatment, the spike height was not expected to change, as at
-60 to —20 mV there was no change to the sodium currents, and these are the potentials that
influence mostly the spike height. The fast potassium currents were reduced by ~ 13% (P=
0.0078) and by ~ 6% in NR neurons (= 0.005) (Figure 6d and I). The slow potassium
currents did not change (Figure 6e and m).

Analysis of the action potential shape revealed that chronic Li treatment also changed the
action potential characteristics. Representative traces of an action potential acquired in
current clamp mode are shown in Figure 6f (red, LR), 6 g (orange, LR lithium), 6n (purple,
NR) and 60 (pink, NR lithium). Following chronic Li treatment, the spike amplitude did not
change in either LR or NR DG-like neurons, although there was some reduction in the
sodium currents of LR neurons, but this reduction was not very large in the — 60 to - 20 mV
range, which is the range that affects the spike amplitude (Supplementary Figures 3c and j).
The fast AHP amplitude decreased in both LR (-30%, 2= 0.029) and NR neurons (-40%, P
= 0.02) (Supplementary Figures 3d and k). The spike width broadened in the LR neurons
(36%, P=0.03), with an effect in the same direction in NR neurons (Supplementary Figures
3e and 1), and the threshold for firing decreased in the NR neurons (3 mV less depolarized, P
= 0.04) with an effect in the same direction in LR neurons (Supplementary Figures 3f and
m). The input conductance did not change for either cell type (Supplementary Figures 3g
and n). Interestingly, the effect of Li on both LR and NR neurons is similar, but the final
effect depends on the cell’s initial properties. Therefore, Li acts in two different ways: on the
one hand, it decreases fast AHP amplitude and broadens the spike; on the other hand, it
reduces the threshold for evoking an action potential and increases the sodium currents
around —40 mV. This dual form of action might be the mechanism that allows Li to improve
symptoms in both mania and depression phases. The final significance of the effect of Li
depends on the original properties of the cells. For example, LR spikes are very narrow, and
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after Li treatment they become significantly broader, whereas NR spikes are broad to begin
with and become broader with Li, but not significantly. While the final significant effects of
Li treatment on the spike shape of LR neurons are both in the direction of reduced
excitability (the fast AHP amplitude decreases and the spike broadens), the effect on the
spike shape of NR neurons is in an antagonist direction; the fast AHP amplitude decreases,
which reduces excitability, but the threshold for evoking an action potential is less
depolarized, and this has the effect of increasing cell excitability, resulting in a similar
number of hyperexcitable neurons after Li treatment.

Surprisingly, Li treatment caused a significant reduction in the cell capacitance for both LR
(-23%, P=0.0022, Figure 6h) and NR (-30%, £ = 0.0016, Figure 6p) neurons. The cell
capacitance is proportional to the total area of the membrane, and a reduction may be related
to a smaller cell body or fewer branched dendrites/axons. To understand how cell
capacitance correlates with excitability, we plotted the total number of spikes vs the
capacitance (Supplementary Figures 30—q, for control, LR and NR, respectively). The
Pearson’s correlation for control cells and LR cells was 0.44, whereas for NR cells the
correlation was 0.26. Li had the effect of slowing the cell growth and subsequent size,
suggesting another explanation of how NR neurons are less affected by Li treatment. While
smaller LR neurons are less excitable, smaller NR neurons can be hyperexcitable, as shown
by the reduced correlation between cell capacitance and excitability in NR neurons.

It was also interesting to observe how Li affected the different populations of hyperexcitable
vs hypoexcitable neurons for LR and NR groups. Before Li treatment, 59% of the neurons
were hyperexcitable in the LR group; after treatment, only 35% were hyperexcitable. In the
NR group, 50% of the neurons were hyperexcitable before treatment, whereas after
treatment the change was not marked and 47% were hyperexcitable. Although it seems that
Li had almost no effect on NR neurons, it is not clear if this was the case or if there was a
switching of neurons from the hyperexcitable NR group to the hypoexcitable NR group and
vice versa. It is clear that more neurons shifted from the hyperexcitable group to the
hypoexcitable group for the LR neurons. Note that in the Li treatment analysis, neurons at
22-30 days of differentiation were recorded, and hence the larger number of ‘hyper’ neurons
compared to the previous section, where neurons were recorded and analyzed throughout the
entire differentiation period.

Analysis revealed that sodium currents of hyperexcitable neurons opened at a lower potential
in both LR and NR neurons. The sodium currents that were measured at —40 mV, which
have a large influence on cell excitability since they are close to the potential needed for
evoking an action potential, changed with Li treatment. Increases of 257% P=0.01in LR
neurons and 228% £ = 0.07 in NR neurons were observed. The effect was in opposite
directions in the ‘hypo’ neurons between LR and NR neurons (a decrease of 60%, £ = 0.08,
in the LR neurons vs an increase of 193%, 2= 0.26, in NR neurons) (Supplementary Figure
4a and b). Cell capacitance decreased in the hypoexcitable LR neurons (29% decrease, P=
0.0015), whereas in the NR neurons the cell capacitance decreased in both the
hyperexcitable cells (26% decrease, 2= 0.03) and the hypoexcitable cells (39%, £ = 0.004)
(Supplementary Figure 4g and h). No significant differences were observed between fast and
slow potassium currents or the spike height when comparing the Li-treated neurons in the
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‘hyper’ vs ‘hypo’ excitable neurons of the LR and NR groups (Supplementary Figure 4c—f).
The amplitude of the fast AHP of the hyperexcitable neurons was reduced in both the LR
and NR neurons (a decrease of 23%, £=0.05 for LR ‘hyper’ neurons, and a decrease of
30%, P=0.01 for ‘hyper’ NR neurons); no significant change was seen in the ‘hypo’ LR
and NR neurons (Supplementary Figure 4k and I). Although there were no significant
differences observed in spike width when comparing the Li-treated neurons in the *hyper’ vs
‘hypo’ excitable neurons of the LR and NR groups, keeping in mind that the overall effect of
Li is broadening of the spike in the LR group, neurons with a broader spike had shifted to
the ‘hypo’ group (Supplementary Figure 4m and n). The threshold was less depolarized in
the *hyper’ neurons of the LR group (5 mV less depolarized, = 0.025). In the NR group,
the effect was in the ‘hypo’ group (4.9 mV less depolarized after Li treatment, 2= 0.037).
While it is hard to draw clear conclusions from these data—as we can only look at Li-
untreated and -treated cells but not at the same cell with/without Li treatment and we
therefore do not know if there was an exchange of cells between the ‘hyper” and ‘hypo’
groups—there are some strong hypotheses that can be proposed. It appears that Li shifts
many more ‘hyper’ state cells to the ‘hypo’ state in the LR group, whereas in the NR group
the shift seems to be in both directions, resulting in a similar number of cells that are
hyperexcitable after Li treatment. For both NR and LR neurons, Li generally decreases the
fast AHP and broadens the spike but opens the sodium channels at a lower (less depolarized)
potential. The final effect depends very much on the initial properties of the cell. For
example, in the NR neurons, as the sodium channels are much less open at — 40 mV than in
the LR neurons, this opening of the channels due to the Li treatment may help in the shift of
many neurons to the ‘hyper’ state, whereas this effect is less strong in the LR neurons.

DISCUSSION

In this study, we present functional measurements of DG granule-cell-like neurons
differentiated from iPSCs derived from EBV-immortalized lymphocytes of BD patients. We
find that the endophenotype of hyperexcitability is shared by BD DG neurons, in support of
our previous findings.#2 We further show that BD neurons can be subdivided into at least
two populations of neurons, where neurons within a sub-population share similar features
but these sub-populations are very different functionally from each other. Using features
extracted from electrophysiological measurements from these two sub-populations, can
predict the responsiveness of a new patient to Li with a success rate of over 92%. The
cellular phenotype shared by these sub-populations is hyperexcitability, and the
electrophysiological feature that they share is a large fast AHP, a feature known to assist fast
spiking interneurons with their fast spiking abilities.

Fast spiking neocortical interneurons can produce very high frequency firing rates. Their
electrophysiological properties include a high amplitude, narrow spike and a large fast AHP.
58-60 Fast AHP is known to assist rapid recovery of Na* channel inactivation,%? allowing for
a high persistent rate of firing. Interestingly, our first sub-population of BD neurons, the LR
neurons, displayed a similar phenotypic behavior to fast spiking interneurons—a high
amplitude, narrow spike, with a large fast AHP—that explains their hyperexcitability and
fast spiking abilities. The other sub-population of BD neurons, the NR neurons, were very
different from both the first population (LR) and from the control neurons. They had a
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smaller spike amplitude and a wider spike, and they exhibited an almost 50% reduction in
sodium currents along with a more depolarized threshold. The large differences between the
two subgroups of BD neurons suggest two distinct subdisorders, with very different intrinsic
properties, where the common cellular phenotype is hyperexcitability. Their shared
electrophysiological feature, a large fast AHP, suggests a possible expedited recovery of
sodium channel inactivation, which allows BD neurons to sustain spiking activity. When
looking for examples of fast or slow spiking neurons, it is useful to observe the other end of
the spectrum as well. Down Syndrome neurons, which are hypoexcitable, have a very small
amplitude of the fast AHP.56

The functional profile was measured over the 3.5-week time period (Figure 2) and then
repeated over a very wide maturation period (keeping the ratios of cells in each time period
similar; Figure 3). The features measured in the short recording period were preserved over
the longer recording period, almost as if they were keeping some special developmental
program. Thus, for example, the NR sub-population had reduced sodium currents at 2 and 6
weeks after the start of differentiation. This larger data set allowed us to see more
differences through the large biological noise, and strengthened the significance of some
other differences. Again, we observed that NR neurons were hyperexcitable and were
characterized by a wider, lower amplitude spike, with a more depolarized threshold for
spiking and a higher amplitude fast AHP. The NR neurons had lower sodium currents at all
stages of maturation. Their capacitance was larger than that of both the other groups (with a
significant results compared with controls). LR neurons were hyperexcitable and were
characterized by a narrower, higher amplitude spike and a higher amplitude fast AHP at all
stages of maturation. The resemblance in the spike shape of the LR to that of fast spiking
interneurons suggests immediately that they too will have properties of fast spiking abilities.
The NR neurons, on the other hand, have the large fast AHP feature but also have reduced
sodium currents. These differences hint at what may be a more complicated phenotype of
hyperexcitability, with a possible change to hypoexcitability because of changes in the cell
or its environment, or by the natural diversity throughout a population.

The features of NR and LR neurons were so different that they led us to believe that the
patient’s responsiveness to Li could be predicted based on electrophysiological
measurements alone. We therefore constructed an NB model that trained on five patients and
predicted a new patient’s response to Li with a remarkable accuracy and with an area under
the curve of 0.98 using an receiver-operating characteristics curve, where features used for
classification were extracted from 3- or 5-cell recordings (Figure 4). These findings not only
strengthen the observation that NR and LR neurons have very different intrinsic properties
but also may have direct medical applicability for any new patient who needs to be classified
as LR or NR.

We proceeded to characterize the most excitable neurons from each group (see Materials and
Methods for definition of the most excitable neurons). Generally, the more excitable
neurons, which we termed ‘hyper’ neurons, had larger sodium currents that opened at a less
depolarized potential (Figure 5b) compared with the ‘hypo’ neurons. The fast potassium
currents were also 10-15% higher in the control and LR *hyper’ groups, compared with the
matching ‘hypo’ neurons (Figure 5c), and generally in the more excitable neurons the fast
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potassium channels opened in a less depolarized potential. The sodium-to-potassium ratio
was larger for the “hyper’ neurons of all three groups (Figure 5¢), indicating that this ratio of
the sodium currents at —20 mV (approximately the potential where the sodium channels
opened) to the potassium currents at 20 mV (a potential where many of the potassium
channels have opened, close to the peak of the action potential) is an important feature of
cell excitability. Interestingly, only BD neurons were hyperexcitable when the sodium-to-
potassium ratio was close to 0 (Figure 5e), indicating that another cell-intrinsic property had
a role. The capacitance of the “hyper’ neurons was larger in the control and LR groups
compared with the ‘hypo’ neurons. There was no significant change in the capacitance of the
‘hyper’ NR neurons, strengthening the observation of weaker correlation between
excitability and capacitance in the NR group. In contrast, the input conductance was
generally not a main feature distinguishing between our ‘hyper’ and ‘hypo’ neurons in our
DG neurons. The spike of the “hyper’ neurons was narrower, with a larger amplitude in all
three groups. The fast AHP was larger for “hyper’ neurons, and the threshold was less
depolarized (Figures 5h—k). Interestingly, the largest difference in the spike shape was
attributed to the fast AHP, with a ~ 3-fold change in the control group from the ‘hypo’ to the
‘hyper’ types and an ~ 2-fold change in the LR and NR groups, indicating that the fast AHP
was an important determinant of cell hyperexcitability. This lower change in fast AHP in the
BD neurons suggested that BD neurons were already primed for the next action potential
through fast recovery from sodium inactivation.

An important validation of these cells as model BD neurons is their response to drugs,
specifically Li. Our results demonstrate that, similar to our previous report with fibroblast-
derived neurons, 2 the neurons derived from LR patients responded to Li by decreasing their
hyperexcitability but the neurons from the NR group did not (Figures 6a and i). A surprising
result was the reduction in the cell capacitance with Li treatment for both the LR and NR
neurons (Figures 6h and p). The cell capacitance is proportional to the total area of the
membrane, and a reduction may be related to a smaller cell body or fewer branched
dendrites/axons. NR neurons have a lower correlation between excitability and capacitance
(Supplementary Figures 30—q), thus despite this decrease in cell capacitance with Li
treatment, the NR neurons could be hyperexcitable. The reduced correlation in NR neurons
between excitability and cell capacitance may point to some dysregulation between the
growth rate of the neuron and ion channel expression in the NR neurons.

It is interesting to note that Li had a ‘dual’ effect on the cells. It both reduced the amplitude
of the fast AHP and broadened the spike, making the cells less excitable, but it also caused
the sodium channels to open at a less depolarized potential, making the cells more excitable.
We hypothesize that this may be the way in which Li has a dual action of improving both
depression and mania. The significance of the effect on the types of cells (LR vs NR)
depends on their initial properties. The significant changes that occurred in the action
potential shape of LR neurons (broadening of the spike and reduction of the fast AHP
amplitude; Supplementary Figures 3d and €) generally reduced excitability in neurons,
whereas the significant changes in the NR neurons after Li treatment contributed in a
different direction to cell excitability (spike broadening decreased excitability, whereas
lowering the threshold increased excitability; Supplementary Figures 3k and m).
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To summarize, we have demonstrated that iPSCs can be derived from EBV-immortalized B-
lymphocytes and that these iPSCs can be differentiated into DG-like neurons. We
reproduced the reported endophenotype of hyperexcitability in DG neurons from a new
cohort of BD patients and cells. We showed that BD neurons originating from LR and NR
patients create two sub-populations of cells that are so intrinsically different from each other
that it is possible to predict the response of a new patient to Li based on electrophysiological
recordings alone. The large fast AHP that all BD neurons share suggests that it is a key to
their repetitive spiking abilities and their hyperexcitability, similar to reports on other types
of neurons in which a large fast AHP contributes to fast spiking abilities, such as the fast
spiking interneurons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Characterization of induced pluripotent stem cells (iPSCs) and neural cells derived from
Epstein—Barr virus-immortalized B-lymphocytes from patients with bipolar disorder (BD).

The figure shows representative examples of cells from BD patients who are lithium-
responsive (LR), lithium-non-responsive (NR) and neurotypical controls. (a—c)
Representative images of iPSC colonies showing expression of pluripotency markers
(Nanog, Tra-1-81, Oct4 and Sox2); scale bar: 150 um. (d) Representative examples of
chromosome G-banding analysis of iPSC clones showing normal karyotype. (e)
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Representative examples of neural progenitor cells (NPCs) expressing typical NPC markers
Nestin, Pax6 and Sox2 and examples of neurons expressing the pan neuronal marker MAP2
and the hippocampus dentate gyrus (DG) granular cell marker Prox1. DG cells are
evidenced by a vector expressing GFP under the control of a Prox1 promoter (Prox1:GFP);
scale bar: 50 um. (f) Graph plots showing the percentage of Pax6 or Sox2 over Nestin-
positive cells and percentage of Prox1 over Map2-positive cells.
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Figure 2.

Dentate gyrus granule-cell-like hippocampal neurons derived from patients with bipolar
disorder (BD) are hyperexcitable at 3.5 weeks (20-30 days) postdifferentiation when
comparing control patients’ neurons (control 7= 95 cells from four lines), lithium-
responsive (LR) patients (LR 77 =84 cells from three lines) and lithium-non-responsive (NR)
patients (NR /7= 63 cells from three lines), and spike shape is different between the three
groups (control, LR and NR). (a—c) Representative recordings of evoked action potentials in
current clamp mode of a (a) control (b) LR and (c) NR neuron. (d) Total number of evoked
action potentials in 35 depolarization steps shows hyperexcitability of BD neurons. (e)
Patient-by-patient plot of the total evoked action potentials. (f) Spontaneous action potential
rate measured when the cell is typically held between -45 and -50 mV for 60 s. (g) Average
of normalized sodium currents as a function of membrane holding potential display lower
sodium current in NR neurons. (h) Average ratio of sodium current measured at —20 mV and
slow potassium current measured at 20 mV display lower ratios of the currents in NR
neurons. (i) Demonstration of action potential features. (j—I) Representative trace of an
action potential of a control (j), LR (k) and NR neuron (I) displays a different spike shape
between the three groups (see Supplementary Figure 1 for averages of the different features).
LR neurons have a higher amplitude and narrower action potential compared with control
neurons (k), whereas NR neurons have a lower amplitude and broader action potentials, with
a more depolarized threshold for evoking an action potential (I). Identical symbols indicate
cells from the same cell line. */<0.05, **F<0.01. ***F<0.001 and ****/~<0.0001.
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Figure 3.

Analysis of electrophysiological recordings from 10-45 days postdifferentiation reveals that
the differences between the three groups (control, lithium-responsive (LR) and lithium-non-
responsive (NR)) are maintained through the entire differentiation period and are enhanced
when using this entire data set. Neurons are recorded over 10-45 days postdifferentiation
(control 7= 195 neurons from four lines, LR /7= 155 neurons from three lines and NR n=
112 neurons from three lines). (a) Total number of evoked action potentials displays
hyperexcitability in bipolar disorder neurons. (b—e) Averages of (b) sodium currents, (c) fast
potassium currents, (c) slow potassium currents and (e) the ratio of sodium at — 20 mV to
slow potassium currents at 20 mV. A reduction in the sodium currents and the sodium-to-
potassium current ratio is observed for NR neurons. (f) Capacitance is increased in NR
neurons. (g) Input conductance is similar in the three groups. (h—k) Characterization of spike
shape. (h) Spike height is increased in LR neurons and decreased in NR neurons. (i) Five
milliseconds after-hyperpolarization (AHP) amplitude is increased in LR neurons and even
more in NR neurons. (j) Spike width is broader in NR compared with LR neurons. (k) The
threshold for evoking an action potential is more depolarized in NR neurons. Identical
symbols indicate cells from the same cell line. */<0.05, **/<0.01, ***/<0.001 and

**4% P<0.0001.
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Figure 4.

Classification of a patient as responsive or non-responsive to lithium (Li) based on
electrophysiological measurements. (a) Building the model: The model is trained on five of
the six patients. Features such as spike height and spike threshold (see Materials and
Methods for the entire list) are extracted from patch-clamp measurements and a Naive Bayes
(NB) model is built using posterior probabilities of the features that are calculated from the
data set of the five patients. The model shown in the graph shows the posterior probabilities
of each of the features when the patients are lithium (Li)-responsive (LR) patients (shades of
red) and Li-non-responsive (NR) patients (shades of purple). (b) To classify a new patient,
we use patch-clamp recordings from three cells. The NB model that was trained on
measurements of the other patients is used to give a posterior score of the new patient as
being NR or LR given the features extracted from its three-cell recordings. The decision is
made based on the maximum posterior probability. (¢) Performance is assessed pulling
together classification of the six patients (each with a model trained on the other five
patients) using a receiver-operating characteristics (ROC) curve and the area under the curve
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(AUC). An ROC curve is shown for performance using one-cell recordings for classification,
three-cell recordings or five-cell recordings. With five-cell recordings, the AUC is 0.98.
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Figure 5.
Analysis of a subset of the data of the most excitable ‘hyper’ neurons (producing more than

35 evoked action potentials, see Materials and Methods) at 10-45 days postdifferentiation
(control 7= 34 neurons from four lines, lithium-responsive (LR) 7= 60 neurons from three
lines and lithium-non-responsive (NR) 7= 37 neurons from three lines) vs the rest of the
‘hypo’ neurons. Each graph shows six groups with pair comparisons: ‘hyper’ control (dark
blue) vs ‘hypo’ control (light blue), ‘hyper’ LR (dark red) vs ‘hypo’ LR (light red), and
‘hyper’ NR (dark purple) vs ‘hypo’ NR (light purple). Supplementary Figure 2 shows the
comparisons between the other two subgroups. The first is a comparison between ‘hyper’
control vs ‘hyper’ LR and ‘hyper’ NR. The second is a comparison between the ‘hypo’
control vs ‘hypo’ LR and ‘hypo’ NR. (a) Total number of evoked action potentials is
naturally increased in the “hyper’ groups. (b—e) Averages of (b) sodium currents, which are
increased in the *hyper’ groups of control, LR and NR neurons, (c) fast potassium currents,
which are increased in the ‘hyper’ groups of control, LR and NR neurons, (d) slow
potassium currents (unchanged in ‘hyper’ vs ‘hypo’ neurons) and (e) the ratio of sodium at
—-20 mV to slow potassium currents at 20 mV, which is increased in the *hyper’ control, LR
and NR neurons. (f) Capacitance is larger in the ‘hyper’ control and LR neurons. (g) Input
conductance is larger in the “hyper’ control neurons. (h—k) Characterization of spike shape.
(h) Spike height is increased in the ‘hyper’ control, LR and NR neurons. (i) Five
milliseconds after-hyperpolarization (AHP) is larger in the ‘hyper’ control, LR and NR
neurons. (j) Spike width is narrower in the ‘hyper’ control, LR and NR neurons. (k)
Threshold for evoking an action potential is less depolarized in the “hyper’ control, LR and
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NR neurons. Identical symbols indicate cells from the same cell line. */<0.05, **/<0.01.
**%p<0.001 and ****pP<0.0001.
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Figure 6.
Lithium (Li) decreases the excitability of neurons from Li-responsive (LR) patients (s7=59

neurons from three lines, and n= 67 Li-treated neurons from three lines) but not of neurons
from lithium-non-responsive (NR) patients (/7= 44 neurons from three lines, and n= 47
neurons from three lines treated with Li). Neurons patched at 22—-30 days postdifferentiation.
(a—h) Effects of Li on LR neurons. Red represents measurements without Li treatment;
orange represents measurements with Li treatment. (a) Total number of evoked action
potentials. (b) Representative recording of evoked action potentials in current clamp mode in
LR (red) and Li-treated LR (orange) neurons (c—€) Averages of (c) sodium currents recorded
in voltage clamp mode, decreased with Li treatment, (d) fast potassium currents, decreased
with Li treatment and (e) slow potassium currents, unchanged after treatment. (f and g) A
representative trace of an action potential shape of an untreated LR neuron (f) and a Li-
treated LR neuron. (g) Li treatment causes broadening of the action potential and a reduction
in the fast after-hyperpolarization (AHP) amplitude. See Supplementary Figure 3 for
averages. (h) Capacitance decreased after Li treatment. (i—p) Similar analysis of the effect of
Li on NR neurons (purple) and Li-treated NR neurons (pink) shows there is no significant
decrease in neuronal excitability (i and j). (k-m) No significant differences in the sodium
and slow potassium current were displayed. The fast potassium current decreased after
treatment. (n and o) Li treatment caused a reduction in fast AHP amplitude and a shift
towards a less depolarized threshold for evoking an action potential; see Supplementary
Figure 3 for averages. (p) Similar to LR neurons, capacitance was reduced with Li treatment
in NR neurons. Identical symbols indicate cells from the same cell line. */£<0.05 and
**pP<0.01.
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