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Abstract

Background: Approximately one in every 50-100 people is affected with bipolar disorder (BD),
making this disease a major economic burden. The introduction of the induced pluripotent stem
cells (iPSCs) methodology enabled better modeling of this disorder.

Methods: Having previously studied the phenotype of dentate gyrus (DG) granule neurons, we
turned our attention to studying the phenotype of CA3 hippocampal pyramidal neurons of 6 BD
patients compared to 4 control individuals. We used patch clamp and qPCR to measure
electrophysiological features and RNA expression by specific channel genes.

Results: We found that CA3 BD neurons were hyperexcitable only when they were derived from
patients who responded to lithium; they featured sustained activity with large current injections
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and a large, fast after-hyperpolarization, similar to what we previously reported in DG neurons.
The higher amplitudes and faster Kinetics of fast potassium currents correlated with this
hyperexcitability. Further supporting the involvement of potassium currents, we observed an
overexpression of Kencl and Kenc2 in hippocampal neurons derived from lithium responders.
Applying specific potassium channel blockers diminished the hyperexcitability. Chronic lithium
treatment decreased the hyperexcitability observed in the CA3 neurons derived from lithium
responders, while increasing sodium currents and reducing fast potassium currents. When
differentiating this cohort into spinal motor neurons, we did not observe any changes in the
excitability of BD motor neurons compared to control motor neurons.

Conclusions: The hyperexcitability of BD neurons is neuronal type specific with the
involvement of altered potassium currents that allow for a sustained, continued firing activity.
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Introduction

Bipolar disorder (BD) affects around 1-2.5% of the worldwide population, with different
severity in the symptoms (1-3). People with this disorder suffer from episodes of mania.
Lithium remains among the first-line treatments for both acute episodes and long-term
prevention of manic and depressive recurrences. BD has a complex genetic background;
many genes are known to associate with it (4-6) but each gene is considered a subtle
addition to disease susceptibility. Some known associations include ANK3 and CACNA1C
(4), ODZz4 (7), BDNF (8) and DGKH (9) and others; These complex genetics slowed down
research on BD, since most of the earlier research had to be done in post-mortem tissue. In
this tissue, gene expression differences were found in the frontal cortex in TGF-f, Casp-8
and Tob (10). Decreased levels of the major brain antioxidant, glutathione, were found in the
prefrontal cortex of patients (11). Distinct proteomic profiles of pituitary glands were
reported (12). Experiments using post-mortem tissue were obviously limited. Upon the
development of iPSC techniques, the study of this disease took a large step forward,
enabling measurements of neurons that were derived directly from BD patients. Moreover,
these neurons could be generated from patients with distinct clinical characteristics, with the
limitation that these neurons did not mature in an intact brain and did not get the precise
differentiation signals and cues.

The hyperexcitability phenotype of dentate gyrus (DG) hippocampal neurons derived from
BD patients was first reported in our initial study (13). We replicated these findings in
another cohort, showing again that DG hippocampal neurons were hyperexcitable (14). The
hyperexcitability appeared in the form of sustained firing activity in high current injection.
The physiology of the neurons derived from lithium-responsive (LR) patients was very
different from those derived from non-responsive (NR) patients. Other studies have shown
differences in the transcriptomics of neurons derived from BD patients (15) and changes in
the expression of genes critical for neuroplasticity such as WNT pathway components and
ion channel subunits (16). Tobe et al. (17) used proteomics profiling of human iPSCs from
BD patients and showed that lithium changed the phosphorylation of CRMP2. Overall,
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despite these new discoveries based on iPSC technology, the mechanisms underlying the
causes of BD remain elusive, and we are still far from finding better treatment.

In this study, we used a new protocol that we recently developed (18) to search for a
phenotype in CA3 pyramidal hippocampal neurons. We have found a similar phenotype of
hyperexcitability in these neurons, but only in those derived from the LR patients. Delving
deeper in the search for a mechanism, we observed that this hyperexcitability was correlated
with the amplitude and fast kinetics of the fast potassium channels. gPCR confirmed that
Kv3.1 and Kv3.2 were over-expressed in these BD LR neurons. BD NR neurons, although
not significantly hyperexcitable as CA3 neurons, had drastically reduced sodium currents
and increased fast potassium currents with a slower kinetics. Interestingly, a non-CNS
neuron - the spinal motor neuron - did not exhibit the hyperexcitability phenotype in either
BD LR or NR, further indicating that the physiological changes are neuronal type specific.

The cohort in this study consisted of the same patients used in the previous study (14).
Supplementary table 1 summarizes their clinical data. The cohort consisted of 4 control
individuals, 3 BD LR patients, and 3 BD NR patients. All experiments were performed on
all 10 lines (Supplement).

DG neurons

Using iPSC technology, DG granule neurons were cultured according to our published
protocol (19) and measured at t2=4.5 weeks and t1=2.5 weeks (Supplement).

CA3 neurons

Using iPSC technology, CA3 pyramidal neurons were cultured according to our published
protocol (18) (Supplement).

For both types of hippocampal neurons, experiments were conducted at the t2 (4.5 weeks)
time point, except for some of the supplemental material for which time point t1 is also
shown.

motor neurons

Motor neurons were cultured similar to our published protocol (20) (see Supplement)

Whole cell patch clamp

Neurons were infected with the ELAVL2::eGFP lentiviral vector at 15 days differentiation.
Neurons on coverslips were transferred to a recording chamber in standard recording
medium containing (in mM) 10 HEPES, 4 KClI, 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 typically at 2 recording dates: around
2.5 weeks of differentiation (t1) and at 4.5 weeks of differentiation (t2). Patch electrodes
were filled with internal solutions containing (in mM) 130 K-gluconate, 6 KCI, 4 NaCl, 10

Biol Psychiatry. Author manuscript; available in PMC 2021 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stern et al.

Page 4

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
10-15MQ).

Lithium treatment

Cultures of CA3 neurons were treated with 1 mM LiCl starting at 16 days of differentiation
by exchanging 50% of the media daily, similar to the chronic treatment they had been
exposed to in our previous study (14), Electrophysiological recordings were conducted at t2.
We have recorded and analyzed a total of 56 control neurons, 49 control Li-treated neurons,
43 LR neurons, 41 LR Li-treated neurons, 71 NR neurons, and 65 NR Li-treated neurons.

Analysis of electrophysiological recordings (Supplement)
Tracing of neural progenitor cells (NPCs) (Supplement)

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

Immunohistochemistry (Supplement)

Results

RNA preparation and gPCR: CA3 neurons—Total cellular RNA was extracted from
3-5 million cells per sample at 30 days post-differentiation using the RNA-BEE (QIAGEN)
(Supplement).

CA3 pyramidal neurons derived from BD patients are hyperexcitable only when derived
from LR patients, and spike shape properties are altered

Both DG and CA3 neurons were patch clamped at time point t2 (4.5 weeks). We partitioned
our data into 3 groups: neurons derived from control individuals, neurons derived from BD
patients who responded to lithium (LR), and neurons derived from BD patients who did not
respond to lithium (NR). Around 60% of the neurons in the 3 groups were CA3 pyramidal
neurons, expressing the ELAVL2 protein (a specific CA3 protein, see Supplementary Figure
1A, 1C for immunostaining), and approximately 12% of the neurons expressed GABA (see
Supplementary Fig. 1B, 1D). The total number of action potentials produced in 35 first
depolarization steps (see Supplement) was counted, and this number served as the measure
for excitability throughout this study. Unlike DG neurons, where both LR and NR DG
neurons were hyperexcitable compared to control neurons, only LR CA3 neurons were
hyperexcitable compared to control CA3 neurons (Fig. 1A for averages and Fig. 1B-D for
representative recordings). This hyperexcitability of the LR CA3 neurons appeared in the
form of the ability to sustain activity with high current injections (Fig. 1E-G shows
representative traces with a 50 pA current injection). LR neurons recovered faster from
sodium inactivation periods and were therefore able to sustain activity in high current
injections. Like DG LR neurons, LR CA3 neurons also exhibited a faster rate of spontaneous
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activity (Fig. 1H). The spike shape features of DG and CA3 neurons were different between
the 3 groups in the recording time t2 (a time point that is slightly different than the 3.5
weeks recording time point in our previous study). The fast AHP was increased in both LR
and NR DG neurons, but only in LR CA3 neurons compared to the controls (Fig. 11-K for
example recordings, and Fig. 1L for averages). (The development over time is shown in
Supplementary Figure 2A for DG and CA3 neurons). The spike height was similarly larger
for LR neurons both in DG and in CA3 neurons (Fig. 1M); spike width was narrowest for
LR CA3 neurons (Fig. 1N). The threshold for evoking an action potential was more
depolarized in NR DG neurons, with no significant changes in NR CA3 neurons (Fig. 10).
The input conductance was increased in NR CA3 neurons (Fig. 1P).

Sodium and potassium currents are altered in BD hippocampal neurons

Trying to pinpoint what the changes in the BD neurons might contribute to the
hyperexcitability phenotype, we compared sodium and potassium currents between the 3
groups. Figure 2A shows a representative trace of recorded potassium currents in voltage
clamp mode (Figure 2B is an expansion of the section that is between the black dotted lines
of Fig. 2A). Figure 2C and 2D show the averages of the amplitude of the fast potassium
currents in CA3 and DG neurons, and Fig. 2E and 2F present the averages over the slow
potassium currents. Figure 2G and 2H present the amplitude of the fast potassium currents in
CA3 and DG neurons at 0 mV and 20 mV depolarization potentials (respectively) for the 3
groups, which is increased in BD neurons (calculated manually, see Supplementary
Methods).

The potassium currents were different not just in amplitude but also in their kinetics. The
activation kinetics (see Supplementary Methods) was significantly faster in LR CA3 neurons
compared to NR and control neurons, and for DG neurons it was faster in LR compared to
NR neurons (Fig. 21, 2J, for CA3, LR compared to NR p=0.05 ANOVA over 0-80mV range,
LR compared to control p=0.01 over 80-90 mV range. For DG at —20 mV p=0.03 LR
compared to NR). The inactivation kinetics in CA3 neurons was faster in LR neurons
compared to NR and control neurons (in the —=10-10 mV range LR to control p=0.0038, NR
to control p=0.01 and p=0.05, LR to NR p=0.0003); in DG neurons, the control neurons
inactivation kinetics was faster compared to NR neurons (p=0.05 between —20-20 mV), (Fig.
2K, 2L).

We measured sodium currents (see Supplementary Methods, Fig. 2M-O for CA3
representative traces). We compensated for transient capacitive currents (circled in black in
Fig. 2P, 2Q) using an algorithm described in the Supplemental methods (leak subtraction).
Fig. 2R shows the measured current in red and the current after compensating for capacitive
currents in magenta. The black bar in Fig. 2Q, 2R shows the measured sodium current.
Averages of the sodium currents for CA3 and DG are shown in Fig. 2S-T. It is important to
note that, due to possible axonal sodium currents, the measurements can be considered
accurate only in the =20 mV to 20 mV range of depolarization steps (see Supplementary for
details). CA3 NR neurons had significantly lower sodium currents compared to CA3 control
and CA3 LR neurons (p=0.002 for normalized sodium currents at =20 mV). DG NR neurons
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also had lower sodium currents compared to controls (p=0.02 for sodium currents at —20
mV).

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

To visualize the effects of the amplitude and kinetics of the fast potassium currents, we
plotted a radius of the dots as increasing with the excitability of the cell; therefore, larger
dots represent more excitable cells (see Supplemental Methods for exact mathematical
formula) as a function of the amplitude of the fast potassium currents on the y axis and as a
function of the time constant of the decay of the fast potassium currents on the x axis for
CAZ3 neurons (Fig. 3A) and DG neurons (Fig. 3B). The graphs show that control and LR
CA3 neurons produced more action potentials than LR and control DG neurons, respectively
(as seen also in Supplementary Fig. 3A). In addition, BD CA3 neurons generally had larger
amplitudes of the fast potassium currents than DG neurons. Neurons with the shorter and
faster time constants were more excitable and, in DG neurons, the cells that were more
excitable had larger amplitudes and faster kinetics of the fast potassium currents.

To further assess the affect that alterations in currents had on neuronal excitability, we
calculated correlations between excitability and amplitude of sodium and potassium currents
in CA3 neurons. We plotted the excitability as a function of the amplitude of sodium
currents (at =20 mV test potential) (Fig. 3C-E). As expected, all 3 groups had a positive
correlation (R=0.38. p=0.003 control, R=0.36, 0=0.016 LR, and R=0.7, p=9e-11 for NR
neurons). Interestingly, there was also a significant correlation between the excitability and
the amplitude of the fast potassium currents (at 10 mV) in the LR CA3 neurons (Fig. 3G,
R=0.31, p=0.04) and in the NR neurons (Fig. 3H R=0.36, p=0.003), but no correlation in
control neurons (Fig. 3F, R=0.03. p=0.82) was observed.

Significant correlations were also calculated between excitability and kinetics of the
potassium currents. The correlation between excitability and the inactivation time constant
of the fast potassium currents in all 3 groups pooled together was R=-0.38, p=6e-5 (the
faster the kinetics was, the more excitable the neuron was). The correlation with the kinetics
of activation time constant of the potassium currents was even more significant and, pooling
all groups together, it was R=-0.26 p=1.5e-6 (again the faster the kinetics, the more
excitable the neuron was). In DG neurons the correlation with the inactivation constant was
borderline significant, R=—0.24, p=0.05. The correlation with the activation constant was R=
-0.22, p=1.5e-6.

Next, we blocked different potassium currents using 3 different channel blockers - DTX,
TEA, 4A-P (see Methods)- to look for the effect on neuronal excitability. The results are
depicted in Figure 3I. Potassium blockers did not reduce the excitability of control neurons,
and application of DTX made the cells significantly more excitable. DTX was previously
reported to increase excitability in rat neocortical pyramidal neurons (21). However,
potassium channel blockers reduced excitability in both LR and NR neurons. More
specifically, all of the blockers significantly reduced the hyperexcitability in LR neurons,
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with TEA having the largest effect. In NR neurons, 4-AP significantly reduced the
excitability.

We performed gPCR for a few types of potassium channels to look for expression
differences. Kencl was significantly overexpressed in LR neurons compared to control
neurons (p=0.005), and an elevated level was seen in the NR neurons that did not reach
statistical significance compared to controls (p=0.07, Fig. 3J). Kcnc2 was also significantly
overexpressed when comparing LR and control neurons (p=0.01, Fig. 3K), and NR neurons
had a significant reduction in expression compared to controls (p=0.04). No change was
observed in the expression of KCNMA1 and KCNMB1 genes (Supplementary Fig. 5A, 5B).
It is good to note that fast spiking interneurons also have a strong expression of Kcncl and
Kenc2, and the high expression level of these channels was shown (22, 23) to assist with
their fast spiking abilities, helping their fast recovery from sodium inactivation, similar to
the physiology we observed for LR hippocampal neurons.

Lithium increases sodium currents but reduces capacitance and the amplitude of the fast
potassium currents, resulting in a reduction of hyperexcitability of neurons derived from
LR BD patients

We were interested to see the effects of chronic lithium treatment on CA3 pyramidal neurons
derived from BD patients and healthy subjects. We added 1 mM of LiCl to the medium 2
weeks prior to patch clamp recordings, similar to the treatment that was used in our previous
study (14). Lithium was not present during patch recordings. Similar to our previous reports
on DG neurons (14), lithium reduced the hyperexcitability of LR CA3 neurons. This effect
was evident both in total evoked potential measurements (Fig. 4A) and spontaneous activity
(Fig. 4B) and had little or no effect on the excitability of NR and control neurons.
Interestingly, chronic lithium treatment reduced the capacitance of the overly large neurons
to a size that was more similar to the control neurons, both in LR and NR cells (Fig. 4C). By
imaging and tracing the neurons during the electrophysiological recordings, we found that
this change did not come from changes to the soma size (Fig. 4D); therefore, it likely
emerged from the neurites’ length and arborization. We further traced the morphology of
DG neurons after chronic lithium treatment over 2 weeks and found that indeed the total
length of the neurites was significantly reduced after treatment in the BD groups, with a
similar trend in the control neurons (Supplementary Figure 9). We therefore believe that Li
treatment slows down neuritic growth thereby slowing down the increase in cell capacitance
that occurs during maturation.

Looking further into spike parameters, we found that lithium treatment reduced spike height
in LR neurons (Fig. 4E), did not change the fast AHP significantly in any of the groups (Fig.
4F), broadened the spike in LR neurons (Fig. 4G), and did not alter the threshold for evoking
an action potential in any of the groups (Fig. 4H). An increase in the normalized sodium
currents was observed in all 3 groups (using an ANOVA for depolarization potentials
between —20 mV and 20 mV; p=0.0023 for control, p=0.001 for LR and p=0.0004 for NR)
(Fig. 41-K). The changes in potassium currents after lithium treatment are shown in Figure
4L-Q. Correlations between excitability and the sodium and potassium currents are further
discussed in the Supplemental results and presented in Supplementary Figure 8. Since the
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correlation plots indicated that the amplitude of the fast potassium currents at 0 mV step
potential were more correlated with excitability in BD neurons, we plotted the changes to
the fast potassium currents after lithium treatment (Fig. 4R, 4S). We observed that these
currents were reduced in LR neurons after treatment (Fig. 4R), which may be a possible
cause of the reduction in excitability after lithium treatment. In addition, measurements of
the decay time constants of the fast potassium currents showed that they were faster in
control and NR neurons after lithium treatment, indicating faster kinetics (Fig. 4S).

While our system serves as a platform for studying the physiological effects of lithium, it is
important to note the possible effect of the lithium treatment itself on the patients, which
may have affected the epigenetics of the patient’s lymphocytes, perhaps altering the
physiology of the neurons derived from the lymphoblasts. There are studies showing
evidence that iPSC reprogramming generally resets the lymphocytes’ epigenetic state (24,
25). We therefore believe that, after reprogramming, the cells were rejuvenated and the
changes due to chronic lithium treatment likely did not remain, but it is important to keep
the two possibilities in mind.

Motor neurons

Observing what seemed to be a multi-regional hyperexcitability of BD hippocampal
neurons, we were interested to see whether a completely different, non-CNS neuron would
show any different phenotype or physiology in BD. We differentiated our iPSCs into spinal
motor neurons (see Methods). Immunostaining for islet-positive cells (examples in Fig. 5A-
C) indicated similar ratios of neurons that stained positive for both islet and MAP2
compared to neurons that were positive only for MAP2 (islet+ && MAP2+)/(islet— &&
MAP2+) (Fig. 5D). The same measure was used to assess excitability as for the hippocampal
neurons. There were no significant changes in the excitability between the 3 groups: control,
LR and NR (Fig. 5E). The spike parameters that were measured in hippocampal neurons -
fast AHP (Fig. 5F), spike width (Fig. 5G), threshold (Fig. 5H) and spike amplitude (Fig. 5I)
- were not significantly different between the 3 groups. There were no significant changes in
capacitance (Fig. 5J) or in the input conductance (Fig. 5K) between the groups. Interestingly,
sodium currents were increased in the LR neurons compared to the control neurons (using
an ANOVA, p=0.04, Fig. 5L), and even more increased in NR neurons (using an ANOVA,
p=3e-5, Fig. 5L). There was no significant change in the slow or fast potassium currents
(Fig. 5M, 5N). To summarize, despite the increase in sodium currents in BD neurons, there
were no changes in the excitability of control vs. BD motor neurons.

Discussion

BD affects approximately 1.5-2% of the worldwide population putting a huge burden on the
world’s health and economic systems. Animal models do not fully recapitulate this disorder,
either phenotypically or genetically. The introduction of iPSC technology has allowed us for
the first time to study this disorder in a dynamic human model and has enabled us to define
an endophenotype of this disorder in the form of DG overexcitability (13, 14). Having
developed a new protocol for CA3 pyramidal neurons (18), we were interested to see if there
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were any functional changes in other types of hippocampal neurons; furthermore, we were
interested in looking for the mechanisms underlying the phenotype.

In this study we reveal that BD CA3 LR neurons are hyperexcitable (whereas both LR and
NR BD neurons were shown to be hyperexcitable in our previous studies of DG granule
neurons). This hyperexcitability correlated with the amplitude and kinetics of their
potassium currents. Moreover, gPCR experiments confirmed an overexpression of the fast
kinetics potassium channels Kencl and Kenc2, which are known to assist fast spiking
interneurons with their fast spiking ability. Importantly, blocking these currents using
different types of potassium channel blockers diminished the hyperexcitability phenotype,
with the strongest effect seen using TEA.

The NR CA3 neurons did not have a significantly increased excitability compared to the
controls. However, their physiology was different: they had drastically reduced sodium
currents and increased fast and slow potassium currents compared to controls, but with a
slower kinetics than the CA3 LR and control neurons. In the NR neurons, potassium channel
blockers also reduced their excitability, with the strongest effect seen with 4-AP.
Morphological analysis of BD neurons showed that, as we previously reported for DG
neurons, BD neurons were larger, with NR BD neurons being the largest. Interestingly, BD
NPCs were also larger. Reviewing the literature we found reports of enlarged (26-30),
smaller (31), and unchanged (32) hippocampal volume in BD patients. However, brain
volume was found to be affected by the number of episodes in the patients (30, 31, 33, 34).
Thus, the ability to model young hippocampal neurons from BD patients allows us to
observe the morphology and function of BD hippocampal neurons before disease onset or
any drug treatment.

Lithium, as the first line of treatment for BD today, is known to be a mood stabilizer.
Chronic lithium treatment reduced the hyperexcitability of DG LR neurons (but not of DG
NR neurons) (14) and reduced the hyperexcitability of CA3 LR neurons, as we show in this
study. The treatment increased the sodium currents in all 3 groups (control, LR and NR) and
decreased the amplitude of the fast potassium currents in the LR group. We hypothesize that
this may be the dual mechanism by which lithium acts both to reduce depression episodes in
patients on one hand (the increase in sodium currents) and to reduce mania episodes in
patients on the other (the decrease of the fast potassium currents whose amplitude correlates
with the CA3 LR hyperexcitability). Lithium treatment also reduced cell capacitance for BD
CA3 neurons and for DG neurons (14). Lithium treatment in human patients has been shown
to increase hippocampal volume compared to untreated patients. However, studies showed
that the decrease in hippocampal volume without treatment is due to recurrent episodes that
reduce with treatment (35, 36).

To summarize, we have unraveled some of the physiological changes in BD hippocampal
neurons exhibiting an endophenotype of hyperexcitability which is neuronal type specific.
Many previous studies have shown that BD manifests in the hippocampus (31, 37), but other
areas of the brain have also been shown to be affected (38-42), and further studies of other
neuronal types should follow. The high costs of reprogramming limit the number of patients
used in such studies. Here we have used a total of 10 lines: 4 controls and 6 BD patients, of
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which 3 are lithium responsive, and in our previous study we used 10 more (13) lines. While
iPSC-derived neurons were shown to transcriptomically resemble fetal brain tissue and are
immature, being able to observe differences in these immature neurons between patients and
controls shows that there is a biological disposition to psychiatric disorder (43). Never the
less, follow-up studies using techniques that allow for further maturation and also mimic
brain structure better, using for example organoids, would be an important step to further
understand brain development in BD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Hyperexcitability in hippocampal neurons derived from BD patients. A. Cells patched at 4.5
weeks (t2) from start of differentiation. The points represent the mean of each cell line
(patient), but the number of total neurons patched is as follows: DG: control 76 neurons, LR
69 neurons, NR 25 neurons; CA3: control 58 neurons, LR 46 neurons, NR 71 neurons. DG
BD LR and NR neurons are hyperexcitable when compared to controls, but only BD LR
CA3 neurons are hyperexcitable compared to controls. B. Representative recordings in
current clamp mode of evoked potentials for a control (blue), C. LR (red) and D. NR (green)
neuron. Plotting only the high current injection component reveals that the hyperexcitability
of LR neurons was in the form of sustained activity with high current injections, as can be
seen from the representative traces of the E. control (blue), F. LR (red) and G. NR (green)
CA3 neurons. H. Spontaneous activity. BD LR neurons have an increase in the rate of
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spontaneous activity both in DG and CA3 neurons. Analysis of spike shape. I. Example
recordings of a single spike in current clamp mode of a control (blue) neuron, J. LR (red)
neuron and K. NR (green) neuron. L. The fast after-hyperpolarization (AHP) is increased in
the BD NR DG neuron at the t2 time point. Our previous report at t* (~3.5 weeks) ~ (14)
showed that DG LR fast AHP was also increased at that time point. Fast AHP is also
increased in BD LR CA3 neurons. M. Spike amplitude is larger for BD LR neurons, both in
DG and CA3, when compared to control and NR neurons. N. Spike width is narrower in
CA3 LR neurons. In (14), at the t* time point, DG LR neurons also displayed a narrower
spike width. O. The threshold for eliciting an action potential is more depolarized in DG NR
neurons (similar to our previous report) compared to control and BD LR neurons, but there
is no significant change between the 3 groups in CA3 neurons. P. Input conductance is larger
in CA3 BD NR neurons compared to control and BD LR neurons. Asterisks represent
statistical significance by the following code: * p value<0.05, **p value<0.01, ***p<0.001,
****n<0.0001. Error bars represent standard error.

Biol Psychiatry. Author manuscript; available in PMC 2021 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Stern et al.

A Example fast K CA3

700 ' —contra
| | — R
. —
<C 300
a

|
100 |
|

0 025 05
times

E Slow potassium CA3

—*—contrd
1500 IR

—HNR

< 1000
o e <
o
500
O M=dtte-de—d
-100 -60 -20 20 60 100
mV
K Activation kinetics CA3
conva
8 ——1R
—F—NR

B Expanded C  Fast potassium CA3
e
1500
—*—NR
< 1000
(=N
500
0
§ oo om om  om oo 00 60 20 20 60 100
time s mV
F Slow potassium DG G Amp fast KCA3 0 mV
1500 —¥—contrd
—*—1R
zen 400 ° I
1000 o 5T v
< x
3
200 i 2
500 °
0
400 60 20 20 60 100 control LR NR
mV
K Activation kinetics DG fast K Inactivation kinetics CA3
[ ar— wr
—$- 1R
8 —F—NR

1600 |

Page 15

D Fast potassium DG

—%—contrd
1500 i

—H—NR

< 1000
Q

500

100 -60 20 20 60 100

H Amp fast K DG 20 mV

200 j
z +

control LR NR

fast K Inactivation kinetics DG

—I—contrd
i

S Sodium CA3

=)

pA/pF

N
S

——control
ERL

—-NR

-30

1600

-60 -20
mV

Figure 2.

0.47

20

T Sodium DG

0 ——control
4R
R

pA/pF
=

1)
o

-60 -20 20

Sodium and potassium currents are altered in BD hippocampal neurons. Each dot in the
graphs represents an average over the total amount of patched cells for one human subject.
A. Representative recordings of CA3 control (blue), LR (red) and NR (green) neurons in
voltage clamp mode, displaying the increased amplitude of the fast potassium currents in BD
LR and BD NR neurons and the faster inactivation kinetics in BD LR neurons. B. Expanding
the area between the gray dotted lines in Fig. 2A. C. Average of fast potassium currents in
CAZ3 neurons of the 3 groups: control, LR and NR. D. Average of fast potassium currents in
DG neurons in the 3 groups: control, LR and NR. E. Average of slow potassium currents in
CA3 neurons of the 3 groups: control, LR and NR. F. Average of slow potassium currents in
DG neurons in the 3 groups: control, LR and NR. G-H. Manual measurements (see
Supplementary Methods) were performed for the 0 mV and 20 mV test potentials, since
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these were found to be the most correlated with excitability (see Fig. 3) and are inaccurate
using the automatic matlab script due to fluctuations in the currents (see Supplemental
Methods). G. The manual measurement of fast potassium currents in CA3 neurons at 0 mV
shows a significant increase in BD LR and even more in BD NR. H. Similarly, in DG at 20
mV, BD LR neurons have increased fast potassium currents and BD NR neurons have an
even more elevated level. I-J. Activation kinetics of the potassium currents. I. The activation
kinetics (see Supplementary Methods) in CA3 neurons at 0-80 mV is faster in LR neurons
compared to NR neurons, and faster compared to control CA3 neurons over the 80-90 mV
range. J. The activation kinetics in DG neurons at —20 mV is faster in LR neurons compared
to NR neurons. K-L. Fast potassium decay inactivation time. K. In LR CA3 neurons in the
range of =10 mV - 10 mV (see Supplementary Methods), the decay time of the fast
potassium currents is faster compared to both control and NR neurons and the control
inactivation time is faster compared to NR neurons L. In DG in the =20 mV — 20mV range,
NR neurons have a slower fast potassium decay time compared to control neurons. M-O.
Representative recordings of the sodium currents in control (M), LR (N) and control (O)
CAZ3 neurons. P. is an expansion of the area between the black lines of Fig. 2N. The transient
capacitive currents are circled in black. Q, Same as P, but only currents due to the 10 mV
depolarization step are shown. Again, the transient capacitive currents are circled in black.
The sodium currents are marked with a black line and are hard to measure without
compensating for the transient capacitive current. R. Using an algorithm described in the
Supplementary Methods to compensate for the transient capacitive current, we calculate the
sodium current that is marked with the black lines. S. Averages over the sodium currents in
the 3 groups over all recordings reveal that sodium currents are reduced in NR CA3 neurons
and increased in LR CA3 neurons compared to control CA3 neurons. T. Averages over the
sodium currents in the 3 groups over all recordings reveal that sodium currents are reduced
in NR DG neurons compared to controls.
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Figure 3.
Parameters affecting excitability and an overexpression of Kcncl and Kene2 in LR CA3

neurons. A.CA3 excitability (encoded in the radius of the dot, see Methods) as a function of
the amplitude of the fast potassium currents (y-axis) and the kinetics or decay time constant
of the fast potassium current (x-axis). The larger dots are generally observed in the neurons
with fast kinetics or fast decay time of the fast potassium currents. B. DG excitability
(encoded in the radius of the dot, see Methods) as a function of the amplitude of the fast
potassium currents (y-axis) and the kinetics or decay time constant of the fast potassium
current (x-axis). The larger dots are observed in the neurons with fast kinetics or fast decay
time and higher amplitudes of the fast potassium currents. C-E. The excitability in all the
groups correlates with sodium currents (at —20 mV). This correlation is much stronger in NR
neurons compared to control and LR neurons. F-H. A significant correlation is observed
between excitability and the amplitude of the fast potassium currents at 0 mV in LR and NR
neurons. The excitability in control neurons does not correlate with the amplitude of the fast
potassium currents at 0 mV. I. Blocking of different potassium channels reduced excitability
of CA3 BD neurons but increased excitability of CA3 control neurons; Dendrotoxin (DTX)
at 200 nM significantly increased excitability of control neurons. 1 mM
Tetraethylammonium (TEA) most drastically reduced hyperexcitability of CA3 LR neurons,
but 0.3 mM of 4-aminopyridine (4-AP) and DTX also significantly reduced their
hyperexcitability. 4-AP reduced excitability of CA3 NR neurons. A total number of 53
control, 28 control TEA, 27 control 4-AP, 28 control DTX, 47 LR, 39 LR TEA, 18 LR 4-AP,
29 LR DTX, 104 NR, 28 NR TEA, 28 NR 4-AP and 28 NR DTX neurons were recorded. J.
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gPCR results (fold change) of Kcncl showed that CA3 LR neurons have elevated levels
compared to control neurons. K. Fold change values of Kenc2 showed a decreased
expression in NR neurons and an increased expression in LR neurons compared to CA3
control neurons. Asterisks represent statistical significance by the following code: * p
value<0.05, **p value<0.01, ***p<0.001, ****p<0.0001. Error bars represent standard
error.
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Figure 4.

Response to lithium treatment of CA3 neurons at t2. The total number of cells patched for
this analysis was as follows: control, 49 neurons; control lithium (Li), 56 neurons; LR, 43
neurons; LR Li, neurons; NR, 71 neurons; NR Li, 65 neurons. A. Lithium treatment reduces
the hyperexcitability (total number of evoked action potentials) of CA3 BD LR neurons. B.
The spontaneous rate of action potentials is also reduced with lithium treatment in CA3 BD
LR neurons. C. Similar to our previous report in DG neurons (14), the capacitance of BD LR
and BD NR neurons is smaller with lithium treatment than the equivalent neurons grown
without treatment. D. The soma of the BD LR and BD NR CA3 neurons did not decrease in
size with lithium treatment, indicating that the reduction in capacitance with lithium
treatment was due to a reduction in size of the neuritic tree. E. The spike height of BD LR
CA3 neurons was reduced with lithium treatment. F. The fast AHP did not change with
lithium treatment in any of the groups. G. The spike width broadened after lithium treatment
in CA3 BD LR neurons. H. The threshold for evoking an action potential did not change in
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any of the 3 groups following lithium treatment. 1. Lithium treatment increased normalized
sodium currents in control CA3 neurons. J. Lithium treatment increased normalized sodium
currents in BD LR CA3 neurons. K. Lithium treatment increased normalized sodium
currents in BD NR CA3 neurons. L-Q. The fast and slow potassium currents did not change
significantly (ANOVA). R. The amplitude of the fast potassium current at 0 mV was
significantly decreased after lithium treatment in CA3 BD LR neurons. S. The decay time
constant of the fast potassium current decreased (decay was faster) with lithium treatment in
CA3 control and CA3 BD NR neurons. Each dot represents an average over the total number
of patched cells for one human subject. Asterisks represent statistical significance by the
following code: * p value<0.05, **p value<0.01. Error bars represent standard error.
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Figure 5.
Physiology of motor neurons in BD. A-D. Immunostaining for islet protein that is specific

for motor neurons. A. Example image of control islet-positive neurons. B. Example image of
LR islet-positive neurons. C. Example image of NR islet-positive neurons. D. Similar ratios
of islet-positive neurons in the 3 groups. E. Neurons from the 3 groups display similar
excitability measured by the total number of elicited action potentials. Spike parameters: fast
AHP (F), spike width (G), threshold (H) and spike height (1) are similar between the 3
groups. J. Capacitance is similar between the 3 groups. K. Input conductance is similar
between the 3 groups. L. Sodium currents are increased in LR and NR neurons compared to
the control neurons. M. Slow potassium currents are similar between the 3 groups. N. The
fast potassium current is similar between the 3 groups. Each dot represents an average over
the total number of patched cells for one human subject.
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type PMID or DOI for highly encouraged; search  notes if

references; use “this for RRIDs at https:// necessary.
paper” if new. scicrunch.org/resources.
Antibody Map2ab mouse mono Sigma
ELAVL2 rabbit LSBio
ELAVL2/4 rabbit LSBio
NeuN chicken AveStabs
GABA rabbit Sigma
Islet rabbit E%‘?:ggmznéfnf”dies Cat #39.4D5
Bacterial or Viral Strain
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2)'/%%2‘:?3&:? CDNA AB Biosystems
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Deposited Data; Public
Database
Genetic Reagent
Organism/Strain
Peptiqe, Recombinant
Protein
Recombinant DNA
Sequence-Based Reagent
Software; Algorithm Matlab Mathworks R2019
Clampfit Axon pCLAMP
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