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ABSTRACT 

Immature neurobalsts might present peculiar electrical activities before developing standard neuronal-like excitability. We 
previously described electrophysiological properties of primary neuroblast cultures isolated from the nucleus basalis of Meynert 
( hf NBMNs) of 12-week human foetuses, which possess the machinery for acetylcholine (ACh) synthesis, degradation and 
transport, functional muscarinic and nicotinic ACh receptors and tetrodotoxin- (TTX-) sensitive Na+ and K+ currents. Here we 
report an unexpected electrical activity, encountered by serendipity in neuroblasts while seeking for standard, neuronal-like, 
action potentials, consisting in high-frequency (70 Hz on average), periodic-like oscillations of membrane voltage evoked by cell 
depolarization. This activity was sensitive to intracellular thapsigargin or 1,2-bis(2-aminophenoxy)ethane- N,N,N ′ ,N ′ -tetraacetic 
acid (BAPTA), as well as to extracellular tetraethylammonioum, Ba2 + or Iberiotoxin, thus indicating the involvement of big 
conductance Ca2 + -activated K+ (BK) channel family. Our data demonstrate that hf NBMNs present recurrent, BK-dependent, high- 
frequency voltage waves which may reflect an immature excitability pattern involved in early neuronal maturation or cholinergic 
network integration within foetal basal forebrain, whose lack might lead to neurodevelopmental disorders as those associated 
to premature birth. Further research is needed to deepen its pharmacological characterization and eventual occurrence in an 
integrated brain tissue. 
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 Introduction 

he nucleus basalis of Meynert (NBM) represents the main
ource of cholinergic neurons within the basal forebrain (BF)
nd is a crucial player in associative learning by coordinating
ortical activity and memory functions. Degeneration of NBM
n humans correlates with different neurological disorders: i.e.,
lzheimer’s disease (AD) [ 1–3 ], Parkinson’s disease (PD) [ 4 ], or
lisabetta Coppi and Federica Cherchi contributed equally to this work. 

his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Advanced Science published by Wiley-VCH GmbH. 

dvanced Science , 2026; 0:e76767 
ttps://doi.org/10.1002/advs.76767
long-term cognitive impairment associated to premature birth [ 5 ].
Electrophysiological characterization of NBM neurons comes,
at present, from rodent models [ 6, 7 ]. However, translation to
human neurons is limited by inter-species differences, by the
conceivable complexity of the human brain and by the paucity
of foetal cell source. Important experimental studies based on
the use of human foetal brain tissues are trying to fill the gap
between animal models and human neurons but, unfortunately,
se, which permits use, distribution and reproduction in any medium, provided the 
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re limited in number [ 8–10 ]. Alternatively, induced pluripotent
tem cells (iPSCs) [ 11, 12 ] or embryonic stem cells (ESCs) [ 13, 14 ]
ould be easier to access for scientific purpose but, still, results
ight need validation in developing “native” human neuroblasts.

e isolated neuroblasts from NBM of 12-weeks-old human
oetuses, which correspond to the developmental period when
F nuclei are committed toward specific differentiation pro-
rams [ 15 ]. In our previous works [ 16, 17 ] we provided a first
haracterization of cholinergic neuroblasts (human foetal NBM
euroblasts: hf NBMNs) in these primary cultures and we demon-
trated that they express hallmarks of cholinergic neurons, i.e.,
nzymes essential for acetylcholine (ACh) synthesis (choline
cetyltransferase: ChAT), degradation (ACh esterase: AChE) and
esicular transport (VAChT), as well as ACh release and expres-
ion of functional muscarinic (with high levels of M2 and M3
ubtypes) and nicotinic (with α5 subunit being the most abundant
nd β3 subunit the less) receptors [ 16 ]. We also demonstrated that
f NBMNs exhibit a repertoire of voltage-dependent K+ currents
nd neuronal-like, tetrodotoxin- (TTX)-sensitive Na+ currents, as
ell as cholinergic receptor-mediated currents [ 17 ]. Importantly,
hen injected in NBM-lesioned rats, these cells promoted func-
ional effects that could be ascribed to an improvement of the
holinergic signaling in the basal forebrain [ 16 ]. 

he present work is aimed to deepen the electrophysiolog-
cal characterization of electrical activity in hf NBMNs. We
bserved that, when subjected to patch-clamp recordings in the
urrent-clamp mode, hf NBMNs present unprecedented high-
requency, periodic-like oscillations of the membrane voltage
hat are sensitive to intracellular thapsigargin and 1,2-bis(2-
minophenoxy)ethane- N,N,N ′ ,N ′ -tetraacetic acid (BAPTA) or to
xtracellular Iberiotoxin (IbTx), tetraetylammonium (TEA) or
a2 + , demonstrating the involvement of intracellular Ca2 + rise,
oltage-gated K+ (Ik ) channels and in particular big-conductance
a2 + -activated K+ (BK) channels. 

his knowledge could be of relevance in understanding the devel-
pment and functions of cholinergic neurons in the human brain,
ither in health or disease, particularly given that dysregulation of
on channels have been associated to CNS diseases and cognitive
mpairment [ 18 ]. 

 Results 

.1 Human Foetal Cholinergic Neuroblasts 
xhibit Recurrent Voltage Oscillations upon 

embrane Depolarization 

n the present research, the electrical activity of cultured
f NBMNs was studied by injecting a series of increasing current
teps (from − 200 to + 1000 pA; 300 ms duration; 2 s inter-step
nterval: see lower insets in Figure 1A ) in the whole-cell patch-
lamp mode. Data reported below were obtained from 88 cells
owing an averaged Cm 

of 91.1 ± 8.4 pF, resting membrane
otential (RMP) of − 41.2 ± 2.1 mV, and input resistance (Rin ) of
096.1 ± 49.6 M Ω (see Table 1 ). 

n a first set of experiments, carried out by using a low-EGTA
0.1 m m ) intracellular solution, we observed an unexpected,
of 15
periodic-like, high-frequency oscillatory activity upon membrane
depolarization (Figure 1A ) in the vast majority of cells (28 out of
33: 84.8%). Oscillations were defined by us “voltage waves”, and
their frequency and amplitude slightly increased with increasing
current injections up to a “plateau” (Figure 1B , black circles in left
and right panels). Of note, even if the “plateau” phase is achieved
by currents approaching the nA range (unlikely to occur in vivo),
the minimum current necessary to elicit voltage waves is in the
more “physiological” range of few hundreds of pA. Averaged
frequency and amplitude of voltage oscillations in the 33 cells
tested were 71 ± 7 Hz and 132 ± 7 mV, respectively. 

In the remaining 5 cells (out of 33) where voltage waves could not
be elicited, i.e., “non-oscillating” hf NBMNs, we observed either:
i) no electrical activity (n = 2) or ii) a single “immature” spike
(n = 3) (Figure S2A ), that has been already characterized in our
previous work as a TTX-insensitive spike occurring in 25.8% of
hf NBMNs [ 17 ]. Passive membrane properties calculated in the 33
hf NBMNs tested are reported in Table 1 . Of note, a significantly
higher Rin was measured in oscillating (1258.0 ± 66.2 M Ω; n = 28)
vs non-oscillating (to 971.1 ± 135.9 M Ω; n = 5) cells (p = 0.0395,
unpaired Student’s t -test: Table 1 ). 

We next tested whether increased intracellular Ca2 + chelation, by
rising intracellular EGTA from 0.1 to 10 m m , would affect voltage
waves. Of note, among the 47 hf NBMNs recorded in 10 m m EGTA,
voltage waves were detected in 12 cells (25.5%), indicating that a
higher EGTA concentration in the pipette solution decreased the
fraction of oscillating cells (Figure 1C : left and central columns).
However, when evoked, no significant differences were observed
in wave frequency nor amplitude by changing intracellular EGTA
concentration (Figure 1B , green circles). 

In contrast to what was observed in hf NBMNs recorded from
0.1 m m intracellular EGTA, when cells were recorded with 10 m m
intracellular EGTA no significant differences in Rin or in other
passive membrane properties were found between oscillating
versus non-oscillating cells (Table 1 ). Notably, when 10 m m EGTA
was substituted with the more efficient Ca2 + chelator BAPTA
(10 m m ), none of the 8 cells tested presented voltage waves upon
membrane depolarization (Figure 1C ). Overall, the above data
indicate that intracellular Ca2 + rise, possibly above a threshold
level (not achieved in the presence of 10 m m intracellular
BAPTA), is required to voltage wave initiation but, once evoked,
wave frequency or amplitude are independent from intracellular
Ca2 + chelation. 

When considering the overall amount of oscillating hf NBMNs
recorded (40 cells in total: 28 cells recorded in 0.1 m m EGTA and
12 cells in 10 m m EGTA), we extrapolated the fraction of cells
expressing voltage-dependent, TTX-sensitive INa (Figure S2B ).
Of note, 11 out of the 40 oscillating hf NBMNs (72.5%) where
devoid of INa , a result which is in line with our previous work
demonstrating that functional INa were recorded in the majority
(i.e., 89%), but not all, hf NBMNs [ 16 ]. This result suggests that INa
are not required to elicit voltage waves. 

With the aim to establish the rheobase (i.e., the minimum
injected current necessary to initiate voltage waves), a current
ramp protocol (400 pA; 1.2 s: Figure 1D ) was used to depolarize
hf NBMNs. As shown in Figure 1E , a rheobase of 300 ± 40 pA
Advanced Science, 2026
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FIGURE 1 Human foetal cholinergic neuroblasts (hfNBMNs) exhibit periodic-like voltage oscillations, i.e., voltage waves, upon depolarizing 
current injection. (A) Original voltage traces recorded in a representative hfNBMN where membrane voltage oscillations were observed (expanded time 
scale in the upper panel: 100 ms) upon depolarizing current injections (50 pA voltage steps). The dotted line indicates the 0 mV level. Scale bars: 50 ms; 
100 mV. Lower panel: schematic diagram of the stimulation protocol used for current injection. (B) Averaged values (mean ± SE) of wave frequency (left 
panel) and amplitude (right panel) plotted vs the amplitude of injected current in cells recorded in two different experimental conditions: 10 m m EGTA- 
containing (black circles, n = 25) or 0.1 m m EGTA-containing (green circles, n = 12) pipettes. (C) Fraction of oscillating hf NBMNs over the total number 
of recorded cells in three different conditions: 0.1 m m EGTA (black column on the left), 10 m m EGTA (green central column), or 10 m m BAPTA. Empty 
columns in each experimental condition represent the number of cells devoid of voltage waves. (D) Original voltage traces recorded in two representative 
hf NBMNs (black trace: an oscillating cell; grey trace: a non-oscillating cell) subjected to a depolarizing current-ramp protocol (lower panel: from 0 to 
400 pA in 1.2 s). The dotted line indicates the 0 mV level. Scale bars: 200 ms; 50 mV. (E) Pooled data of the rheobase (i.e., the minimum current to 
elicit voltage waves), extrapolated from the ramp protocol, in 7 hf NBMNs exposed to current ramps in 10 m m EGTA (black symbols) or in 11 cells in 
0.1 m m EGTA (green symbols). No significant difference was found between the groups (unpaired Student’s t -test). (F) Pooled data of sag ratio recorded 
at − 200 pA (left panel) or − 100 pA (right panel) in control conditions (ctrl: black symbols) or after 5 min superfusion of 50 µm ZD7288 (orange symbols) 
in 7 hf NBMNs investigated (p = 0.0027, paired Student’s t -test). Scale bars: 50 ms; 50 mV. (G) Representative image of immunofluorescence analysis of 
hf NBMN cultures showing HCN3 (in red; NeuN in green). The adjacent negative control panel shows the red and green channels acquired after omission 
of the primary antibodies. Scale bar: 20. 
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n = 7) was measured in oscillating cells recorded in 0.1 m m
GTA (Figure 1E , black symbols), a value consistent, within the
xperimental errors, with that obtained in 10 m m EGTA, i.e., 290
 30 pA (n = 12: Figure 1E, green symbols). 

ence, the average wave frequency at the rheobase value of 300
A, as extrapolated from measurements reported in Figure 1B , is
4.5 ± 8.1 Hz in 0.1 m m EGTA (n = 25) and 28.8 ± 15.8 in 10 m m
GTA (n = 12) and these values are not statistically different (p =
.3232, unpaired Student’s t -test). 

t hyperpolarizing current steps, most hf NBMNs presented a
harp negative peak at − 200 pA current injection (Figure 1F ,
pper left panel) and a smoother “sag-like” voltage waveform
t − 100 pA (Figure 1F , upper right panel). In fact, the negative
oltage peak evoked by − 200 pA step current was insensitive
o the Ih blocker ZD7288 (50 µm ; Figure 1F , left panel, orange
ymbols and traces; n = 7) whereas, at − 100 pA, a significant
eduction in sag ratio was induced by ZD7288 (Figure 1F , right
anel, orange symbols and traces; p = 0.0027, paired Student’s
 -test; n = 7). Consistently with ZD7288 block, hf NBMNs were
dvanced Science, 2026
found to express abundant levels of the Ih channel subunit HCN3
(Figure 1G ). 

2.2 Voltage Waves in hf NBMNs are Insensitive to 
Voltage-Dependent Na+ or Ca2 + Channel Blockers 
but are Prevented or Impaired by K+ Channel Block 

We next investigated, by using a pharmacological approach, the
current/s underpinning voltage waves in hf NBMNs. To this aim,
cells were recorded with 0.1 m m EGTA-containing pipettes to
maximize wave occurrence. For each compound tested, wave
parameters (frequency, amplitude, half width, integral) were
measured and averaged. 

Of note, the voltage-dependent Na+ channel blocker TTX (1 µm )
was unable to prevent voltage oscillations (Figure 2A left and
central panels), a result consistent with the above-mentioned lack
of INa in a fraction (11 out of 40) of oscillating cells. Furthermore,
a subsequent application of the high-voltage activated Ca2 + 
channel (VDCC) blocker Cd2 + (1 m m ), still in the presence of
3 of 15
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TABLE 1 Passive membrane properties in hf NBMNs recorded in different conditions of intracellular Ca2 + chelation. 

Cm 

(pF) RMP (mV) Rin (M Ω) 

0.1 m m EGTA oscillating (n = 28) 93.0 ± 15.0 − 39.1 ± 3.7 1258.0 ± 66.2 
0.1 m m EGTA 

not-oscillating (n = 5) 
106.5 ± 25.7 − 43.4 ± 5.0 971.1 ± 135.9 

p value 0.6426 0.5443 0.0397* 

10 m m EGTA oscillating (n = 12) 74.1 ± 11.6 − 39.3 ± 4.5 1014.0 ± 136.6 
10 m m EGTA 

not-oscillating (n = 35) 
92.4 ± 20.9 − 42.3 ± 4.1 1017.1 ± 102.5 

p value 0.4205 0.6342 0.9855 
10 m m EGTA-recorded cells p ooled (n = 47) 81.7 ± 10.9 − 43.3 ± 2.9 1024 ± 78.6 

10 m m BAPTA oscillating (none) / / / 
10 m m BAPTA 

not-oscillating (n = 8) 
96.0 ± 32.0 − 38.8 ± 6.9 1022.2 ± 228.3 

All data pooled (n = 88) 91.1 ± 8.4 − 41.2 ± 2.1 1096.1 ± 49.6 

Cm : membrane capacitance; RMP: resting membrane potential; Rin : input resistance. All p values refer to unpaired Student’s t -test. 

FIGURE 2 Voltage waves in hf NBMNs are insensitive to the voltage-dependent Na+ channel blocker tetrodotoxin (TTX) or the high-voltage 
activated Ca2 + channel blocker Cd2 + when applied at a concentration of 1 m m . (A) Original voltage traces recorded in a representative hf NBMN and 
evoked by increasing current values (100 pA steps) in the absence (left panel) or presence of the Na+ channel blocker tetrodotoxin (TTX, 1 µm ) alone 
(central panel) or co-applied with the Ca2 + channel blocker Cd2 + (1 m m ; right panel). Scale bars: 100 ms; 100 mV. Upper panel on the left: expanded 
time scale (100 ms) showing the control (ctrl: black) trace; the trace recorded in 1 µm TTX (blue trace) or that recorded in 1 µm TTX + 1 m m Cd2 + (orange 
trace) at 900 pA of current injection in the same cell. (B) Wave frequency is plotted versus the injected current in the same cell. (C-F) Pooled data (mean 
± SE) of (C) wave frequency, (D) amplitude, (E) half width, and (F) integral measured in 4 cells investigated (in 0.1 m m EGTA) in ctrl (grey columns); 
1 µm TTX (blue columns) or 1 µm TTX + 1 m m Cd2 + (orange column). *p = 0.032, paired Student’s t -test. 
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TX (Figure 2A : right panel) did not affect voltage waves either
Figure 2A, right panel, and 2B ). Results were confirmed in 4
ells (Figure 2C–F ) where neither compound modified any of the
aveform parameters, except TTX that increased wave amplitude
from 169.3 ± 15.8 mV in control to 191.1 ± 19.2 mV in TTX, p =
.0320, paired Student’s t-test, n = 4; Figure 2D ). 
of 15
We next tried to modulate voltage waves by targeting voltage-
gated K+ channels or ionotropic neurotransmitter receptors.
Considering that the NBM contains cholinergic neurons that
receive extensive GABAergic inputs from the striatum and
amigdala [ 19 ] as primary innervation and diffuse cholinergic
projections to the cortex, we tested cholinergic and GABAergic
Advanced Science, 2026
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FIGURE 3 Voltage waves in hf NBMNs are prevented by the K+ channel blockers tetraethylammonium (TEA) and apamin. (A) The frequency (left 
y axis, in bins) and amplitude (right y axis, in dots) of voltage waves evoked by a current step of 500 pA (500 ms duration: lower inset in (B)) are expressed 
as a function of time in a representative hf NBMN exposed to different compounds: Acetylcholin (ACh; 50 µm ); TEA (10 m m ); 4-amynopyridine (4-AP; 
1 m m ); atropine + mecamilamine (atr + MCM; 100 n m and 10 µm , respectively); apamin (apa; 200 n m ) and bicuculline (bicu; 1 µm ). Letters in the graph 
(a, b, c, d, e) indicate specific time points chosen to compare original voltage traces. B,C. Original voltage traces recorded in the same cell at specific time 
points: before (a: black trace in (B)), during (b: red trace in (B)) and after (c: blue trace in (B)) the application of the nonselective K+ channel blocker 
TEA or before (d: black trace in (C)) and during (e: red trace in (C)) the application of the small conductance Ca2 + -activated K+ channel (SK) blocker 
apamin. Scale bars: 200 ms; 100 mV. Upper panels: expanded time scale (100 ms) of respective original traces. (D–K) Averaged time courses (mean ± SE) 
of wave parameters (frequency, amplitude, integral and half width) recorded in 4 hf NBMNs exposed to 10 m m TEA (D–G) or in 4 hf NBMNs exposed to 
200 n m apamin ( H–K ). Numbers below data points (e.g., − 0.5/0’ and 3/3.5’ in panel H) represent the time at which values were averaged for statistics. 
All p values refer to paired Student’s t -test. 

r  

b

D  

c  

p  

T  

r  

3  

a  

O  

t  

 

 

 

 

 

 

 

 

 

 

 

A

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.76767 by E

lisabetta C
oppi - U

niversita D
i Firenze Sistem

a , W
iley O

nline L
ibrary on [24/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
eceptor ligands as well as further voltage-dependent channel
lockers. 

ue to the paucity of cell source, we optimized experimental
onditions by using a single current step protocol of + 500
A (to maximize wave occurrence) repeated once every 30 s.
his protocol elicited, in those hf NBMNs prone to oscillate,
eproducible oscillations over a relatively long-time span (up to
0 min: Figure S3 ), during which different compounds could be
pplied and washed off consequently in a randomized sequence.
ne representative experiment is shown in Figure 3A , where
he frequency (left- y -axis-referring bins) and amplitude (right-
dvanced Science, 2026
y -axis-referring open circles) of voltage waves in the absence or
presence of different compounds are plotted over time. Original
voltage traces recorded at specific time points are compared
in Figure 3B,C . The nonselective K+ channel blocker TEA was
the first compound we found to be able to prevent voltage
waves. As shown in Figure 3A,B , oscillations completely and
reversibly blocked by 10 m m TEA, and this result was con-
firmed in 4 cells tested (Figure 3D - G ; Table 1 ). The effect
was fast and reversible, as repeated applications in the same
cell gave reproducible results (Figure 3A ). These data point
to a mandatory role of voltage-gated K+ currents in voltage
waves. 
5 of 15
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mong the various subtype/s of K+ channels possibly con-
ributing to this phenomenon, KCa were conceivable candidates,
s per BAPTA sensitivity, of voltage waves shown above (see
igure 1C ). Apamin (200 n m ; 5 min application), a selective
locker of small-conductance Ca2 + -activated K+ (SK) channels,
ignificantly decreased wave frequency (from 66.8 ± 6.2 Hz in
ontrol to 48.3 ± 7.9 Hz in apamin, p = 0.0185, paired Student’s
 -test, n = 4; Figure 3H ) and amplitude (from 179.6 ± 8.0 mV
n control to 116.9 ± 8.7 mV in apamin, p = 0.0274, paired
tudent’s t -test, n = 4; Figure 3I ) and disrupted wave “periodicity”
s demonstrated by the significant broadening of the frequency
pectrum (Figure S5A ), without significant changes in wave
ntegral (Figure 3J ) nor half width (Figure 3K ). Of note, apamin-
nduced effects expired before drug removal, suggesting that SK
hannels contribute, but are not mandatory, to voltage waves and
ome “adaptation” phenomena might occur to restore oscillations
n case of SK channel block. 

hen the endogenous neurotransmitter of the NBM, ACh, was
pplied (50 µm ; 5 min) to oscillating hf NBMNs, no effect on volt-
ge wave parameters was observed (Figure 4A,C–F ). This let us
ypothesize that, according to our previous work demonstrating
n endogenous ACh release in hf NBMN cultures [ 16 ], a basal,
onic, ACh receptor activation might occur in these primary cell
ultures, which obscures the effect of exogenous ACh application.
e next tested cholinergic receptor antagonists to corroborate
ur hypothesis. Of note, the combination of muscarinic plus
icotinic receptor antagonists (100 n m atropine and 10 µm
ecamilamine, respectively) impaired wave maintenance during
he depolarizing current step (Figure 4B,G–J ), thus pointing to
 contribution of cationic currents flowing through the nicotinic
eceptor, or voltage-dependent currents modulated by muscarinic
eceptors, to voltage wave maintenance. 

onversely, anionic currents flowing through the GABAA recep-
or are unlikely to underpin this phenomenon since the GABAA
eceptor antagonist bicuculline (1 µm ; 5 min application) did
ot modify oscillations (Figure 3A ). However, GABAA receptor
ntagonism depolarized hf NBMNs from − 39 ± 2 mV in control
o − 25 ± 4 mV in bicuculline (Figure S5G ) in the 3 cells tested,
ithout achieving statistical significance (p = 0.1424, paired
tudent’s t -test). 

e then tested iberiotoxin (IbTx; 200 n m ), a selective blocker of
ig-conductance Ca2 + -activated K+ (BK) channels, as well as a
ow, sub-millimolar (0.2 m m ) concentration of TEA, considered
elective for BK channel block [ 20 ]. Strikingly, both com-
ounds abolished voltage waves (Figure 5A,B ) in all cells tested
Figure 5D–K ), and the effect was reversible after a few minutes of
ashout. Hence, these results demonstrate that, among channels
nderpinning voltage waves, BK are mandatory. Consistently,
mmunocytochemical analysis revealed the expression of BK
hannel α-subunit protein in cultured hf NBMNs (Figure 5C ). 

nother possible candidate would be the hyperpolarization-
ctivated Ih , a conductance expressed by hf NBMNs as shown
efore (see Figure 1G ) and frequently associated to recurrent
lectrical activity in excitable cells. Nevertheless, the Ih , blocker
D7288 did not affect voltage waves parameters (Figure 5A ). As
tated above (see Figure 2 ), voltage waves were insensitive to
 m m Cd2 + (Figure 6A ) but inhibited by 2 m m Cd2 + (Figure 6A,B ).
of 15
Results were confirmed in 4 cells tested, where a significant
decrease in wave frequency (from 63 ± 3 Hz in control to 47 ± 5 Hz
in 2 m m Cd2 + ; p = 0.0015, paired Student’s t -test, n = 3; Figure 6D ),
amplitude (from 174 ± 6 mV in control to 106 ± 12 mV in 2 m m
Cd2 + ; p = 0.0273, paired Student’s t -test, n = 3; Figure 6E ) and
integral (from 1.5 ± 0.1 mV*ms in control to 0.9 ± 0.1 mV*ms in
2 m m Cd2 + ; p = 0.02402, paired Student’s t -test, n = 3; Figure 6F )
were found after 3 min application of 2 m m Cd2 + , whereas half
width was unchanged (Figure 6G ). Of note, 2 m m Cd2 + disrupted
wave periodicity as it induced a significant broadening of the
frequency spectrum of oscillations (Figure S4B ), similarly to what
observed in the presence of apamin (Figure S4A ). 

The K+ channel blocker Ba2 + (1 m m ), irreversibly abolished
voltage waves (Figure 6A,C,H–K ) even after a prolonged (up to
15 min) washout (not shown), possibly because it caused massive
cell depolarization (from − 43 ± 6 mV in control to − 12 ± 8 mV
in 1 m m Ba2 + ; p = 0.0191; paired Student’s t -test, n = 3; Figure
S5A ), differently from TEA, apamin or IbTx, which did not affect
RMP of hf NBMNs (Figure S5B–D , respectively). Finally, Ba2 + 
was the sole compound tested producing a rise in membrane
depolarization achieved by the non-oscillating cell membrane
during wave block (Figure 6C ). 

2.3 Depletion of Intracellular Ca2 + Stores by 
Thapsigargin Transiently Impairs Voltage Waves 
and Confers Sensitivity to the Voltage-Gated Ca2 + 

Channel Blocker Cd2 + 

Finally, in conditions of intracellular Ca2 + store depletion by
thapsigargin (1 µm ; dissolved in the pipette solution), voltage
waves were transiently impaired, starting about 5 min after seal
breaking through, possibly as long as the compound dialyzed the
cell [ 21 ] (Figure 7A,B ). 

Thereafter, i.e., 8–10 min after seal breakthrough, waves recurred
with broader waveform, impaired periodicity (frequency spec-
trum in Figure S4C ) and significant changes in all measured
parameters (Figure 7D–G ). Under these experimental conditions,
1 m m Cd2 + application was sufficient to abolish oscillations
(Figure 7A–C,H–K ) and depolarize cells from − 34 ± 7 mV to − 13.8
± 1.7 mV, even if without achieving statistical significance (p =
0.1340, paired Student’s t -test, n = 3; Figure S5H ). 

3 Discussion 

We have previously reported a biochemical characterization
and a first account of the electrophysiological properties of
hf NBMN cultures isolated from the nucleus Basalis of Meyn-
ert of 12-week-old human foetuses [ 16, 17 ]. These proliferating
neuroblasts express ChAT, AChE and VAChT, as well as TTX-
sensitive Na+ currents and immature spikes. In the present work,
we provide first evidence of high-frequency, periodic-like, BK
channel-dependent oscillations in membrane voltage evoked by
cell depolarization. 

Notably, these oscillations are sensitive to IbTx, indicating that
BK channels expressed by hf NBMN lacked the brain-specific β4
subunit, which is typically present in BK channels from mature
Advanced Science, 2026
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FIGURE 4 Voltage waves in hf NBMNs are sensitive to a combination of nicotinic plus muscarinic acetylcholine (ACh) receptor antagonists. (A,B) 
Original voltage traces evoked by a 500 pA current injection (lower panel) are recorded in a representative hf NBM before (control, ctrl: black trace in 
A) and during the application of 50 µm ACh (4 min application; red trace in A) or before (ctrl: black trace in B) and during the application of 100 n m 

atropine + 10 µm mecamilamine (Atr + MCM: 4 min application; blue trace in B). Dotted lines represent the 0 mV level. Scale bars: 200 ms; 100 mV. 
Upper panels: expanded time scale (100 ms) of respective original traces shown in (A,B). (C–J) Averaged time courses (mean ± SE) of wave parameters 
(frequency, amplitude, integral and half width) recorded in 5 hf NBMNs exposed to ACh (C-F) or in 3 hf NBMNs exposed to Atr + MCM (G–J). Numbers 
below data points (e.g., − 0.5/0’ and 3/3.5’ in panel G) represent the time at which values were averaged for statistics. All p values refer to paired Student’s 
t -test. 
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eurons. Thus, the immature form of BK channels seems to be
nstrumental to produce a susceptibility of hf NBMNs to maintain
n oscillatory behaviour upon cell membrane depolarization,
 property which is deemed to contribute to developmental
rocesses. 

he observed rhythmic, oscillatory activity of membrane voltage
s, however, not to be intended as a self-regenerating phe-
omenon. Indeed, the injection of a depolarizing current (the
timulus current) elicits BK channel opening that, in turn,
vercomes and reverses the depolarization cause by the stimulus
urrent. This repolarization closes BK channels by inactivation
nd brings the membrane potential back to the depolarized
tate for a new cycle, until the stimulus current is removed. In
dvanced Science, 2026
support of this mechanistic interpretation is the fact that the cell
membrane time constant ( τ) appears to be slower ( τ ∼ 100 ms)
than the oscillations ( τ ∼ 10 ms peak-to-peak). 

Hence, while oscillations display a wide range of frequencies from
5–10 Hz to about 70 Hz, according to the degree of membrane
depolarization, it appears that the maximal frequency of the
oscillations is likely limited by the membrane time constant, and
modulated by the kinetics and number of any voltage-dependent
ion channels or ion transporters active in the cell membrane. 

Of note, in those hf NBMNs prone to oscillate, depolarizing
currents in the range of 100–200 pA are enough to elicit the
oscillatory activity even if much higher values, up to 1 nA, are
7 of 15
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FIGURE 5 Voltage waves in hf NBMNs are blocked by the selective big-conductance Ca2 + -activated K+ (BK) channel blocker iberiotoxin (IbTx). 
(A) The frequency (left y axis: in bins) and amplitude (right y axis: in dots) of voltage waves evoked by a current step of 500 pA (500 ms duration) are 
expressed as a function of time in a representative hf NBM exposed to different compounds: IbTx (200 n m ); ZD7288 (ZD; 50 µm ) or TEA (0.2 m m ). Letters 
in the graph (a, b, c) represent specific time points where original voltage traces are compared. (B) Original voltage traces recorded in the same cell at 
specific time points: before (a: black trace), during (b: red trace), or after (c: blue trace) the application of 200 n m IbTx, a selective BK channel blocker. 
The dotted line indicates the 0 mV level. Scale bars: 200 ms; 100 mV. Upper panel: magnification of original voltage traces. (C) Representative image of 
immunofluorescence analysis demonstrating that hf NBMNs express KCNMA1 (KCa1.1: α subunit of BK channels: in red; NeuN in green). The adjacent 
negative control panel shows the red and green channels acquired after omission of the primary antibodies. Scale bar: 20 µm. (D–K) Averaged time 
courses (mean ± SE) of wave parameters (frequency, amplitude, integral and half width) measured in 4 hf NBMNs exposed to 200 n m IbTx (D–G) or in 
4 hf NBMNs exposed to 0.2 m m TEA (H–K). 
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eeded to achieve the “plateau” range of ∼ 70 Hz. As experiments
ere performed at RT (about + 22◦C), we should consider the fact
hat, in the in vivo brain at + 37◦C, kinetics could be faster and
hose depolarizations producing weak or no oscillations in vitro
ould have a much higher impact. Similarly, the current needed
o generate the signal could be reasonable if membrane resistance
s sufficiently high, as in the case of hf NBMNs (above 1 G Ω, see
able 1 ). 

nterestingly, data in the literature describe an increase of total BK
hannel transcripts throughout the murine brain development
 22 ] or chick cochlear development [ 23 ], where fast-activating
K currents are known to appear at the onset of hearing
 24 ]. Of note, as IbTx is unable to block β4-containing BK
hannels [ 25, 26 ], it appears that oscillating hf NBMNs express
4-devoid BK channels. The BK channel structure consists in a
etramer of pore-forming α subunits that assemble with auxiliary
of 15
β subunits up to 1:1 stoichiometry [ 20 ]. Pore channel opening
requires coincident Ca2 + entry and membrane depolarization
but, once activated, BK channels undergo rapid deactivation
and inactivation, operated by auxiliary β subunits, mostly β2
and β3 [ 27 ] (for a review see: [ 28 ]). On these bases, BK
channels are ideally activated during the rising phase of the
AP to promote membrane repolarization and fasten the onset
to subsequent AP firing, as demonstrated in rodent Purkinje
cerebellar [ 29 ] or hippocampal [ 30 ] neurons where IbTx decreases
the instantaneous frequency of evoked APs. The brain-specific
β4 subunit of BK channels alters channel Ca2 + - and voltage-
sensitivity slowing its activation/inactivation kinetics [ 31 ] and
limiting its trafficking to the cell membrane [ 32 ]. Consistently,
β4 knock-out mice exhibit a “gain-of function” of BK channels
that promotes high frequency firing (faster repolarization upon
BK channel opening implies faster recovery of Na+ channels
from inactivation), e.g., in granule cells from hippocampal slices
Advanced Science, 2026
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FIGURE 6 Voltage waves in hf NBMNs are sensitive to the high voltage-activated Ca2 + channel blocker Cd2 + at 2 m m and are irreversibly disrupted 
by the K+ channel blocker Ba2 + . (A) The frequency (left y axis: in bins) and amplitude (right y axis: in dots) of voltage waves are expressed as a function 
of time in a representative hf NBMN exposed to cumulative Cd2 + (1 and 2 m m ) and Ba2 + (1 m m ). Letters in the graph (a, b, c, d, e, f) represent specific time 
points where original voltage traces are compared. (B,C) Original voltage traces recorded in the same cell at specific time points: before (a: black trace in 
(B)), during (b: red trace in (B)) and after (c: blue trace in (B)) the application of 2 m m Cd2 + or before (d: black trace in C), during (e: red trace in (C)) and 
after (f: blue trace in (C)) the application of 1 m m Ba2 + . Dotted lines indicate the 0 mV level. Scale bars: 200 ms; 100 mV. Upper panels: magnification of 
respective original traces. (D–K) Averaged time courses (mean ± SE) of wave parameters (frequency, amplitude, integral and half width) measured in 
3 hf NBMNs exposed to 2 m m Cd2 + (D–G) or in 4 hf NBMNs exposed to 1 m m Ba2 + (H–K). Numbers below data points (e.g., − 0.5/0’ and 2.5/3’ in panel 
(D)) represent the time at which values were averaged for statistics. All p values refer to paired Student’s t -test. 
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 33 ], leading to the idea of disinhibited electrical activity in
4-devoid neurons, as confirmed by the fact that β4 knock-
ut mice develop spontaneous seizures [ 33 ]. By assuming a
imilar contribution of the β4 subunit to BK channel gating
n our hf NBMN cultures, we might hypothesize that oscillating
ells express β4-devoid (and IbTx-sensitive) BK channels with
ast kinetics which are permissive to voltage wave initiation.
imilarly to auxiliary β subunits, different isoforms of the pore-
orming α subunit might be differently assembled into the BK
hannel structure thereby conferring distinct voltage- and Ca2 + -
ependent gating sensitivities [ 34 ]. Indeed, two different splice
ariants of the α subunit-encoding Slo gene, namely STREX
nd ZERO, present regio-specific and time-dependent expression
long embryonic mouse development [ 22 ], with predominant
TREX expression in prenatal or early postnatal life [ 22, 34 ],
dvanced Science, 2026
as well as stress-induced modulation by pituitary hormones
[ 35 ]. Of note, the STREX variant represents a gain-of-function
module that confers faster activation and slower deactivation
kinetics to the BK channel, properties that would facilitate
voltage wave initiation and maintenance in neuroblasts in the
developing human brain as hf NBMNs. Overall, it appears that
intrinsic biophysical properties permissive for voltage waves
occurrence upon cell membrane depolarization are restricted to
early neuronal development, as in our case (i.e., the first trimester
of gestation of human foetal neuroblasts). This is in line with the
concept of increased neuronal excitability, reflecting enhanced
susceptibility to seizures, in the immature mammalian brain [ 36 ].
Conversely, the non-oscillating hf NBMN counterpart might be
devoid of functional BK channels on the plasma membrane or,
alternatively, may express β4- and/or ZERO-containing isoforms
9 of 15
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FIGURE 7 In conditions of intracellular Ca2 + store depletion by thapsigargin, voltage waves are significantly modified in their frequency and 
waveform and are irreversibly disrupted by 1 m m Cd2 + . (A) The frequency (left y axis: in bins) and amplitude (right y axis: in dots) of voltage waves 
are expressed as a function of time in a representative hf NBMN recorded by using a thapsigargin- (1 µm ) containing pipette and exposed to 1 m m Cd2 + . 
Letters in the graph (a, b, c, d) represent specific time points where original voltage traces are compared. (B,C) Original voltage traces recorded in the 
same cell at specific time points: immediately after seal breakthrough (a: black trace in (B)), 8 min after seal breakthrough (b: red trace in (B)) and 
17 min after seal breakthrough (c: blue traces in (B,C)), or in the presence of a subsequent application of 1 µm Cd2 + (d: orange trace in (C)). Dotted lines 
indicate the 0 mV level. Scale bars: 200 ms; 100 mV. Upper panels: magnification of respective original. (D–K) Averaged time courses (mean ± SE) of 
wave parameters (frequency, amplitude, integral and half width) measured in 4 hf NBMNs recorded with thapsigargin-containing pipettes (D–G) or in 
3 hf NBMNs recorded with thapsigargin-containing pipettes and exposed to 1 µm Cd2 + (H–K). Numbers below data points represent the time at which 
values were averaged for statistics. All p values refer to One-way ANOVA; Tukey post-test. 
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f the α subunit that, due to their gating kinetics, do not allow
scillations. 

mportantly, intracellular Ca2 + buffering by high (10 m m )
GTA or BAPTA, decreased or abolished, respectively, voltage
aves without modifying their frequency nor amplitude once
licited (in the case of sole EGTA). Hence, we conclude that
epolarization-induced intracellular Ca2 + rise, at least above a
hreshold level not easily achieved in 10 m m intracellular EGTA
nd never in 10 m m BAPTA, is mandatory to trigger oscillations. 

f note, K+ emerged as the leading ion underpinning voltage
aves, as they are completely and reversibly abolished by the
onselective K+ channel blocker TEA (10 m m ). This information,
ogether with EGTA- and BAPTA-sensitivity, gave us a clue
bout the involvement of KCa channels, which are key players in
0 of 15
the conversion of intracellular Ca2 + oscillations into propagative
electrical signals in different cell systems [ 37 ]. IbTx-sensitivity
confirmed leading BK channel involvement voltage waves, as well
as TEA applied at sub-mM concentrations, considered selective
for BK channel block [ 38 ]. On the other hand, the SK channel
blocker apamin decreased voltage wave frequency and amplitude,
and disrupted wave periodicity, these effects being lost before
apamin removal. These results demonstrate the occurrence of
coping mechanisms compensating for SK channel block and
indicate that SK channels, differently from BK, participate but are
not mandatory to voltage wave initiation and maintenance. 

Considering the intracellular Ca2 + source gating KCa during
oscillations, the fact that the VDCC blocker Cd2 + , applied at
1 m m concentration, did not modify oscillations in 0.1 m m EGTA
and physiological-like conditions, i.e., intact intracellular Ca2 + 
Advanced Science, 2026
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omeostasis, let us hypothesize that VDCCs are not involved in
he event. However, when tested in conditions of intracellular
a2 + store depletion by thapsigargin, which per se impaired and
ltered wave parameters (once thapsigargin dialyzes into the cell
ytoplasm), 1 m m Cd2 + was enough to irreversibly prevented
scillations. These data demonstrate that either VDCCs or intra-
ellular Ca2 + stores are potential sources to open BK channels
nd, indeed, they concur to produce oscillations and compensate
ne for each other block. However, when both Ca2 + sources are
locked, i.e., when 1 m m Cd2 + is applied in thapsigargin-depleted
ells, voltage waves are irreversibly prevented. 

eyond BK, other K+ channels might be involved in this phe-
omenon, as extracellular Ba2 + also prevented wave initiation.
his effect, differently from IbTx or TEA, was irreversible and
aused the complete loss ionic transmembrane homeostasis (see
igure S5A ). Ba2 + is considered a relatively selective inward
ectifying K+ channel (Kir ) blocker when applied at submillimolar
100–200 n m ) concentrations, whereas, at 1 m m as in our study,
t is an nonselective K+ channel blocker. However, the fact that
0 m m TEA does not depolarize hf NBMNs, in line with the
lock of depolarization-activated K+ channels that are closed at
est, indicates that Ba2 + -mediated effect might be due to the
nhibition of TEA-insensitive K+ channels opened at rest, e.g., Kir .
t should also be noted that Ba2 + not only blocks voltage waves
nd depolarizes hf NBMNs to the “zer o” level but also induces
 higher cell depolarization upon current injection when waves
re prevented (see Figure 6C ). This could be due to membrane
esistance increase in the presence of Ba2 + , consistent with Kir
hannel block, or, alternatively, to Ba2 + entering through VDCCs
but not able to concur to BK nor SK channel activation) and
urther depolarizing the cell. It is worth to note that, when
K channels were first described in the 1990’s (ref. 39–41 ), an
ntracellular binding site for Ba2 + block was found, with an IC50
alue at the single-channel level as low as 200 n m [ 42, 43 ]. We
annot exclude that similar intracellular Ba2 + levels could be
chieved when 1 m m Ba2 + is present in the extracellular solution.
owever, it still would not justify the irreversibility of Ba2 + effects.

n finding a functional explanation to voltage waves, it is worth to
ote that frequencies in the range of 20–30 Hz, as those measured
n the present work at the rheobase extrapolated from ramp
urrent stimulation (see Figure 1D,E ), are reported to modulate
ammalian neurodevelopment (for a review see: [ 43 ]). Similarly,
ntracellular Ca2 + spikes might promote synaptogenesis, synaptic
lasticity and circuit organization [ 44, 45 ]. Hence, even if a
unctional explanation of this phenomenon is still lacking, we
ould hypothesize that, during embryogenesis, voltage waves
n cholinergic precursors of the NBM might help migration
hroughout the developing brain, neuroblast orientation and/or
rganization into clusters to populate the target area and to
evelop the circuitry necessary to assemble into the NBM.
ndeed, synchronized oscillatory network activity has long been
nown and extensively reported not only in rodents, i.e., spindle
ursts in the neonatal rodent neocortex in vivo [ 46 ], but also
n humans, i.e., delta brushes in premature human neonates
 47 ]. Both patterns of activity disappear with maturation (for a
eview see: [ 48 ]), suggesting their relevance being restricted to the
evelopmental period, as suggested by the fact that NBM neurons
rom non-human adult primates have been recently reported to
ire standard APs [ 49 ]. Alterations of this phenomenon, e.g. in
dvanced Science, 2026
premature birth, might lead to deficits in neural migration and
circuit dysfunction, which impacts large-scale neural dynamics
and cognition processes, possibly leading to neurological impair-
ment, i.e., schizophrenia [ 50 ], or long-term cognitive impairment
associated with premature birth [ 51 ]. 

From a conceptual point of view, it is from a decade that the
concept of “neurons as oscillators” has been proposed in system
neuroscience [ 52 ]. In fact, each time we face a regularly occurring
process, it can be described as an oscillator and its complexity
reduced to a mathematically tractable description in the attempt
to fill the gap between single neuron electrical behaviour and
signals from neuronal circuits [ 53 ]. 

4 Conclusions 

In conclusion, the present work characterized the electrical
activity of developing hf NBMNs and disclosed the presence of an
oscillatory activity of membrane voltage upon cell depolarization,
which is dependent on KCa , mainly BK channels, and intracellu-
lar Ca2 + rise. Our findings are of relevance to understanding how
human neuroblasts, at least those committed to NBM cholinergic
neurons, behave and may provide crucial information about
the development and functions of cholinergic neurons in the
human brain, orchestrating circuit organization, and could help
to understand how eventual dysfunctions in the cholinergic
system lead to cognitive impairment or neurological symptoms
in pre-born humans. 

5 Experimental Section 

5.1 Cell Cultures 

Two human foetuses at 12-week gestational age were dissected 3–
5 h after spontaneous or therapeutic abortion and after maternal
approval. Ethic statement for the use of human foetal tissue
for research purposes and study protocols used for the present
research were approved by the National Ethical Committee, by
the Committee for investigation in Humans and by the local
University Ethical Committee (Italy; Permit Number: 678304),
as already reported [ 54 ]. Fertilization ages were determined by
multiple parameters, as described previously [ 54 ].The NBM was
isolated as previously as reported [ 54 ]. Cell suspensions were
mechanically dispersed and cultured in Coon’s modified Ham’s
F12 medium (Euroclone, Milan, Italy) supplemented with 10%
foetal bovine serum (FBS: Hyclone, Logan, UT), as described
[ 16 ]. Cells were stored at − 80◦C and unfrozen for experimental
use when needed. Culture were then growth in Coon’s modi-
fied Ham’s F12 medium (Euroclone, Milan, Italy; catalog no.:
ECM0019L) supplemented with 10% fetal bovine serum (FBS:
Hyclone, Logan, UT; catalog no.: CHA1115L) and split from
plates when confluent (each split determining a culture passage,
i.e., p1 represents cells split once): approximately twice a week
for the first 10–12 passages (p10-p12), then once a week/every
10 days for later passages. Experiments were performed with
cells approximately from p12 to p25 (2.5-3 months in culture),
thanks to the ability of foetal cells to be maintained in culture
for long periods. As demonstrated in our previous work [ 17 ],
electrophysiological properties typical of immature neuroblasts
were unchanged during this time span in culture. 
11 of 15
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.2 Electrophysiology 

hole-cell patch-clamp recordings were performed as previously
escribed [ 17 ]. The following solutions were used. Extracellular
mM): 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-
ydroxyethyl)piperazine-N ′ -(2-ethanesulfonic acid) (HEPES) 10,
-glucose 5, NaCl 140, KCl 3, MgCl2 2, and CaCl2 1 (pH 7.4
ith NaOH). Pipette (mM): K-Gluconate 130; NaCl 4.8; CaCl2
; MgCl2 2; Na2 -ATP 5; Na2 -GTP 0.1; Ethylene Glycol-bis( β-
minoethyl ether)-N,N,N ′ ,N ′ -tetraacetic acid (EGTA) 0.1; HEPES
0 (pH adjusted to 7.4 with KOH). The calculated free intracellular
Ca2 + ] for this pipette solution was 90 n m (Ca-EGTA Calculator
1.3 [ 55 ]). When indicated, EGTA was raised to 10 m m and
aCl2 was 5 m m . The calculated liquid junction potential for
his pipette solution was 15.3 mV and this value was subtracted
rom all current-clamp experiments. When indicated, we raised
ntracellular EGTA to 10 m m or we substituted intracellular EGTA
ith equimolar BAPTA. Sodium currents (INa ) were isolated by
ubstituting extracellular K+ with equimolar Cs+ and by using
he following Cs+ -based pipette solution: CsCl 120; NaCl 4.8;
aCl2 1; MgCl2 2; Na2 -ATP 5; Na2 -GTP 0.1; EGTA 11; HEPES 10
pH 7.4 with CsOH) in order to block K+ conductance. In some
xperiments, thapsigargin (1 µm ) was added to the intracellular
olution. 

or whole-cell patch clamp recordings, cells were transferred to a
 mL recording chamber mounted on the platform of an inverted
icroscope (Olympus CKX41, Milan, Italy) and superfused at
 flow rate of 1.5 mL/min by a three-way perfusion valve
ontroller (Harvard Apparatus). Borosilicate glass electrodes
Harvard Apparatus, Holliston, MA) were pulled with a Sutter
nstruments puller (model P-87) to a final tip resistance of 2–
 M Ω. Data were acquired with an Axopatch 200B amplifier
Axon Instruments, CA), low-pass filtered at 10 kHz, stored and
nalyzed with pClamp 9.2 software (Axon Instruments, CA). All
he experiments were carried out at room temperature (RT: 20◦C–
2◦C). Membrane Resistance (Rm 

) and membrane capacitance
Cm 

) were routinely measured by fast hyperpolarizing voltage
ulses (from − 60 to − 70 mV, 40 ms duration). When indicated,
Na were evoked by a series of depolarizing voltage steps (10 mV
ncrement from − 50 to + 80 mV, 40 ms duration, 2 s inter-step
nterval; Vh − 90 mV). 

urrent-clamp recordings were performed as described [ 56 ].
riefly, in hf NBMNs, we applied a series of 12 steps current
njections (100 pA increment, from − 200 pA to + 1000 pA; 300 ms,
00 ms or 2 s duration, as indicated; 2 s inter-episode interval)
rom the resting membrane potential (RMP). Sampling rate for
urrent-clamp recordings was 50 µs. RMP was calculated as the
veraged membrane voltage measured before each current step.
ag ratio for hyperpolarizing steps was calculated as: 

peak —Vsteady-state /Vpeak , where Vpeak and Vsteady-state stand respec-
ively for membrane voltage measured at the negative peak
achieved within the first 50 ms of the current step) and mem-
rane voltage measured at the steady-state (i.e., during the last
00 ms of the current step). 

 single, 500 pA, 500 ms current step was applied, as indicated,
n some hf NBMNs once every 30 s in the absence or presence
f different compounds to obtain a time course of drug effects
2 of 15
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on voltage oscillations. Waveform analysis of voltage oscillations
evoked by each current injection was performed using automatic
Matlab2023a software, which identifies and counts the number of
peaks in the signal, retrieving the frequency in Peaks/s (Hz), the
amplitude (from the minimum to the maximum voltage reached
by each peak; mV), the “half width” (i.e., the width of each peak
at the half maximum voltage) and the integral (i.e., the area
under the curve, AUC, of each peak, mV*ms) of each peak within
an episode. Then, values obtained for each parameter measured
are averaged ( ± Standard Error: SE) over the entire episode and
plotted over time along the experimental protocol (i.e., before,
during, and after the application of tested compounds). Then,
the spectrum of each episode is numerically analyzed using the
FFT (Fast Fourier Transform) algorithm, and the “frequency
spectrum” (in Hz) is fitted with a Gaussian function to determine
its broadening, which reflects the periodicity of the oscillatory
events within the episode. Voltage waves were defined by us
as a rhythmic, oscillatory activity in membrane voltage upon
depolarizing current injection, characterized by a “frequency
spectrum” between 1.5 and 4.6 Hz and, on average, 2.75 Hz
(n = 40). An eventual effect of tested compounds on each
wave parameter was evaluated by comparing the average of that
parameter over the last 3 episodes before drug application, with
the average of the same parameter over 3 consecutive episodes in
the presence of the compound. See Figure S1 for the measurement
of voltage wave in a single episode recorded from a typical
hf NBMN. 

Where indicated, the rheobase, defined as the minimum current
value necessary to wave initiation, was quantified by injecting a
depolarizing current ramp protocol (400 pA; 1.2 s) to extrapolate
the minimum current value at which voltage oscillations start. 

5.3 Immunocytochemistry 

Immunofluorescence analysis was performed as previously
described [ 57 ]. Briefly, the cells grown on sterile slides, were
fixed in 3.7% paraformaldheyde in phosphate buffer saline (PBS)
followed by permeabilization in PBS containing 0.1% Triton X-
100. Immunostaining was performed using the following primary
antibodies: rabbit polyclonal anti-HCN3 (1:80; Alomone Labs,
Jerusalem, Israel), mouse monoclonal anti-NeuN (1:100; Milli-
pore, Temecula, CA, USA) and rabbit polycolonal anti-KCNMA1
(KCa1.1; α subunit) (1:200; Alomone Labs) followed by Alexa
Fluor 568 goat anti-rabbit IgG (H + L) or Alexa Fluor 488 goat anti-
mouse IgG (H + L) (1:200; Molecular Probes Eugene, Oregon,
USA) secondary antibodies. Antibody specificity was verified by
omitting the primary antibody. Images were acquired with a con-
focal Leica TCS SP5 microscope equipped with a HeNe/Ar laser
(Leica Microsystems, Mannheim, Germany). Observations were
performed using a Leica Plan Apo 63 ×/1.43NA oil immersion
objective. 

5.4 Drugs 

Acetylcholine (Ach), atropine (ATR), mecamilamine (MCM),
BAPTA, EGTA, thapsigargin, apamin and tetraethylammo-
nium (TEA) were purchased from SIGMA ( www.sigmaaldrich.
com ). Iberiotoxin (IbTX) was purchased from Alomone Labs
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Jerusalem, Israel). Tetrodotoxin (TTX), bicuculline and ZD7288
ere purchased from TOCRIS (Bristol, United Kingdom). All
rugs were dissolved in distilled water, except for IbTX, which
as dissolved in PBS, stored at − 20◦C as 103 to 104 times
ore concentrated stock solutions, and dissolved daily in the
xtracellular solution to the final concentration before being
pplied by bath superfusion. 

.5 Statistics 

ata are expressed as mean ± SE. Student’s paired or unpaired
 -tests or one-way ANOVA followed by Turkey post-test analysis
ere performed, as appropriated, to determine statistical signif-
cance (p < 0.05). Data were analyzed using “GraphPad Prism
.0.2” (San Diego, CA, USA) software or MatLab2023a software. 

uthor Contributions 

lisabetta Coppi: conceptualization, investigation, funding acquisition,
riting – original draft, methodology, Writing – review and edit-

ng, formal analysis, project administration, data curation, supervision,
esources, visualization, validation. Anna Maria Pugliese: valida-
ion, supervision, resources. Annamaria Morelli: conceptualization,
alidation, supervision. Federica Cherchi: investigation, methodol-
gy, validation, data curation. Federico Tommasi: conceptualization,
ethodology, validation, writing – review and editing, data curation,
oftware. Giulia Guarnieri: methodology. Sandro Gonzi: conceptualiza-
ion, validation, data curation, software. Pasquale Gallina: validation,
esources. Martina Venturini: software, methodology. Chiara Capacci:
ethodology, data curation. Chiara Capacci: methodology, data cura-
ion. 

cknowledgements 

he authors thank Prof. Renato Corradetti, Prof. Alasdair Gibb, Prof.
nnamaria Vannelli, Prof. Felicita Pedata and Prof. Elisabetta Cerbai
or constructive discussion and suggestions during the experiments and
anuscript preparation. 

pen access publishing facilitated by Universita degli Studi di Firenze, as
art of the Wiley – CRUI-CARE agreement. 

unding 

he present work was founded by the University of Florence, RICATEN-
025 to EC, AMP; by Fondazione Italiana Sclerosi Multipla (FISM)—cod.
024/R-Single/038 to EC and financed or co-financed with the ‘5per mille’
ublic founding to EC. 

onflicts of Interest 

he authors declare no conflicts of interest. 

ata Availability Statement 

he data that support the findings of this study are available on request
rom the corresponding author. The data are not publicly available due to
rivacy or ethical restrictions. 

eferences 

1 . I. Kilimann, M. Grothe, H. Heinsen, et al., “Subregional Basal Fore-
rain Atrophy in Alzheimer’s Disease: A Multicenter Study,” Journal
f Alzheimer’s Disease 40, no. 3 (2014): 687–700, https://doi.org/10.3233/
AD-132345 . 
dvanced Science, 2026
2 . A. K. L. Liu, R. C. C. Chang, R. K. B. Pearce, and S. M. Gentleman,
“Nucleus Basalis of Meynert Revisited: Anatomy, History and Differential
Involvement in Alzheimer’s and Parkinson’s Disease,” Acta Neuropatho-
logica 129, no. 4 (2015): 527–540, https://doi.org/10.1007/S00401- 015- 1392- 
5 . 

3 . H. Hampel, M.-M. Mesulam, A. C. Cuello, et al., “The Cholinergic Sys-
tem in the Pathophysiology and Treatment of Alzheimer’s Disease,” Brain
141, no. 7 (2018): 1917–1933, https://doi.org/10.1093/BRAIN/AWY132 . 

4 . J. Schulz, G. Pagano, J. A. Fernandez Bonfante, H. Wilson, and M.
Politis, “Nucleus Basalis of Meynert Degeneration Precedes and Predicts
Cognitive Impairment in Parkinson’s Disease,” Brain 141, no. 5 (2018):
1501–1516, https://doi.org/10.1093/BRAIN/AWY072 . 

5 . M. J. Grothe, L. Scheef, J. Bäuml, et al., “Reduced Cholinergic Basal
Forebrain Integrity Links Neonatal Complications and Adult Cognitive
Deficits after Premature Birth,” Biological Psychiatry 82, no. 2 (2017): 119–
126, https://doi.org/10.1016/j.biopsych.2016.12.008 . 

6 . Y. Nakajima, S. Nakajima, K. Obata, C. G. Carlson, and K. Yamaguchi,
“Dissociated Cell Culture of Cholinergic Neurons from Nucleus Basalis of
Meynert and Other Basal Forebrain Nuclei,” Proceedings of the National
Academy of Sciences 82, no. 18 (1985): 6325–6329, https://doi.org/10.1073/
PNAS.82.18.6325 . 

7 . T. Hedrick and J. Waters, “Physiological Properties of Cholinergic
and Non-cholinergic Magnocellular Neurons in Acute Slices from Adult
Mouse Nucleus Basalis,” PLoS ONE 5, no. 6 (2010): 11046, https://doi.org/
10.1371/JOURNAL.PONE.0011046 . 

8 . G. Lepski, J. Maciaczyk, C. E. Jannes, D. Maciaczyk, J. Bischofberger,
and G. Nikkhah, “Delayed Functional Maturation of human Neuronal
Progenitor Cells in Vitro,” Molecular and Cellular Neuroscience 47, no. 1
(2011): 36–44, https://doi.org/10.1016/j.mcn.2011.02.011 . 

9 . D. W. Y. Sah, “Human Fetal central Neurons in Culture: Voltage- and
Ligand-gated Currents,” Journal of Neurophysiology 74, no. 5 (1995): 1889–
1899, https://doi.org/10.1152/JN.1995.74.5.1889 . 

10 . E. Hellström-Lindahl, O. Gorbounova, Å. Seiger, M. Mousavi, and
A. Nordberg, “Regional Distribution of Nicotinic Receptors during Pre-
natal Development of human Brain and Spinal Cord,” Developmental
Brain Research 108, no. 1-2 (1998): 147–160, https://doi.org/10.1016/S0165- 
3806(98)00046-7 . 

11 . M. L. Liu, T. Zang, Y. Zou, et al., “Small Molecules Enable Neu-
rogenin 2 to Efficiently Convert human Fibroblasts into Cholinergic
Neurons,”Nature Communications 4 (2013): 2183, https://doi.org/10.1038/
NCOMMS3183 . 

12 . M. Song, O. Mohamad, D. Chen, and S. P. Yu, “Coor dinated Devel-
opment of Voltage-gated Na+ and K+ Currents Regulates Functional
Maturation of Forebrain Neurons Derived from human Induced Pluripo-
tent Stem Cells,” Stem Cells and Development 22, no. 10 (2013): 1551–1563,
https://doi.org/10.1089/SCD.2012.0556 . 

13 . C. J. Bissonnette, L. Lyass, B. J. Bhattacharyya, A. Belmadani, R. J.
Miller, and J. A. Kessler, “The Controlled Generation of Functional Basal
Forebrain Cholinergic Neurons from human Embryonic Stem Cells,”
Stem Cells 29, no. 5 (2011): 802–811, https://doi.org/10.1002/STEM.626 . 

14 . S.-C. Yang, J.-J. Liu, C.-K. Wang, et al., “Down-Regulation of ATF1
Leads to Early Neuroectoderm Differentiation of human Embryonic Stem
Cells by Increasing the Expression Level of SOX2,” The FASEB Journal 33,
no. 9 (2019): 10577–10592, https://doi.org/10.1096/FJ.201800220RR. 

15 . I. Kostović, “Prenatal Development of Nucleus Basalis Complex and
Related fiber Systems in Man: a Histochemical Study,” Neuroscience 17,
no. 4 (1986): 1047–1077, https://doi.org/10.1016/0306-4522(86)90077-1 . 

16 . A. Morelli, E. Sarchielli, G. Guarnieri, et al., “Young Human Choliner-
gic Neurons Respond to Physiological Regulators and Improve Cognitive
Symptoms in an Animal Model of Alzheimer’s Disease,” Frontiers in
Cellular Neuroscience 11 (2017): 339, https://doi.org/10.3389/FNCEL.2017.
00339 . 

17 . E. Coppi, F. Cherchi, E. Sarchielli, et al., “Acetylcholine Modulates
K + and Na + Currents in human Basal Forebrain Cholinergic Neuroblasts
13 of 15

tive C
om

m
ons L

icense

https://doi.org/10.3233/JAD-132345
https://doi.org/10.1007/S00401-015-1392-5
https://doi.org/10.1093/BRAIN/AWY132
https://doi.org/10.1093/BRAIN/AWY072
https://doi.org/10.1016/j.biopsych.2016.12.008
https://doi.org/10.1073/PNAS.82.18.6325
https://doi.org/10.1371/JOURNAL.PONE.0011046
https://doi.org/10.1016/j.mcn.2011.02.011
https://doi.org/10.1152/JN.1995.74.5.1889
https://doi.org/10.1016/S0165-3806(98)00046-7
https://doi.org/10.1038/NCOMMS3183
https://doi.org/10.1089/SCD.2012.0556
https://doi.org/10.1002/STEM.626
https://doi.org/10.1096/FJ.201800220RR
https://doi.org/10.1016/0306-4522(86)90077-1
https://doi.org/10.3389/FNCEL.2017.00339


t  

1

1  

D  

h

1  

a  

t  

B  

1

2  

B  

(

2  

D  

C  

1

2  

C  

h

2  

B  

3

2  

l  

a  

A  

2

2  

G  

S  

o

2  

D  

a  

p  

4

2  

i  

N  

0

2  

a  

C  

h

2  

R  

i  

n

3  

M  

a  

h

3  

S  

t  

1

3  

o  

0

3  

B  

(

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PHYSREV.00001.2016 . 

1

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.76767 by E

lisabetta C
oppi - U

niversita D
i Firenze Sistem

a , W
iley O

nline L
ibrary on [24/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
hrough an Autocrine/Paracrine Mechanism,” Journal of Neurochemistry
57, no. 4 (2021): 1182–1195, https://doi.org/10.1111/JNC.15209 . 

8 . J. Noebels, “Precision Physiology and Rescue of Brain Ion Channel
isorders,” Journal of General Physiology 149, no. 5 (2017): 533–546,
ttps://doi.org/10.1085/JGP.201711759 . 

9 . H. G. Knaus, K. Folander, M. Garcia-Calvo, et al., “Primary Sequence
nd Immunological Characterization of Beta-subunit of High Conduc-
ance Ca2 + -Activated K+ Channel from Smooth Muscle,” Journal of
iological Chemistry 269, no. 25 (1994): 17274–17278, https://doi.org/10.
016/S0021-9258(17)32551-6 . 

0 . Q. Li and J. Yan, “Modulation of BK Channel Function by Auxiliary
eta and Gamma Subunits,” International Review of Neurobiology 128
2016): 51–90, https://doi.org/10.1016/bs.irn.2016.03.015 . 

1 . M. Saito, C. Nelson, and L. C. J. Salkoff, “A Cysteine-rich Domain
efined by a Novel Exon in aSlo Variant in Rat Adrenal Chromaffin
ells and PC12 Cells,” Journal of Biological Chemistry 272, no. 18 (1997):
1710–11717, https://doi.org/10.1074/jbc.272.18.11710 . 

2 . J. Xie and D. P. McCobb, “Contr ol of Alternative Splicing of Potassium
hannels by Stress Hormones,” Science 280, no. 5362 (1998): 443–446,
ttps://doi.org/10.1126/science.280.5362.443 . 

3 . S. N. Rahkade and F. E. Jensen, “Epileptogenesis in the Immature
rain: Emerging Mechanisms,” Nature Reviews Neurology 5, no. 7 (2009):
80–391, https://doi.org/10.1038/nrneurol.2009.80 . 

4 . T. Saeki, T. Kimura, K. Hashidume, et al., “Conversion of Ca2 + Oscil-
ation into Propagative Electrical Signals by Ca2 + -activated Ion Channels
nd Connexin as a Reconstituted Ca2 + Clock Model for the Pacemaker
ctivity,” Biochemical and Biophysical Research Communications 510, no.
 (2019): 242–247, https://doi.org/10.1016/j.bbrc.2019.01.080 . 

5 . R. Khazipov, A. Sirota, X. Leinekugel, G. L. Holmes, Y. Ben-Ari, and
. Buzsáki, “Early Motor Activity Drives Spindle Bursts in the Developing
omatosensory Cortex,” Nature 432, no. 7018 (2004): 758–761, https://doi.
rg/10.1038/NATURE03132 . 

6 . C. Dreyfus-Brisac and J. C. Larroche, “Électroencéphalogrammes
iscontinus Du Nouveau-né Prématuré et ÀTerme. Corrélations Électro-
natomo-cliniques,” Revue d&’apos;Electroencéphalographie et de Neuro-
hysiologie Clinique 1, no. 1 (1971): 95–99, https://doi.org/10.1016/S0370-
475(71)80022-9 . 

7 . R. Khazipov and H. J. Luhmann, “Early Patterns of Electrical Activity
n the Developing Cerebral Cortex of Humans and Rodents,” Trends in
eurosciences 29, no. 7 (2006): 414–418, https://doi.org/10.1016/j.tins.2006.
5.007 . 

8 . S. Shruti, J. Urban-Ciecko, J. A. Fitzpatrick, R. Brenner, M. P. Bruchez,
nd A. L. Barth, “The Brain-specific Beta4 Subunit Downregulates BK
hannel Cell Surface Expression,” PLoS ONE 7, no. 3 (2012): 33429,
ttps://doi.org/10.1371/JOURNAL.PONE.0033429 . 

9 . R. Brenner, Q. H. Chen, A. Vilaythong, G. M. Toney, J. L. Noebels, and
. W. Aldrich, “BK Channel β4 Subunit Reduces Dentate Gyrus Excitabil-
ty and Protects against Temporal Lobe Seizures,” Nature Neuroscience 8,
o. 12 (2005): 1752–1759, https://doi.org/10.1038/NN1573 . 

0 . F. Luo, L. Jiang, N. S. Desai, et al., “Comparative Physiology and
orphology of BLA-Projecting NBM/SI Cholinergic Neurons in Mouse
nd Macaque,” Journal of Comparative Neurology 532, no. 11 (2024): 70001,
ttps://doi.org/10.1002/cne.70001 . 

1 . V. Mancini, T. Y. Delavari, T. Y. Eom, S. S. Zakharenko, E. Schmitt, and
. Eliez, “How Does Altered Function of the Hippocampus Contribute
o the Development of Psychosis?,” Biological Psychiatry 99, no. 2 (2026):
13–123, https://doi.org/10.1016/j.biopsych.2025.06.022 . 

2 . K. M. Stiefel and G. B. Ermentrout, “Neurons as Oscillators,” Journal
f Neurophysiology 116, no. 6 (2016): 2950–2960, https://doi.org/10.1152/JN.
0525.2015 . 

3 . F. Bailly, G. Longo, and M. Montevil, “A 2-dimensional Geometry for
iological Time,” Progress in Biophysics and Molecular Biology 106, no. 3
2011): 474–484, https://doi.org/10.1016/j.pbiomolbio.2011.02.001 . 
4 of 15
34 . C. C. Carbajal-Valenzuela, E. Santiago-Rodríguez, G. L. Quirarte, and
T. Harmony, “Development of Emotional Face Processing in Premature
and Full-Term Infants,” Clinical EEG and Neuroscience 48, no. 2 (2017):
88–95, https://doi.org/10.1177/1550059416647904 . 

35 . P. Gallina, M. Paganini, L. Lombardini, et al., “Development of human
Striatal Anlagen after Transplantation in a Patient with Huntington’s
disease,” Experimental Neurology 213, no. 1 (2008): 241–244, https://doi.
org/10.1016/j.expneurol.2008.06.003 . 

36 . T. J. Schoenmakers, G. J. Visser, G. Flik, and A. P. Theuvenet,
“CHELAT OR: an Improved Method for Computing Metal Ion Con-
centrations in Physiological Solutions,” Biotechniques 12, no. 6 (1992):
870–874. 

37 . L. Catacuzzeno and F. Franciolini, “Role of KCa3.1 Channels in
Modulating Ca2 + Oscillations during Glioblastoma Cell Migration and
Invasion,” International Journal of Molecular Sciences 19, no. 10 (2018):
2970, https://doi.org/10.3390/IJMS19102970 . 

38 . V. Chevaleyre, F. C. Moos, and M. G. Desarménien, “Interplay
between Presynaptic and Postsynaptic Activities Is Required for Den-
dritic Plasticity and Synaptogenesis in the Supraoptic Nucleus,” The
Journal of Neuroscience 22, no. 1 (2002): 265–273, https://doi.org/10.1523/
JNEUROSCI.22- 01- 00265.2002 . 

39 . A. D. Wei, G. A. Gutman, R. Aldrich, K. G. Chandy, S. Grissmer,
and H. Wulff, “International Union of Pharmacology. LII. Nomenclature
and Molecular Relationships of Calcium-activated Potassium Channels,”
Pharmacological Reviews 57, no. 4 (2005): 463–472, https://doi.org/10.1124/
pr.57.4.9 . 

40 . J. Neyton and C. Miller, “Discrete Ba2 + Block as a Probe of Ion
Occupancy and Pore Structure in the High-conductance Ca2 + -activated
K+ Channel,” The Journal of general physiology 92, no. 5 (1988): 569–586,
https://doi.org/10.1085/JGP.92.5.569 . 

41 . C. Vergara, O. Alvarez, and R. Latorre, “Localization of the K+ Lock-
in and the Ba2 + Binding Sites in a Voltage-Gated Calcium-Modulated
Channel,” The Journal of General Physiology 114, no. 3 (1999): 365–376,
https://doi.org/10.1085/JGP.114.3.365 . 

42 . E. Coppi, F. Pedata, and A. J. Gibb, “P2Y1 receptor Modulation of
Ca2 + -activated K+ Currents in Medium-sized Neurons from Neonatal Rat
Striatal Slices,” Journal of Neurophysiology 107, no. 3 (2012): 1009–1021,
https://doi.org/10.1152/JN.00816.2009 . 

43 . E. Sarchielli, M. Marini, S. Ambrosini, et al., “Multifaceted Roles of
BDNF and FGF2 in human Striatal Primordium Development. An in
Vitro Study,” Experimental Neurology 257 (2014): 130–147, https://doi.org/
10.1016/j.expneurol.2014.04.021 . 

44 . M. Alam, M. K. Sanghera, K. Schwabe, et al., “Globus Pallidus
Internus Neuronal Activity: a Comparative Study of Linear and Non-
linear Features in Patients with Dystonia or Parkinson’s Disease,” Journal
of Neural Transmission 123, no. 3 (2016): 231–240, https://doi.org/10.1007/
s00702- 015- 1484- 3 . 

45 . D. J. Lee, L. Milosevic, R. Gramer, et al., “Nucleus Basalis of Meynert
Neuronal Activity in Parkinson’s Disease,” Journal of Neurosurgery 132,
no. 2 (2019): 574–582, https://doi.org/10.3171/2018.11.JNS182386 . 

46 . C. Martinez-Rubio, A. C. Paulk, E. J. McDonald, A. S. Widge, and E.
N. Eskandar, “Multimodal Encoding of Novelty, Reward, and Learning in
the Primate Nucleus Basalis of Meynert,” The Journal of Neuroscience 38,
no. 8 (2018): 1942–1958, https://doi.org/10.1523/JNEUROSCI.2021-17.2017 .

47 . J. F. Smiley and M. M. Mesulam, “Cholinergic N eur ons of the
Nucleus Basalis of Meynert Receive Cholinergic, Catecholaminergic
and GABAergic Synapses: an Electron Microscopic Investigation in the
Monkey,” Neuroscience 88, no. 1 (1999): 241–255, https://doi.org/10.1016/
S0306-4522(98)00202-4 . 

48 . R. Latorre, K. Castillo, W. Carrasquel-Ursulaez, et al., “Molecular
Determinants of BK Channel Functional Diversity and Functioning,”
Physiological Reviews 97, no. 1 (2017): 39–87, https://doi.org/10.1152/
Advanced Science, 2026

reative C
om

m
ons L

icense

https://doi.org/10.1111/JNC.15209
https://doi.org/10.1085/JGP.201711759
https://doi.org/10.1016/S0021-9258(17)32551-6
https://doi.org/10.1016/bs.irn.2016.03.015
https://doi.org/10.1074/jbc.272.18.11710
https://doi.org/10.1126/science.280.5362.443
https://doi.org/10.1038/nrneurol.2009.80
https://doi.org/10.1016/j.bbrc.2019.01.080
https://doi.org/10.1038/NATURE03132
https://doi.org/10.1016/S0370-4475(71)80022-9
https://doi.org/10.1016/j.tins.2006.05.007
https://doi.org/10.1371/JOURNAL.PONE.0033429
https://doi.org/10.1038/NN1573
https://doi.org/10.1002/cne.70001
https://doi.org/10.1016/j.biopsych.2025.06.022
https://doi.org/10.1152/JN.00525.2015
https://doi.org/10.1016/j.pbiomolbio.2011.02.001
https://doi.org/10.1177/1550059416647904
https://doi.org/10.1016/j.expneurol.2008.06.003
https://doi.org/10.3390/IJMS19102970
https://doi.org/10.1523/JNEUROSCI.22-01-00265.2002
https://doi.org/10.1124/pr.57.4.9
https://doi.org/10.1085/JGP.92.5.569
https://doi.org/10.1085/JGP.114.3.365
https://doi.org/10.1152/JN.00816.2009
https://doi.org/10.1016/j.expneurol.2014.04.021
https://doi.org/10.1007/s00702-015-1484-3
https://doi.org/10.3171/2018.11.JNS182386
https://doi.org/10.1523/JNEUROSCI.2021-17.2017
https://doi.org/10.1016/S0306-4522(98)00202-4
https://doi.org/10.1152/PHYSREV.00001.2016


4  

F  

t  

A  

P

5  

“  

n  

D  

h

5  

a  

s  

0

5  

D  

p  

N  

0

5  

S  

C  

2  

0

5  

“  

V  

N  

2

5  

D  

o  

h

5  

t  

L  

h

5  

M  

R  

A  

P

S

A  

I
S

A

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.76767 by E

lisabetta C
oppi - U

niversita D
i Firenze Sistem

a , W
iley O

nline L
ibrary on [24/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-condition
9 . A. Schönthal, J. Sugarman, J. H. Brown, M. R. Hanley, and J. R.
eramisco, “Regulation of c-fos and c-jun Protooncogene Expression by
he Ca(2 + )-ATPase Inhibitor Thapsigargin,” Proceedings of the National
cademy of Sciences 88, no. 16 (1991): 7096–7100, https://doi.org/10.1073/
NAS.88.16.7096 . 

0 . S. H. F. MacDonald, P. Ruth, H. G. Knaus, and M. J. Shipston,
Increased Large Conductance Calcium-activated Potassium (BK) Chan-
el Expression Accompanied by STREX Variant Downregulation in the
eveloping Mouse CNS,” BMC Developmental Biology 6, no. 1 (2006): 37,
ttps://doi.org/10.1186/1471- 213X- 6- 37 . 

1 . Z. Niday and B. P. Bean, “BK Channel Regulation of Afterpotentials
nd Burst Firing in Cerebellar Purkinje Neurons,” The Journal of Neuro-
cience 41, no. 13 (2021): 2854–2869, https://doi.org/10.1523/JNEUROSCI.
192-20.2021 . 

2 . M. S. Hunsberger and Mynlieff, “BK Potassium Currents Contribute
ifferently to Action Potential Waveform and Firing Rate as Rat Hip-
ocampal Neurons Mature in the First Postnatal Week,” Journal of
europhysiology 124, no. 3 (2020): 703–714, https://doi.org/10.1152/jn.
0711.2019 . 

3 . T. M. Weiger, M. H. Holmqvist, I. B. Levitan, et al., “A Novel Nervous
ystem β Subunit That Downregulates Human Large Conductance
alcium-Dependent Potassium Channels,” The Journal of Neuroscience
0, no. 10 (2000): 3563–3570, https://doi.org/10.1523/JNEUROSCI.20-10-
3563.2000 . 

4 . J. M. Kim, R. Beyer, M. Morales, S. Chen, L. Q. Liu, and R. K. Duncan,
Expression of BK-Type Calcium-Activated Potassium Channel Splice
ariants during Chick Cochlear Development,” Journal of Comparative
eurology 518, no. 13 (2010): 2554–2569, https://doi.org/10.1002/CNE.
2352 . 

5 . P. A. Fuchs and B. H. A. Sokolowski, “The Acquisition during
evelopment of Ca-activated Potassium Currents by Cochlear Hair Cells
f the Chick,” Proceedings of the Royal Society 241, no. 1301 (1990): 122–126,
ttps://doi.org/10.1098/RSPB.1990.0075 . 

6 . E. S. L. Faber and P. Sah, “Ca2 + -activated K+ (BK) Channel Inactiva-
ion Contributes to Spike Broadening during Repetitive Firing in the Rat
ateral Amygdala,” The Journal of Physiology 552, no. 2 (2003): 483–497,
ttps://doi.org/10.1113/JPHYSIOL.2003.050120 . 

7 . P. Meera, M. Wallner, and L. Toro, “A Neuronal β Subunit (KCNMB4)
akes the Large Conductance, Voltage- and Ca2 + -activated K+ Channel
esistant to Charybdotoxin and Iberiotoxin,” Proceedings of the National
cademy of Sciences 97, no. 10 (2000): 5562–5567, https://doi.org/10.1073/
NAS.100118597 . 

upporting Information 

dditional supporting information can be found online in the Supporting
nformation section. 
upporting File: advs76767-sup-0001-SuppMat.docx. 
dvanced Science, 2026 15 of 15

s) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1073/PNAS.88.16.7096
https://doi.org/10.1186/1471-213X-6-37
https://doi.org/10.1523/JNEUROSCI.0192-20.2021
https://doi.org/10.1152/jn.00711.2019
https://doi.org/10.1523/JNEUROSCI.20-10-03563.2000
https://doi.org/10.1002/CNE.22352
https://doi.org/10.1098/RSPB.1990.0075
https://doi.org/10.1113/JPHYSIOL.2003.050120
https://doi.org/10.1073/PNAS.100118597

	Human Foetal Neuroblasts Exhibit BK Channel-Dependent Membrane Voltage Oscillations upon Depolarization
	1 | Introduction
	2 | Results
	2.1 | Human Foetal Cholinergic Neuroblasts Exhibit Recurrent Voltage Oscillations upon Membrane Depolarization
	2.2 | Voltage Waves in hfNBMNs are Insensitive to Voltage-Dependent Na+ or Ca2+ Channel Blockers but are Prevented or Impaired by K+ Channel Block
	2.3 | Depletion of Intracellular Ca2+ Stores by Thapsigargin Transiently Impairs Voltage Waves and Confers Sensitivity to the Voltage-Gated Ca2+ Channel Blocker Cd2+

	3 | Discussion
	4 | Conclusions
	5 | Experimental Section
	5.1 | Cell Cultures
	5.2 | Electrophysiology
	5.3 | Immunocytochemistry
	5.4 | Drugs
	5.5 | Statistics

	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


