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Abstract 

Down syndrome, caused by trisomy 21, affects around six million people worldwide and features 

learning, memory and language deficits. However, the mechanisms underlying trisomy 21 

neurophenotypes involving human cortical circuitry are unknown. By characterising developing 

neural network dynamics and single cell excitability profiles, from synaptic and voltage-dependent 

ion channel behaviour using an isogenic induced pluripotent stem cell-derived neuronal model, 

we show that trisomy 21 impairs the activity and development of cortical circuitry. This is caused 

by deficient glutamatergic synaptic connectivity and by aberrant intrinsic membrane properties 

involving K+ and Na+ channels culminating in spike firing defects that weaken neural network 

activity and disrupt the synchrony of developing neurons. We also identify transiently activated A-

type K+ channels, specifically Kv4.3 channels, as a key orchestrator for Down syndrome during 

neurodevelopment. Overall, these excitability changes will significantly contribute towards the 

aberrant neurophenotypes observed later on in life.  

 

 

 

Keywords: Down syndrome, neurodevelopment, iPSC, human development, neural network 

activity, connectivity, K channels, A-current, Kv4.3, Na-channels, excitatory transmission  
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Introduction 

Down syndrome is the most prevalent genetic cause of intellectual disability caused by trisomy of 

human chromosome 21 (hCh21)1,2. Multiple organ systems are affected by the presence of an 

extra copy of hCh21, but the most debilitating impact of trisomy evident in early life is reflected by 

the neurophenotype including: neurodevelopmental, psychiatric, neurological and 

neurodegenerative conditions, which are typically severe and life-changing3. Therefore, 

identifying the mechanisms that underlie these nervous system phenotypes has been a priority 

area for Down syndrome research. An increase in gene dosage has long been postulated to 

cause Down syndrome phenotypes, but in regard to neuronal excitability, there is a paucity of ion 

channel and neurotransmitter receptor genes located on hCh21, e.g. KCNE1-2, TRPM2, KCNJ6, 

GRIK1, FNAR1, IFNAR2, IFNGR2, and IL10RB4–8 suggesting that genome wide effects of hCh21 

genes are important for establishing the mechanistic basis for Down syndrome. 

To date, perturbations to several brain receptors and ion channel signalling pathways have been 

implicated in Down syndrome, the most prominent to date being the GABAergic signalling 

pathway9–12. Reduced cell numbers and depleted synaptic density, and altered neural innervation 

patterns all feature prominently13–17, but despite this, the development of early human neural 

networks in Down syndrome, and how cellular and synaptic excitability is affected remains mostly 

unknown. Here, by using isogenic human cortical neurons derived from induced pluripotent stem 

cells (iPSCs)18, we investigate neural network activity and functional profiles of single neurons. 

These cellular models allow critical insights into early developing cortical networks19–21 that are 

impossible to study in vivo. They are beneficial since they are human in origin and contain the 

same complement of genes with or without increased dosage of those on hCh2118,22. Our study 

reveals that early Down syndrome developing networks are characterised by widespread changes 

to excitatory (glutamatergic) synaptic connectivity and aberrant intrinsic excitability involving Na+- 

and K+-channels. Moreover, by deploying a combination of K+ channel pharmacology, 
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transcriptomics and mathematical modelling, we postulate that Kv4.3 channels could be key 

mediators of the network and excitability deficits that feature so prominently in trisomy 21. 

 

Results 

Developmental anomalies in neural network dynamics resulting from trisomy 21 

The longitudinal developmental activity profiles of human Down syndrome neurons were probed 

by studying spike firing properties of two sets of isogenic cell lines derived from a Down syndrome 

donor mosaic for trisomy 21, which are either euploid controls (C3 and C9) or aneuploid trisomy 

21 (C5 and C13) neurons that reproduce and underpin clinical Down syndrome phenotypes18,22,23. 

To establish the activity profiles of these cell lines, extracellular electrical activity from 2D cultures 

was recorded using microelectrode arrays (MEAs; Figure 1A-B) populated with neurons at 4 - 14 

weeks in vitro. MEA was preferred over imaging approaches as it is a direct measure of neuronal 

activity rather than a proxy, and also because early-stage iPSC-derived neurons and immature 

neurons display developmentally regulated slow Ca2+ oscillations24 which can make the use of 

Ca2+ to gauge action potential firing unreliable. Thus, the use of MEA recordings ensured that 

only action potential-dependent changes to excitability were analysed.  

To validate genetic dispositions, interphase fluorescence in situ hybridisation (FISH) confirmed 

the integrity of the third hCh21 copy in neural stem cells (NSCs) derived from iPSCs (Figure S1A-

B). These NSCs expressed cell markers SOX2, nestin and PAX6 (Figure S1C), and were 

differentiated into action potential-firing mature neurons expressing the pan-neuronal markers 

TUBB3 and MAP2 (Figure S1D-G; Data S1). These neurons were predominantly (>93%) 

excitatory (Figure S1H), ascertained by the expression of VGLUT1. They exhibited no overt 

functional inter-clonal variations in electrophysiological properties between euploid (C3 and C9) 

or isogenic trisomy 21 (C5 and C13; Figure S2) and therefore we pooled the results according to 
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their genotype. This allowed the comparison of the impact of trisomy on neural circuitry to be 

assessed during development.  

Throughout the course of our developmental timeframe, compared to disomic counterparts, 

trisomic cells were deficient in action potential spiking. This was manifest by a markedly reduced 

spiking rate in addition to impaired bursting properties, assessed from single electrode bursts 

including spikes per burst, burst duration, inter-burst interval and burst frequency, all recorded 

using MEA (Figure 1C-D; Figure S3). Consequently, network bursting, defined as synchronous 

bursting at a minimum of 20-35% of electrodes, was reduced in number, frequency and synchrony 

for trisomic neurons. Moreover, network bursts were characterised by fewer spikes in the trisomic 

cells (Figure 1E-F; Figure S3) implicating impaired spike firing at the single-cell level as a potential 

mechanism for the difference between trisomic and disomic cells. The presence of cells in direct 

contact with the electrode arrays was monitored throughout so we could discount an absence of 

cells due to cell death or mechanical shearing as an explanation for spiking and network activity 

deficits (Figure S3).  

Network bursts and spike synchrony of disomic and trisomic neurons were blocked by the Na+ 

channel inhibitor tetrodotoxin (0.5 µM25) and inhibited by the AMPA receptor and NMDA receptor 

antagonists, CNQX (10 µM)25 and APV (25 µM26; Figure S3G-J) respectively, confirming that 

intrinsic and synaptic mechanisms were integral for network dynamics. These results suggest that 

synaptic and cellular anomalies affecting spiking could together underlie the aberrant 

developmental neural network dynamics due to trisomy 21. 

 

Defects in synaptic transmission due to trisomy 21 

A wide range of synaptic deficits characterise murine models of Down syndrome including 

changes to GABAergic neurotransmission and synaptic plasticity10. However, the impact of Down 
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syndrome on excitatory neurotransmission, particularly in the context of human neurons, has 

received little attention. Our iPSC differentiation yielded a majority of excitatory neurons (>93%) 

and consistently these cultures were near-devoid of inhibitory interneuron activity exemplified by 

the absence of GABAergic synaptic activity in 88-98% of cells despite cell surface expression of 

functional GABAA receptors (Figure S4). We detected GABAergic postsynaptic currents in only 

one of eight differentiations that were blocked by the antagonist bicuculline27 (Figure S4). Since 

inhibitory synaptic activity could arise due to altered cellular differentiation trajectories, for 

consistency, to avoid any aberrant differentiation artefacts, we excluded this batch of iPSCs from 

all analyses in this study.     

We characterised glutamatergic neurotransmission for iPSC-derived neurons using voltage clamp 

recordings after they reached the plateau phase of neural network development at 4-6 months. 

Disomic and trisomic cells were similar in size, deduced by voltage clamp capacitance discharge 

curves (with trending towards smaller trisomic cells; Figure S4E). Furthermore, these cells 

produced functional AMPA and NMDA receptor-mediated whole-cell responses (Figure S4). 

Interestingly, a larger proportion of trisomic neurons (20%; Figure 2A) did not receive any synaptic 

inputs compared to disomic neurons (4%) in standard saline solution. Synaptic inputs onto these 

neurons were exclusively excitatory characterised by their fast rise times and decay kinetics and 

by charge transfer28,29 (Figure S4G). Definitively, the synaptic currents were abolished by the 

glutamate receptor blockers, CNQX and APV (Figure 2B). Importantly, the frequency of trisomic 

excitatory postsynaptic currents (EPSCs) was only 25% of that recorded in disomic cells without 

any change to EPSC amplitude or kinetics due to unchanged AMPA receptor expression or 

clustering (Figure 2B-E; Figure S4). These results suggest that during early development trisomic 

neurons exhibit a severe deficiency in glutamatergic synaptic connectivity without notable 

changes to cell surface AMPA receptor numbers.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

To explore the paucity of synaptic currents in disomic and trisomic cells, we increased the 

excitability of our neurons by removing Mg2+ from the bathing solution (0 Mg2+) to relieve inhibition 

of NMDA receptors30. As expected, in the absence of Mg2+, neurons showed greater synaptic 

activity but 10% of trisomic cells (compared to 0% disomic neurons) did not exhibit synaptic 

currents despite undergoing 0 Mg2+-induced membrane bursting (Figure 2F) thereby identifying a 

proportion of cells that fail to integrate into cortical networks during development. Here, the 

frequency of EPSCs for synaptically connected trisomic cells was approximately 10% of those for 

disomic cells. The EPSC amplitude, kinetics and AMPA and NMDA current densities were 

unchanged (Figure 2G-J; Figure S4) confirming a likely deficit in synaptic connectivity involving 

glutamatergic synapses. The absence of NMDA-dependent synaptic transmission, in some 

neurons, could reflect silent synapses and will impact on synaptic plasticity with consequences 

for learning and memory. 

This reduced connectivity facet was confirmed by immunolabelling for the presynaptic marker 

synapsin-131 and excitatory postsynaptic density protein PSD9532 which had reduced 

fluorescence in trisomic compared to disomic neurons (Figure 2K, Figure S5). These results 

suggest that impaired integration of glutamatergic cells into developing networks and reduced 

synaptic connectivity underlies the neural network defects in trisomy 21.  

Analysis of single cell bursting in 0 Mg2+ also revealed deficits in network dynamics consistent 

with our MEA results. Using this approach, all disomic neurons studied exhibited bursting, a 

feature that is prevalent in mature neocortical neurons33 but approximately a third of trisomic cells 

did not exhibit membrane current oscillations (Figure 3A). These oscillations correspond to 

cellular depolarisation following population action potential spiking34 and can be abolished by 

blocking AMPA receptors, NMDA receptors or restoring Mg2+ to the saline (Figure 3B; Figure S6A-

C) suggesting that network bursting is dependent on glutamatergic synaptic activity. Trisomic 

network bursts recorded in postsynaptic voltage clamp were less frequent (by 33%) compared to 
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disomic bursts and had nearly 66% reduction in current amplitudes and 70% decrease in charge 

transfer (Figure 3C-F) similar to our MEA results (Figure 1).  

Together these results suggest that trisomy 21 results in a reduction in glutamatergic synapses 

and synaptic activity, and during development a proportion of cells fail to connect into neural 

networks. This reduced connectivity is also manifest by the impaired bursting properties of 

trisomic neurons. 

 

Intrinsic membrane and Na+ channel defects in human Down syndrome cells 

Glutamatergic activity is important for network development, but since intrinsic membrane 

properties can determine the overall state of excitability, strength and synchronicity of neural 

networks, the excitability and spike firing properties of single neurons was explored using current 

clamp recordings. Trisomic neurons displayed a trend towards more depolarised resting 

membrane potentials even though the input resistance, membrane time constant and capacitance 

were unchanged (Figure 4A; Figure S6D). Although a difference of 6 mV in median resting 

potentials between disomic and trisomic cells could be relevant physiologically, injecting constant 

current steps to elicit spikes, revealed that the rheobase of the two cell types was unchanged 

(Figure 4B). However, injecting current steps as increments of the rheobase revealed spike firing 

differences. Trisomic cells fired fewer action potentials compared disomic cells (Figure 4C-D) in 

the absence of changes to the spike firing threshold (Figure 4E). 

By injecting 5, 10 or 20 pA constant current steps, disomic cells tolerated larger current injections 

and fired more spikes with increased current injections (Figure 4F). The latency of spiking for 

trisomic cells was lower at the rheobase (Figure 4G) and spike jitter was greater (Figure 4H). 

These results suggest that impaired spike firing could underlie altered bursting in trisomic 

networks with increased spike jitter compromising network synchrony.  
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Analysing action potential waveforms by studying the first action potential generated at the 

rheobase also revealed changes to multiple parameters. Compared to disomic spikes, trisomic 

action potential amplitudes were lower but the spike area was greater due to more prolonged 

activation rise times and decays exemplified by the time to decay to 50% of the maximum spike 

amplitude (T50; Figure 4I-M). These results imply the involvement of Na+ and K+ channel defects 

that could underlie impaired spike waveforms associated with trisomy 21. 

Na+ channel activity was examined by directly depolarising neurons using a voltage step in the 

absence and presence of tetrodotoxin. The resulting tetrodotoxin-sensitive current density was 

comparable between disomic and trisomic cells suggesting unchanged gating of Na+ channels 

(Figure 5A). Similarly, Na+ current-voltage (I-V) relationships did not reveal changes to reversal 

potentials or current densities (Figure 5B). However, both the fast and slow inactivation profiles 

of trisomic Na+ channels were shifted to more hyperpolarised potentials (Figure 5C-D) suggesting 

that reduced excitability of trisomic Na+ channels could underlie defects in spiking.  

These results identify Na+ channel and spike firing defects in addition to changes in membrane 

properties that could underlie neural network deficits that typify trisomy 21 neurons.  

 

Impaired fast-transient K+ channel conductance due to KV4.3 downregulation in human 

Down syndrome cells 

Prolonged action potential waveforms, reduced latency and increased jitter are all indicative of 

voltage-gated K+ channel defects and therefore we characterised K+ channel I-V relationships in 

disomic and trisomic neurons (Figure 6A-B). The K+ current density of trisomic neurons was lower 

compared to disomic cells suggesting that K+ channels are indeed reduced in these Down 

syndrome cells. We next focused on transient A-type K+ currents as these have fast onsets, they 

are activated at high voltages, they bring neurons rapidly back towards their resting membrane 
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potentials and because they can influence action potential half-width, latency and jitter35–37. 

Measuring the difference of currents in response to a voltage step to 120 mV from a holding 

potential of -110 mV where A-type channels can be activated, or from -10 mV where these 

channels are inactivated, revealed transient K+ currents in both disomic and trisomic cells (Figure 

6C-D). Importantly, the A-current density of trisomic cells was lower, without changes to voltage 

dependence of activation and inactivation (Figure S6E-G), compared to disomic cells suggesting 

that this key current is depressed in early developing trisomic neurons.  

 

A-currents are mediated by the following gene products: Kv1.4 (gene - KCNA4), Kv3.3-3.4 

(KCNC3-4) and Kv4.1-4.3 (KCND1-3), which have variable sensitivities to the K+ channel blockers 

tetraethylammonium (TEA; 1 mM) and 4-aminopyridine (4-AP; 3 mM) such that Kv3.3-3.4 and 

Kv1.4 homomers are blocked by TEA, whereas Kv4.1-4.3 are insensitive to TEA38. Application of 

TEA revealed that disomic cells are minimally sensitive to TEA (15% inhibition), whilst the 

sensitivity to this antagonist is increased by more than two-fold for trisomic cells. The level of A-

current inhibition is markedly increased for both disomic and trisomic cells by adding 4-AP 

diminishing the differential sensitivity observed with TEA alone (Figure 6E). Together with a lower 

A-current density of trisomic cells (Figure 6D), these data suggest that a TEA less-sensitive A-

current which is expressed in disomic cells, is less apparent in trisomic cells, possibly involving a 

change in relative levels of K+ channel expression.  

Using an unbiased approach, we analysed RNA expression metadata in an unrelated post-

mortem human brain tissue dataset15,39 and confirmed genome wide alterations affecting K+ 

channel, Na+ channel and glutamatergic synapse genes (Figure S7A-B) throughout life (Table 

S1, Data S2-6). Importantly, applying a P<0.01 cut-off revealed that TEA-insensitive KCND3 is 

down-regulated in dorsolateral prefrontal cortex (DFC) but not in the cerebellar cortex (Figure 7A; 

Figure S6C) at early developmental stages (Figure 7B). By comparison, the other TEA-insensitive 
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A-current genes are unaffected at these stages in the DFC (Figure S8A). Interestingly, the DFC 

expression of other A-current genes such as the TEA-sensitive KCNC4 is also low at early stages 

whereas KCND2 and KCNC3 expression is normal in early development but decreases later on 

in life (Figure 7C-E). Notably, there are no apparent changes to the expression of 

hyperpolarisation-activated cyclic nucleotide–gated (HCN) channel genes through life or evident 

in their functional activity in iPSC neurons (Figures S8B-C). These channels can also alter 

oscillations in neural networks40. Thus, in summary, our results identify a new ion channel 

component, Kv4.3 (encoded by KCND3), as a mediator for cell-intrinsic neurodevelopmental 

defects in the developing Down syndrome brain.  

We corroborated these findings in our iPSC-derived neurons and consistent with findings in early-

developmental post-mortem tissues, the levels of KCND3 mRNA, probed by qPCR using three 

sets of primers (Figure 7F, Data S1), were reduced in trisomic neurons compared to their disomic 

counterparts. Moreover, the level of Kv4.3 protein expression was also reduced in trisomic 

neurons, probed using Western blots (Figure 7G, S9A) and immunofluorescence (Figure 7H, 

S9B) analysis, whereas the levels of TEA-sensitive Kv4.2 (KCND2 gene product) was unchanged 

(Figure S9C) as would be predicted during early development ascertained by post-mortem 

analysis.  

Finally, we simulated a recurrently connected network of excitatory rate-based units that generate 

spontaneous intrinsic bursts according to a Poisson process. The interconnections developed 

according to standard Hebbian plasticity. We modelled trisomy 21 by reducing intrinsic bursting 

since this is thought to be controlled by levels of Kv4.341,42. The rate of network bursts and the 

connection probability was assessed as a function of simulated days. This simple model 

reproduced the impaired transition to a highly connected network producing synchronous bursts 

(Figure 7I). This suggests that small perturbations to Kv4.3 can have large effects on developing 

neural networks.  
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Discussion 

By differentiating isogenic iPSCs to derive human neurons from an individual with mosaic Down 

syndrome, we have identified early functional deficits in cellular and neural networks that occur 

due to hCh21 trisomy. We have recorded the activity of hundreds of neurons from seven iPSC 

differentiations to ensure variability is limited – a feature that has been reported in iPSC derived 

neurons43. Our findings provide unique insights into how the early development of Down syndrome 

afflicts human neurons and their excitability.  

 

Excitability of early Down syndrome networks 

Using differentiated iPSCs that are suited to studying early human development44 we demonstrate 

that early Down syndrome neurons are characterised by a plethora of changes to excitability and 

network dynamics at crucial stages of development which likely underpin long-term changes in 

brain function. While these cellular models can be limited due to their in vitro nature, iPSCs do 

recapitulate several key developmental neurobiology facets, and additionally, our central findings 

are consistent with and validated by results from postmortem human brain tissue studies and by 

mathematical modelling. We found that Down syndrome neurons are characterised by aberrant 

glutamatergic synaptic connectivity; the exclusion of neurons from developing neural networks; 

and reduced burst firing even in states favouring elevated excitability by using zero Mg2+ bathing 

solution. These perturbations dampen the overall connectivity, excitability and plasticity of 

developing cortical networks. The state of synchronous bursting reported in these early 

differentiated neurons in vitro is physiologically relevant as it is reminiscent of early neonatal 

activity states of in vivo networks 45. At the single cell level, a shift in Na+ channel inactivation was 

observed that will further reduce cell excitability. Moreover, reduced fast-transient K+ channel 

function, most likely due to at least a down-regulation of Kv4.3 channels will reduce spike latency 

affecting spike bursting according to computational modeling41,42. Trisomic neurons are also 
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compromised by reduced glutamate receptor based synaptic activity and innervation that are 

required to generate and sustain high frequency network activity in early developmental circuits.  

 

Involvement of non-hCh21 Na+/ K+ channel and glutamate synapse genes  

hCh21 gene dose-related alterations to neural development and function have been linked to 

various Down syndrome phenotypes2,14,46–48. Despite this, alterations to the expression of genes 

that are integral for neural function including, neurotransmitter receptor and ion channel genes, 

along with their functional activity, have not been characterised particularly in the context of 

human tissues. This is important as there are only a handful of these ion channel genes present 

in hCh21 suggesting the involvement of genes elsewhere in the human genome that leads to 

alterations of neural function in early Down syndrome networks. Using metadata RNA expression 

analysis of Na+ channel, K+ channel and glutamate synapse genes of post-mortem human DFC 

and cerebellar tissues we found that many non hCh21 genes are differentially regulated in Down 

syndrome across various developmental stages and adulthood. Among these, in the DFC, 

presumably involving epigenetic mechanisms, we demonstrate that in trisomy 21 we have an 

increase in gene dosage on hCh21 leading to dysfunction in voltage-gated ion channels and 

disrupted excitatory neurotransmission involving proteins expressed elsewhere in the human 

genome, e.g. from chromosomes 1 (KCND3; KCNC4), 7 (KCND2) and 19 (KCNC3). In future, 

further analyses of human transcriptomic and proteomic datasets are likely to provide additional 

insights into many of these pathways in Down syndrome. 

 

A-type K+ channels as a new therapeutic target for Down syndrome 

Despite its high prevalence, we do not have credible therapeutic strategies targeting the core 

neurological symptoms of Down syndrome. Most of the current unifying mechanistic hypotheses 
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of neurophenotypes revolve around broad developmental defects3,13,14,16,17,49 and GABAergic 

dysfunction1,10,11,20,50. Disruption of ion channel function has been implicated in Down syndrome 

mouse models7,51,52 and by studying functional properties of human cells, for the first time, we 

have identified dysregulation of many ion channel genes, one of which, KCND3, underpins 

reduced A-type K+ currents in early trisomic cells. Given the widespread expression of Kv4.3 in 

neural somata and dendrites53 any alterations in ion channel function from an early developmental 

stage will likely have important consequences, as also indicated by our mathematical modelling 

of neural circuitry incorporating dysfunctional A-type currents. KCND3 variants do cause 

developmental phenotypes such as cognitive impairment, ataxia and cardiac defects and there 

could be interesting parallels here with Down syndrome54,55. Importantly, there are several new 

discoveries made in his study regarding aberrant neural network activity, glutamate synapses, 

Na+- and K+-channel dysfunction. Expression of TEA-insensitive (eg – KCND2) and TEA-sensitive 

(eg – KCNC3-4) A-type K+ channels are also reduced post-birth in trisomy 21 suggesting that fast 

transient A-type K+ channels may become a new therapeutically tractable target for Down 

syndrome. Thus, translational approaches designed to enhance the activity of these channels, 

and rescue the aberrant phenotype using genetic or pharmacological strategies, while ensuring 

that off-target and neurotoxic effects of K+ channel over-expression are limited56–58, will likely have 

potential benefits for Down syndrome. 

Taken together with the previously reported GABA-mediated over-inhibition mediated mostly via 

GABAA receptors9–12 in Down syndrome, down-regulation of glutamatergic synaptic activity, and 

changes to voltage-gated Na+ and K+ ion channels indicate that epigenetic mechanisms are 

critically important for the Down syndrome neurophenotype. It also further suggests that the 

excitation-inhibition ratio may vary amongst Down syndrome people and across various brain 

regions impacting on future therapies that will most likely need to be more focused. 
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Methods 

Induced Pluripotent Stem Cells (iPSCs) 

Two disomic (NIZEDSM1iD21‐C3 and NIZEDSM1iD21-C9) and trisomic (NIZEDSM1iT21‐C5 and 

NIZEDSM1iT21‐C13) induced pluripotent stem cell (iPSC) lines described previously18. iPSCs 

were generated at The Blizard Institute (QMUL), as described18 primary skin fibroblasts and used 

and stored under UK-Human Tissue Authority License 12199, and ethical approval from the 

Ethical Committee of the NELHA (North East London Health Authority), P/03/086. iPSCs were 

cultured on Geltrex (ThermoFisher; A14133-02) coated wells in Essential 8 (E8) medium 

(ThermoFisher; A1517001) supplemented with penicillin/ streptomycin (ThermoFisher; 15140-

122). Cells were passaged in ReLeSR (Stem Cell Technologies; 100-0484) and 10 μM ROCK 

inhibitor (Millipore-Sigma; Y0503) was included in culture media for 24 hr post passage. iPSCs 

were validated for pluripotency as previously reported18,22. 

 

Neural Stem Cells  

Neural stem cells (NSCs) were derived from isogenic iPSCs following the Gibco protocol (Life 

Technologies, MAN0008031) and expanded in neural expansion medium (NEM), consisting of 

Neurobasal (ThermoFisher; 21103049) and advanced DMEM/F12 (ThermoFisher; 12634010). 

The media was supplemented with neural induction supplement (ThermoFisher; A1647801) and 

penicillin/ streptomycin. NSCs were validated by immunolabelling and used for neuronal 

differentiation between passages 6-10. 

 

Mouse astrocytes 
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Mouse astrocytes (ScienCell; SC-M1800) were expanded in AM astrocyte medium (ScienCell; 

SC-1831) supplemented with foetal bovine serum (FBS; ThermoFisher; 0010), astrocyte growth 

supplement (ScienCell; 1882) and penicillin/ streptomycin (ScienCell; 0503). 

Neurons 

For neuronal differentiation, isogenic NSCs were seeded onto glass coverslips and 

microelectrode array (MEA) plates (Axion biosystems; M384-tMEA-6W). Sterile coverslips in 24-

well plates were coated with 400 µl of poly-L-ornithine (PLO: Millipore Sigma; P4957-50ML) at 

37°C overnight. PLO was removed and coverslips rinsed three times with Dulbecco's phosphate-

buffered saline (DPBS; ThermoFisher; 14190-144) and coated with 20 µg/ ml laminin (Millipore 

Sigma; L2020-1MG) for 3 hr at 37°C. After laminin removal, coated coverslips were seeded with 

30 x 103 mouse astrocytes in AM media. 24 hr later, AM media was aspirated and 20 x 103 

isogenic NSCs were seeded on top of the mouse astrocytes in NEM. The next day, maintenance 

media made up of BrainPhys (StemCell Tech; 05793) supplemented with x1 SM-1 (StemCell 

Tech; 05793), x1 N2A (StemCell Tech; 05793), 0.5% FBS (Biosera; FBS-016BS444-957247), 

penicillin-streptomycin (ThermoFisher; 15140-122), 1 mM cAMP (Millipore Sigma; D0627), 20 ng/ 

mL BDNF (ThermoFisher; 45002), 20 ng/ mL GDNF (ThermoFisher; 45010) and ascorbic acid 

(Millipore Sigma; 49752-10G) was applied to the cells. Maintenance media was changed twice 

per week and neurons differentiated for up to 180 days in vitro. MEA plates were coated in the 

same way as the coverslips, but with a higher concentration of laminin (10 µg/ ml), and seeded 

with 60 x 103 mouse astrocytes followed by 40 x 103 isogenic NSCs. 

 

Neuronal differentiation at sixty days in vitro was validated by immunolabelling. Neuronal 

differentiation was confirmed electrophysiologically by the presence of stereotypical action 

potentials that typify and confer neuronal identities. To cover for variability43, we studied eight 

differentiations out of which inhibitory currents were detected in one differentiation and hence this 
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batch was discarded from analysis. All our electrophysiological tests were sampled from at least 

three differentiations. 

 

Mycoplasma testing 

All cells used were confirmed to be mycoplasma free by testing with the EZ-PCR Mycoplasma 

Detection Kit (Biological Industries, 20-700-20). 

 

Fluorescence In-Situ Hybridisation (FISH) 

FISH on isogenic NSCs was performed as previously reported22,59 with a XA 13/18/21 Probe 

(MetaSystems Probes; D-5607-100-TC). Over 500 nuclei from eight different Z-stacks were 

evaluated for each clone. Based on the observed number of fluorescent hybridisation signals, 

nuclei were assigned to four different categories, namely “one signal”, “two signals” “three signals” 

and “>three signals”. Damaged nuclei or overlapping nuclei were excluded from scoring. 

 

Microelectrode array recordings 

Simultaneous microelectrode array recordings were carried out partially blinded to the genotype 

(two out of five differentiations; blinded differentiations were used after unblinded recording to 

confirm the results) in maintenance media from 64 low-noise electrodes (electrode diameter 50 

µm; arranged as an 8 x 8 array with 300 μm spacing) per well using a Maestro Pro (Axion 

Biosystems) system for 10 min at 37◦C. For pharmacological experiments, 0.5 µM tetrodotoxin or 

10 µM CNQX and 25 µM APV was added directly to the recording media. Data was sampled at 

12.5 kHz, digitized and analysed using AxIS Navigator (ver 1.5.2; Axion Biosystem) and Neural 

Metric Tool (ver 2.4.12; Axion Biosystem). Spikes were detected using an adaptive detection 
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threshold of 6 standard deviations over baseline noise for each electrode with 1 s binning. Active 

electrodes were defined as those that detected a minimum of five spikes per minute. For weighted 

mean firing rates, only electrodes whose activity was greater than active electrodes were 

considered. Single electrode bursts were detected with a maximum of 100 ms inter-spike interval 

and a minimum of five spikes per burst. Network bursts were detected with the same maximum 

inter-spike interval but a minimum of 50 spikes and 20-35% electrodes participating in bursting 

synchronously within 20 ms windows. Area under normalised cross-correlation of network burst 

was calculated from the area under pooled inter-electrode cross-correlation. Synchrony index was 

calculated as previously described 60. Synchrony index takes a unitless measure of synchrony 

between 0 and 1 with values closer to 1 indicating higher synchrony.  

 

Whole cell electrophysiology 

Extracellular solution - Whole cell electrophysiology of iPSC-derived neurons was carried out 

partially blinded of the genotype (two out of seven differentiations included; blinded differentiations 

were used after unblinded recordings to confirm the results) using borosilicate glass patch 

electrodes (resistances of 3-5 M) in a saline solution containing (mM): 140 NaCl, 4.7 KCl, 1.2 

MgCl2, 2.52 CaCl2, 11 glucose, and 5 HEPES, pH 7.4. For experiments in zero Mg2+, MgCl2 was 

removed from the saline. All drugs were applied through a modified U-tube61. AMPA, NMDA and 

GABAA receptor current densities were calculated by dividing the agonist-activated current by 

whole cell capacitance of individual cells.  

 

Internal solutions - Excitatory postsynaptic currents (EPSCs) were recorded using an internal 

solution previously described28 containing (in mM): 145 Cs methanesulfonate, 5 MgATP, 10 

BAPTA, 0.2 Na2GTP, 10 HEPES, 2 QX314 and pH - 7.2 or a CsCl internal29 containing (mM): 120 
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CsCl, 1 MgCl2, 11 EGTA, 30 KOH, 10 HEPES, 1 CaCl2, and 2 K2ATP, pH 7.2. Na+ currents, whole 

cell GABA, AMPA and NMDA currents as well as inhibitory postsynaptic currents (IPSCs) were 

also measured using the CsCl internal. Action potentials were recorded using a K-gluconate28 

internal solution containing (in mM): 130 K-gluconate, 10 NaCl, 2 Na2ATP, 0.3 NaGTP, 10 

HEPES, and 0.6 EGTA, buffered to pH 7.4 or a K-methanesulfonate internal containing (in mM): 

140 KMeSO4, 5 EGTA, 0.1 CaCl2, 2 Mg-ATP, 4 Na3-GTP, 10 HEPES, and pH at 7.3. K+ currents 

including A currents were recorded using the K-gluconate internal62 and HCN voltage sags were 

recorded in the K-methanesulfonate internal63. The osmolarity of all internal solutions were in the 

range 275-300 mOsm. 

 

EPSCs - EPSCs were recorded in voltage clamp, at a holding potential of -70 mV. Here, cells 

were considered as neurons if they received EPSCs in Mg2+ saline or Mg2+-free saline or if they 

had bursting activity in Mg2+-free saline. Around 99% of cells were neuronal in these recordings 

according to these criteria. After establishing whole cell configuration, a -10 mV pulse was used 

to construct a capacitance discharge curve and whole-cell capacitance was calculated from the 

area under the capacity discharge29. EPSCs were identified from their characteristic faster rise 

and decay kinetics compared to IPSCs 29,64 and/ or from their sensitivity to blockage by the AMPA 

receptor antagonist CNQX (10 µM) and NMDA receptor antagonist APV (25 µM). EPSC 

frequency and amplitudes were measured from 2-5 min recording epochs. EPSCs kinetics were 

measured from uncontaminated events from cells that yielded enough clean events. Rate of rise 

and decay times were reported for average waveforms that were reliably fit using a line equation 

for rate of rise and combined mono- and bi-exponentially fitted weighted decay times according 

to the following equation: 

tw = (A1. t1 + A2. t2) / (A1 + A2)………………(1) 
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where tw is the weighted decay time and t1, t2 and A1, A2 are the decay times and areas of the 

first and second decay time components. 

 

Bursts in voltage clamp were classified by clear deflections of membrane currents over baseline 

(>8 pA) lasting for at least 2 s. Burst amplitudes were measured as peak membrane currents 

devoid of AMPA EPSCs and durations were times taken by the membrane currents to return to 

baseline.  

Charge transfer during bursts was calculated as the area under the bursting current waveform 

including AMPA EPSCs that were present during the burst. 

 

Voltage clamp recordings were carried out with optimised series resistance (Rs, <10 mΩ) and 

whole-cell membrane capacitance compensation. Membrane currents were filtered at 5 or 10 kHz 

(−3 dB, sixth pole Bessel, 36 dB per octave).  

 

Action potentials - Action potentials were recorded in the Mg2+ containing saline solution. The 

resting membrane potential of each cell was noted immediately (<10 s) after establishing robust 

whole-cell configuration in the absence of any current injection. Initial resting membrane potentials 

were not recorded for cells that took >10 s to achieve adequate whole-cell stability. This was 

followed by construction of a capacitance discharge by pulsing -10 mV voltage steps from which 

whole-cell capacitance, membrane time constant and input resistance of the cells was calculated. 

Next, the basal spiking activity of neurons was monitored in current clamp for at least 0.5 -1 min. 

Most cells were studied at resting membrane potential, and no current was injected. Where 

required, neurons were held close to -60 mV by injecting small hyperpolarizing currents. 

Subsequently, cells were depolarized by injection protocol of a step protocol with 5, 10 or 25 pA 
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increments of currents. Cells were categorized as neurons if they fired action potentials during 

monitoring of spontaneous spiking activity or during administration of the step protocol. The step 

current protocol was used to calculate the current at which maximum spikes were elicited and to 

estimate the rheobase and identify spiking properties of neurons. Neurons were categorized as 

single, double or multiple spikers if spiking saturated at one, two or greater than two spikes. The 

rheobase estimate derived from the current step protocol was refined and measured at pA 

precision by injecting single current injections. After establishing accurate rheobase, an input-

output curve of spike firing was generated for x1-4 increments of depolarising rheobase step 

injections. Input-output curves were averaged from at least two-five runs of the rheobase protocol. 

Average latency was measured as the time at which the first spike appeared after the beginning 

of the x1 rheobase current injection and spike jitter was calculated as the co-efficient of variation 

of latency from cells that withstood at least five runs of the rheobase protocol. When the rheobase 

changed before the administration of the protocol five times, the rheobase and input-output curves 

at the lower current was reported. In these cases, the rheobase was measured again and latency 

and jitter were only reported if the rheobase did not change too dramatically (> 5 pA) and if the 

protocol was executed at least five times for calculation of average latency and co-efficient of 

variation. Spike kinetic parameters and threshold for action potentials were measured from the 

first spike at rheobase. 

 

Na+ currents - Na+ currents were recorded in Mg2+ containing saline supplemented 1 mM BaCl2, 

1 mM 4-AP, 1 mM TEA and 200 µM CdCl2 to block K+ and Ca2+ channels. Na+ currents densities 

were constructed by subtracting averaged currents (ten sweeps) generated by stepping from -60 

to 20 mV in control and in the presence of 0.5 µM tetrodotoxin, measuring the peak current and 

dividing by whole cell capacitance of the cells. Similarly, Na+ I-V curves were generated at a 

holding potential of -60 mV by stepping from -80 to 55 mV in 5 mV increments in control and 
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tetrodotoxin, subtracting the waveforms, measuring peak currents at each voltage step and 

calculating current densities by dividing whole cell capacitance of the cells. Inactivation was 

measured by subtracting currents in control and tetrodotoxin while stepping from -80 to 10 mV in 

10 mV increments from -120 mV (100 ms) following a brief -10 mV test pulse. For fast and slow 

inactivation, Na+ channels were activated for 100 ms and 5 s respectively during the pre-pulse 

stage followed by stepping to 0 mV for 10 ms and hyperpolarization to relieve inactivation at -120 

mV for 100 ms before returning to holding potentials of -60 mV. Normalised current curves 

immediately after pre-pulsing were generated and fitted with an inhibition curve according to the 

Boltzmann equation: 

.     I(v) = Imax / (1 + exp((V50 – V) / km))……………..(2) 

 

where Imax is maximum current, V50 is the voltage where I(v) is 50% of Imax and km is the slope. 

 

K+ currents - K+ channel currents were recorded in the Mg2+ containing saline supplemented with 

0.5 µM tetrodotoxin and 200 µM CdCl2 to block Na+ and Ca2+ channels. K+ channel I-V curves 

were generated by measuring steady state currents while stepping from -110 to 90 mV in 10 mV 

increments from a holding potential of -60 mV and factoring in whole cell capacitance resulting 

from the area under a capacity discharge curve. Transient A-type K+ currents were measured by 

averaging ten sweeps of a voltage protocol while alternating a 125 ms pre-pulse of −110 or −10 

mV to 120 mV for 200 ms. The transient current density was digitally obtained by subtraction of 

the -10 to 120 mV transition from the -110 to 120 mV step and dividing by the capacitance. These 

alternating steps were repeated in the presence of 1 mM tetraethylammonium (TEA) followed by 

1 mM TEA and 3 mM 4-aminopyridine (4AP) to obtain TEA-sensitive and TEA-and-4AP-sensitive 

A-current densities.  
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A-current activation profiles were measured using a voltage protocol that delivered test potentials 

positive to −60 mV and up to +150 mV (10 mV increments; 100 ms) immediately following a pre-

pulse at -110 mV for 500 ms. A-current inactivation profiles were recorded using a voltage protocol 

by pre-pulsing from -120 to 10 mV (10 mV increments; 100 ms) followed by a test pulse at +40 

mV for 200 ms.  

 

HCN channels – HCN voltage sags65,66 resulting from hyperpolarising current injection steps 

were measured from disomic and trisomic cells. In order to study the maximum size of sags that 

resulted from the lowest membrane potential (or the highest possible hyperpolarising current 

achievable), currents were carefully injected in suitable equal increments such that the maximum 

hyperpolarising step yielded membrane potentials close to -150 mV or the cell underwent di-

electric breakdown in which case the membrane voltage measures in the sweeps immediately 

prior to di-electric breakdown were analysed. The sizes of the sags for the increments of currents 

have been plotted and compared between disomic and trisomic cells. 

 

Immunolabeling and fluorescence imaging  

Immunostaining was performed as previously reported22,23 using primary antibodies against 

MAP2 (Abcam; ab5392; dilution – 1:1000), SMI-312 pan-axonal neurofilament marker cocktail 

(Biolegend; 837904; 1:1000), PSD95 (Cell Signaling; 3450; 1:400), Synapsin-1 (Cell Signaling; 

5297; 1:400), TUBB3 (Biolegend; 802001; 1:5000), Kv4.3 (Proteintech; 25468-1-AP; 1:200), 

Kv4.2 (Proteintech; 21298-1-AP; 1:200), VGLUT1 (Synaptic Systems; 135 302; 1:1000), Nestin 

(Abcam; ab6320; 1:200), PAX6 (Biolegend; 901301; 1:200) and SOX2 (Santa Cruz; sc-17320; 

1:200). Primary antibodies were labeled with goat anti-chicken Alexa Fluor 633 (ThermoFisher; 
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A-21103; 1:500), donkey anti-mouse Alexa Fluor 488 (ThermoFisher; A-21202; 1:1000), donkey 

anti-rabbit Alexa Fluor 555 (ThermoFisher; A-31572; 1:1000), donkey anti-goat Alexa Fluor 555 

(ThermoFisher; A-21432 (1:1000), donkey anti-rabbit Alexa Fluor 488 (ThermoFisher; A-21206; 

1:1000), donkey anti-mouse Alexa Fluor 647 (ThermoFisher; A-31571; 1:500), donkey anti-

mouse Alexa Fluor 555 (ThermoFisher; A31570; 1:1000), donkey anti-rabbit Alexa Fluor 647 

(ThermoFisher; A-31573;  1:500) secondary antibodies.  

 

Regions of interest were chosen close to rosettes and images were acquired in 3D stacks using 

an Olympus FV 3000 inverted confocal microscope with x60 oil-immersion objective. Image 

analysis was performed using Imaris (ver 9.9.1; Oxford Instruments) on two disomic and two 

trisomic isogenic clones using “surface” option. The total surface of each synaptic marker was 

normalized to the total cell surface staining for MAP2 in Z-stacks. Expression was analysed in all 

MAP2-positive neurons, in the perikaryon and dendrites. The proportion (%) of VGLUT1 positive 

neurons was measured by masking MAP2 positive neurons and quantifying the number of VGLUT 

positive and negative cells. 

 

Quantitative PCR (qPCR) 

Total RNA was isolated at 60 days in vitro using the RNeasy Mini kit (Qiagen; 74104) according 

to manufacturer’s instructions and cDNA was prepared using high-capacity RNA-to-cDNA Kit 

(Applied Biosystems; 4368814). qPCR was performed using the PowerTrackTM SYBR Green 

Master Mix for qPCR (Applied Biosystems; A46110) on a 7500 Real-Time PCR system (Applied 

Biosystems) using one set of primers for -actin (F – GGACTTCGAGCAAGAGATGG, R – 

AGCACTGTGTTGGCGTACAG) and three sets of primers for KCND3 (Set 1: F – 

TCCACCATCAAGAACCACGA, R – TCTTACTACGACGGGAGCAG; Set 2: F – 
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CACAAGCATCCCTGCCTCGTTT, R – TCAAGGAGCAGATGGAGCCGAA); Set 3: F – 

CATGACCACACTGGGATACG, R – CAATCACAGGGACTGGCAG). Gene expression was 

calculated using the ΔCT method.  

 

Western blot 

Whole-cell lysates were prepared in RIPA Lysis Buffer (Millipore; 20-188) buffer with phosphatase 

(ROCHE, 04 906 837 001) and protease inhibitors (ROCHE; 11836170001). Bradford Assay 

Reagent (ThermoFisher; 1863028) was used for quantification of protein concentrations. The 

proteins were separated in a NuPAGE™ 4-12% Bis-Tris Gel (Invitrogen; NP0323BOX) and 

transferred to a nitrocellulose membrane according to the manufacturers protocols (Bio-Rad). The 

membranes were incubated with the same primary antibodies as immunolabelling studies for 

Kv4.3 and Kv4.2 but at a concentration of 1:1000 along with β-actin (Sigma-Aldrich; A5441; 

1:60000) followed by HRP-conjugated secondary antibodies (goat anti rabbit, Abcam, ab6721, 

1:20000; goat anti mouse, Abcam, ab6728; 1:2000). The bands were visualized with 

SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific; 34095) while 

quantification was carried out using BioRad software and density was calculated in ImageJ (Fiji 

ver using 1.54p) using the “gel analysis” option. All signals were normalised to corresponding β-

actin. 

 

RNA expression metadata analysis   

Data preprocessing - The series matrix file of GSE59630 from NCBI GEO was downloaded and 

used for analysis. Exon IDs were converted to official gene symbols using the gene ID conversion 

of Database for Annotation, Visualization and Integrated Discovery 2021 (DAVID 2021) to label 

the genes in figures and tables67. 
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Differentially expressed gene analysis - Differentially expressed gene (DEG) analysis between 

Down syndrome and matched control samples was carried out partially blinded (without prior 

knowledge of A-current defects that were detected using electrophysiology) during all 

development periods, using a paired t-test. Human brain developmental periods were based on 

criteria previously described68. In addition, a sliding window approach for developmental stages 

was used to diminish the uniqueness of each sample and emphasize the temporal pattern. Three 

developmental stages were grouped and are displayed together. A paired t-test was used to 

estimate the significance of expression differences between Down syndrome and control samples 

at each sliding window. Genes with a fold-change ≥ 1.3 and p < 0.01 were considered significantly 

changed. Where necessary, p-values were corrected using the false discovery rate (FDR) for 

multiple comparisons. 

 

Mathematical modelling  

We created a network of 100 principal cells and modeled rate-based neurons having a propensity 

for generating spontaneous bursting according to a Poisson process with rate λ . We consider 

that this propensity depends on the net input to each unit such that 

 

λ𝑖 = λ0 + β ∗ ∑ 𝑤𝑖𝑗(𝑑)𝑗 𝑟𝑗 ,…………..(3) 

where each neuron i receives a weighted sum of the firing rate rj of all other neurons, labeled by 

index j. The burst propensity in the absence of inputs, 𝜆0, is taken to be 0.1 for modeling D21 and 

0.06 for modeling T21. This propensity to burst is thought to be at least partially controlled by 

Kv4.3-like currents41,42. The parameter β controls how the net input to a neuron relates to burst 

production and it was set to 0.01. Poisson processes were simulated based on a time-step of 1 
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min such that rates in units of bursts per min. For each simulated run over a day, the simulated 

time was set to 24 hr. 

 

The connectivity is modeled as a matrix 𝑤𝑖𝑗 which changes with the number of simulated days d. 

This connectivity is initiated as uniformly zero and then follows a Hebbian learning rule Δ𝑤𝑖𝑗 =

α𝑟𝑖𝑟𝑗 with weights bounded between 0 and 1. The Hebbian learning rule is applied once per 

simulated day and the learning rate α is set to 0.000345. The connection probability is calculated 

as the fraction of weights that are larger than 0.2. A network burst is calculated as the rate at 

which the net input to a neuron exceeds 0.1.  The learning step and network simulation step were 

simulated in alternation for 100 simulated days. 

 

All associated codes can be assessed from: https://github.com/nauralcodinglab 

 

Statistical analysis 

Recordings were analysed using Clampfit (10.6; Molecular Devices), WinEDR (ver 4.0.2; 

Strathclyde Electrophysiology Software) and WinWCP (ver 5.7.0; Strathclyde Electrophysiology 

Software). Given the inherent variability of iPSC-derived neurons43, large sample sizes were 

selected based on previous experience. All data, when applicable, were checked for normal 

distributions using Kolmogorov-Smirnov test in Instat (ver 3.06; Graphpad) or Prism (ver 9; 

Graphpad). Normally distributed data were compared using a two-tailed unpaired t-test or one-

way ANOVA and non-parametric results were compared using a Mann-Whitney test using Instat 

or Prism. Plots were generated and curves fitted using Origin 6 or OriginPro 2021b (Originlab). 

Violin plot bar graphs represent mean ± standard error of mean and boxplots depict median, 5-

95% and interquartile ranges. Where applicable, individual data points have been depicted on 
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plots and numbers in brackets show n-number of cells or samples. Data S1 contains all data 

contained in the manuscript along with the statistical tests and P-values.  
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Materials availability: Materials used in the manuscript will be made available upon request by 

the corresponding authors under suitable materials transfer agreements (MTAs). 

 Data availability: The source data are provided with the Source Data file. Source data are 

provided with this paper. 

 

Code availability: All associated code can be accessed from: 

https://github.com/neuralcodinglab 

 

  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

References 

1. Antonarakis, S. E. et al. Down syndrome. Nat Rev Dis Primers 6, 9 (2020). 

2. Gardiner, K. et al. Down syndrome: from understanding the neurobiology to therapy. 

J.Neurosci. 30, 14943–14945 (2010). 

3. Lott, I. T. & Dierssen, M. Cognitive deficits and associated neurological complications in 

individuals with Down’s syndrome. Lancet Neurol 9, 623–633 (2010). 

4. Waugh, K. A. et al. Triplication of the interferon receptor locus contributes to hallmarks of 

Down syndrome in a mouse model. Nat Genet 55, 1034–1047 (2023). 

5. Galdzicki, Z. & J. Siarey, R. Understanding mental retardation in Down’s syndrome using 

trisomy 16 mouse models. Genes Brain Behav 2, 167–178 (2003). 

6. Gally, F. et al. The TRPM2 ion channel contributes to cytokine hyperproduction in a 

mouse model of Down Syndrome. Biochimica et Biophysica Acta (BBA) - Molecular Basis 

of Disease 1864, 126–132 (2018). 

7. Kleschevnikov, A. M. Enhanced GIRK2 channel signaling in Down syndrome: A feasible 

role in the development of abnormal nascent neural circuits. Front Genet 13, (2022). 

8. Antonarakis, S. E. Down syndrome and the complexity of genome dosage imbalance. Nat 

Rev Genet 18, 147–163 (2017). 

9. Contestabile, A., Magara, S. & Cancedda, L. The GABAergic Hypothesis for Cognitive 

Disabilities in Down Syndrome. Front Cell Neurosci 

https://doi.org/10.3389/fncel.2017.00054 (2017) doi:10.3389/fncel.2017.00054. 

10. Rudolph, U. & Möhler, H. GABAA receptor subtypes: Therapeutic potential in down 

syndrome, affective disorders, schizophrenia, and autism. Annu Rev Pharmacol Toxicol 

54, 483–507 (2014). 

11. Fernandez, F. & Garner, C. C. Over-inhibition: a model for developmental intellectual 

disability. Trends Neurosci. 30, 497–503 (2007). 

12. Zorrilla de San Martin, J., Delabar, J. M., Bacci, A. & Potier, M. C. GABAergic over-

inhibition, a promising hypothesis for cognitive deficits in Down syndrome. Free Radical 

Biology and Medicine Preprint at https://doi.org/10.1007/978-3-030-02053-8_31 (2018). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

13. Roper, R. J. & Reeves, R. H. Understanding the Basis for Down Syndrome Phenotypes. 

PLoS Genet 2, e50- (2006). 

14. Souchet, B. et al. Excitation/inhibition balance and learning are modified by Dyrk1a gene 

dosage. Neurobiol.Dis. 69, 65–75 (2014). 

15. Olmos-Serrano, J. L. et al. Down Syndrome Developmental Brain Transcriptome Reveals 

Defective Oligodendrocyte Differentiation and Myelination. Neuron 89, 1208–1222 

(2016). 

16. Klein, J. A. & Haydar, T. F. Neurodevelopment in Down syndrome: Concordance in 

humans and models. Front Cell Neurosci 16, doi.org/10.3389/fncel.2022.941855 (2022). 

17. Rastogi, M. et al. Integrative multi-omic analysis reveals conserved cell-projection deficits 

in human Down syndrome brains. Neuron 112, 2503-2523.e10 (2024). 

18. Murray, A. et al. Brief report: Isogenic induced pluripotent stem cell lines from an adult 

with mosaic down syndrome model accelerated neuronal ageing and neurodegeneration. 

Stem Cells 33, 2077–2084 (2015). 

19. Cerneckis, J., Cai, H. & Shi, Y. Induced pluripotent stem cells (iPSCs): molecular 

mechanisms of induction and applications. Signal Transduct Target Ther 9, 112 doi: 

10.1038/s41392-024-01809-0 (2024). 

20. Weick, J. P. et al. Deficits in human trisomy 21 iPSCs and neurons. Proceedings of the 

National Academy of Sciences 110, 9962–9967 (2013). 

21. Shi, Y. et al. A Human Stem Cell Model of Early Alzheimer’s Disease Pathology in Down 

Syndrome. Sci Transl Med 4, 124ra29-124ra29 (2012). 

22. Alić, I. et al. Patient-specific Alzheimer-like pathology in trisomy 21 cerebral organoids 

reveals BACE2 as a gene dose-sensitive AD suppressor in human brain. Mol Psychiatry 

26, 5766–5788 (2021). 

23. Murray, A. et al. Dose imbalance of DYRK1A kinase causes systemic progeroid status in 

Down syndrome by increasing the un-repaired DNA damage and reducing LaminB1 

levels. EBioMedicine 94, 104692 (2023). 

24. Rosenberg, S. S. & Spitzer, N. C. Calcium signaling in neuronal development. Cold 

Spring Harb Perspect Biol 3, 1–13 (2011). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

25. Hannan, S., Gerrow, K., Triller, A. & Smart, T.G. Phospho-dependent Accumulation of 

GABABRs at Presynaptic Terminals after NMDAR Activation. Cell Rep 16, 1962–1973 

(2016). 

26. Patel, B., Bright, D. P., Mortensen, M., Frølund, B. & Smart, T.G. Context-Dependent 

Modulation of GABAAR-Mediated Tonic Currents. Journal of Neuroscience 36, 607 

(2016). 

27. Hannan, S. & Smart, T.G. Cell surface expression of homomeric GABAA receptors 

depends on single residues in subunit transmembrane domains. Journal of Biological 

Chemistry 293, (2018). 

28. Minere, M. et al. Presynaptic hyperexcitability reversed by positive allosteric modulation 

of a GABABR epilepsy variant. Brain 148, 533–548 (2025). 

29. Hannan, S. et al. Differential coassembly of α1-GABAARs associated with epileptic 

encephalopathy. Journal of Neuroscience 40, 5518–5530 (2020). 

30. Ascher, P. & Nowak, L. Electrophysiological studies of NMDA receptors. Trends Neurosci 

10, 284–288 (1987). 

31. Thiel, G. Synapsin I, Synapsin II, and Synaptophysin: Marker Proteins of Synaptic 

Vesicles. Brain Pathology 3, 87–95 (1993). 

32. El-Husseini, A. E.-D., Schnell, E., Chetkovich, D. M., Nicoll, R. A. & Bredt, D. S. PSD-95 

Involvement in Maturation of Excitatory Synapses. Science (1979) 290, 1364–1368 

(2000). 

33. Johnson, S. E., Hudson, J. L. & Kapur, J. Synchronization of action potentials during low-

magnesium-induced bursting. J Neurophysiol 113, 2461–2470 (2015). 

34. Mangan, P. S. & Kapur, J. Factors Underlying Bursting Behavior in a Network of Cultured 

Hippocampal Neurons Exposed to Zero Magnesium. J Neurophysiol 91, 946–957 (2004). 

35. González, C. et al. K+ Channels: Function-Structural Overview. in Comprehensive 

Physiology 2087–2149 (2012). doi:https://doi.org/10.1002/cphy.c110047. 

36. Connor, J. A. & Stevens, C. F. Prediction of repetitive firing behaviour from voltage clamp 

data on an isolated neurone soma. J Physiol 213, 31–53 (1971). 

37. Rudy, B. & McBain, C. J. Kv3 channels: voltage-gated K+ channels designed for high-

frequency repetitive firing. Trends Neurosci 24, 517–526 (2001). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

38. Johnston, J. Pharmacology of A-Type K+ Channels. in Pharmacology of Potassium 

Channels (eds. Gamper, N. & Wang, K.) 167–183 (Springer International Publishing, 

Cham, 2021). doi:10.1007/164_2021_456. 

39. Seol, S., Kwon, J. & Kang, H. J. Cell type characterization of spatiotemporal gene co-

expression modules in Down syndrome brain. iScience 26, 105884 (2023). 

40. Lüthi, A. & McCormick, D. A. H-Current: Properties of a Neuronal and Network 

Pacemaker. Neuron 21, 9–12 (1998). 

41. Tabak, J., Toporikova, N., Freeman, M. E. & Bertram, R. Low dose of dopamine may 

stimulate prolactin secretion by increasing fast potassium currents. J Comput Neurosci 

22, 211–222 (2007). 

42. Toporikova, N., Tabak, J., Freeman, M. E. & Bertram, R. A-Type K+ Current Can Act as a 

Trigger for Bursting in the Absence of a Slow Variable. Neural Comput 20, 436–451 

(2008). 

43. Volpato, V. & Webber, C. Addressing variability in iPSC-derived models of human 

disease: guidelines to promote reproducibility. Dis Model Mech 13, dmm042317 (2020). 

44. Cerneckis, J., Cai, H. & Shi, Y. Induced pluripotent stem cells (iPSCs): molecular 

mechanisms of induction and applications. Signal Transduct Target Ther 9, 112 (2024). 

45. Graf, J. et al. Network instability dynamics drive a transient bursting period in the 

developing hippocampus in vivo. Elife 11, e82756 (2022). 

46. Ruiz-Mejias, M. et al. Overexpression of Dyrk1A, a Down Syndrome Candidate, 

Decreases Excitability and Impairs Gamma Oscillations in the Prefrontal Cortex. Journal 

of Neuroscience 36, 3648-3659 (2016). 

47. Lana-Elola, E. et al. Increased dosage of DYRK1A leads to congenital heart defects in a 

mouse model of Down syndrome. Sci Transl Med 16, eadd6883 (2025). 

48. Chakrabarti, L. et al. Olig1 and Olig2 triplication causes developmental brain defects in 

Down syndrome. Nat.Neurosci. 13, 927–934 (2010). 

49. Baburamani, A. A., Patkee, P. A., Arichi, T. & Rutherford, M. A. New approaches to 

studying early brain development in Down syndrome. Dev Med Child Neurol 61, 867–879 

(2019). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

50. Real, R. et al. In vivo modeling of human neuron dynamics and Down syndrome. Science 

(1979) 362, eaau1810 (2018). 

51. Stern, S., Segal, M. & Moses, E. Involvement of Potassium and Cation Channels in 

Hippocampal Abnormalities of Embryonic Ts65Dn and Tc1 Trisomic Mice. EBioMedicine 

2, 1048–1062 (2015). 

52. Cramer, N. P., Best, T. K., Stoffel, M., Siarey, R. J. & Galdzicki, Z. GABAB-GIRK2-

mediated signaling in Down syndrome. Adv.Pharmacol. 58, 397–426 (2010). 

53. Vacher, H., Mohapatra, D. P. & Trimmer, J. S. Localization and Targeting of Voltage-

Dependent Ion Channels in Mammalian Central Neurons. Physiol Rev 88, 1407–1447 

(2008). 

54. Smets, K. et al. First de novo KCND3 mutation causes severe Kv4.3 channel dysfunction 

leading to early onset cerebellar ataxia, intellectual disability, oral apraxia and epilepsy. 

BMC Med Genet 16, 51 doi.org/10.1186/s12881-015-0200-3 (2015). 

55. Zhang, Y., Jiang, H. & Li, X. Cardiocerebral channelopathy caused by KCND3 mutation in 

a child: A case report. Front Pediatr 10, doi.org/10.3389/fped.2022.1019122 (2022). 

56. Garcia-Junco-Clemente, P. et al. Overexpression of calcium-activated potassium 

channels underlies cortical dysfunction in a model of PTEN-associated autism. 

Proceedings of the National Academy of Sciences 110, 18297–18302 (2013). 

57. Urrutia, J. et al. Therapeutic role of voltage-gated potassium channels in age-related 

neurodegenerative diseases. Front Cell Neurosci 18, 

doi.org/10.3389/fncel.2024.1406709 (2024). 

58. Prelich, G. Gene Overexpression: Uses, Mechanisms, and Interpretation. Genetics 190, 

841–854 (2012). 

59. Solovei, I. & Cremer, M. 3D-FISH on Cultured Cells Combined with Immunostaining. in 

Fluorescence in situ Hybridization (FISH): Protocols and Applications (eds. Bridger, J. M. 

& Volpi, E. V) 117–126 (Humana Press, Totowa, NJ, 2010). doi:10.1007/978-1-60761-

789-1_8. 

60. Paiva, A. R. C., Park, I. & Príncipe, J. C. A comparison of binless spike train measures. 

Neural Comput Appl 19, 405–419 (2010). 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

61. Thomas, P. & Smart, T.G. Use of Electrophysiological Methods in the Study of 

Recombinant and Native Neuronal Ligand-Gated Ion Channels. Curr Protoc Pharmacol 

59, 11.4.1-11.4.37 (2012). 

62. Keros, S. & McBain, C. J. Arachidonic Acid Inhibits Transient Potassium Currents and 

Broadens Action Potentials during Electrographic Seizures in Hippocampal Pyramidal 

and Inhibitory Interneurons. Journal of Neuroscience 17, 3476-3487 (1997). 

63. Chan, C. S., Shigemoto, R., Mercer, J. N. & Surmeier, D. J. HCN2 and HCN1 Channels 

Govern the Regularity of Autonomous Pacemaking and Synaptic Resetting in Globus 

Pallidus Neurons. Journal of Neuroscience 24, 9921-9932 (2004). 

64. Hannan, S. B., Penzinger, R., Mickute, G. & Smart, T.G. CGP7930 - An allosteric 

modulator of GABABRs, GABAARs and inwardly-rectifying potassium channels. 

Neuropharmacology 238, 109644 doi: 10.1016/j.neuropharm.2023.109644 (2023). 

65. Robinson, R. B. & Siegelbaum, S. A. Hyperpolarization-Activated Cation Currents: From 

Molecules to Physiological Function. Annual Review of Physiology vol. 65 453–480 

Preprint at https://doi.org/10.1146/annurev.physiol.65.092101.142734 (2003). 

66. Wahl-Schott, C. & Biel, M. HCN channels: Structure, cellular regulation and physiological 

function. Cellular and Molecular Life Sciences 66, 470-494 (2008). 

67. Sherman, B. T. et al. DAVID: a web server for functional enrichment analysis and 

functional annotation of gene lists (2021 update). Nucleic Acids Res 50, W216–W221 

(2022). 

68. Kang, H. J. et al. Spatio-temporal transcriptome of the human brain. Nature 478, 483–489 

(2011). 

  

 

Acknowledgments: This work was funded by a Wellcome Trust Collaborative Award in Science 

217199/Z/19/Z. AM was funded by a William Harvey Academy Fellowship, co-funded by the 

People Programme (Marie Curie Actions) under REA no. 608765. SBH was awarded a fellowship 

from International Rett Syndrome Foundation (3606). 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Author contributions: Conceptualisation – SBH, DN, TGS. Electrophysiology – SBH, MM. 

Confocal Imaging – IA, AP. Differentiation of iPSC cultures– AM, IA, AP, PAG, NLO’B. 

Maintenance of cultures - AM, IA, AP, PAG, NLOB, SBH. Transcriptomics analysis – JK, HJK. 

Mathematical modelling – RN. Funding acquisition and project leadership – SBH, DN and TGS. 

The initial draft was written by SBH and TGS and all authors contributed to the writing of the 

manuscript. 

 

Competing interests: Authors declare that they have no competing interests.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Figure Legends 

Figure 1. Early developmental trisomy 21 neurons are deficient in spiking and network 

synchrony.  

(A), Timeline of electrophysiological characterisation after neural stem cell seeding for terminal 

differentiation, along with position of 8 x 8 recording (300 µm separation) and ground electrodes 

(gray). Raster plots showing spikes (white) and bursting of disomic (D21) and trisomic (T21) cells 

at 4, 10 and 14 weeks (wks in vitro). Scale bar 5 s. (B), Heat maps of spiking detected by the 

recording electrodes show greater activity of disomic cells across neural networks. Heat map 

legends depict spike rates (spikes / second). (C), Weighted mean spiking rate of disomic and 

trisomic networks. (D), Single electrode bursts including spikes per burst, burst duration and inter-

burst intervals of disomic and trisomic networks. (E), Network burst parameters including network 

burst frequency and spikes per burst of disomic and trisomic networks. (F), Left, Network 

synchrony depicted by normalised cross correlation between network bursts at 14-weeks for 

disomic and trisomic wells. Right, synchrony metric showing average area under the normalised 

cross-correlation curves of disomic and trisomic cells. The results here are from five different 

differentiations of two different lines per genotype and at least four wells per time point. n = 4 – 

11 wells. Error bars in this and preceding figures, unless otherwise stated, depict standard error 

of means (SEM). *P<0.05, **P<0.01, ***P<0.001, two-tailed unpaired t-test or Mann-Whitney test. 

All quantitative values included in this study can be found in Data S1.  
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Figure 2. Synaptic and developmental wiring defects due to trisomy 21.  

(A), Pie charts showing proportion of disomic (D21) and trisomic (T21) cells exhibiting excitatory 

postsynaptic currents (EPSCs). (B), EPSCs were blocked by CNQX (10 μM) and APV (25 μM) 

and had fast kinetics with no residual GABAergic currents in the presence of glutamatergic 

blockers. (C-E), Reduced frequency (C) but not amplitude (D) and kinetics (E) of EPSCs in T21 

cells in normal saline. (F), Pie charts showing that all D21 cells received EPSCs in Mg2+-free 

saline but 10% of T21 cells did not. (G), Representative EPSC recordings of D21 and T21 cells 

outside bursts in 0 Mg2+. (H-J), Reduced frequency (H) but not amplitude (I) or kinetics (J) of 

EPSCs of T21 cells in 0 Mg2+ saline. (K), Confocal images and localisation of presynaptic terminal 

marker synapsin-1 with pan-axonal neurofilament marker SMI-312 and dendritic marker MAP2 

counterstained with nuclei marker DAPI in D21 and T21 cells. Scale bars 10 µm. n = 11-59; 

number of cells/ 3D image stacks. N numbers of 3D image stacks have been depicted in brackets 

along with p values on graphs; two-tailed unpaired t-test or Mann-Whitney test. Box plots in C, H 

show median, 25-75% interquartile range and 2-95% whiskers. Bar charts in D, I and K depict 

means +/- SEM. 
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Figure 3. Altered bursting of trisomy 21 neurons.  

(A), Pie charts showing that all disomic (D21) cells had bursts in Mg2+-free saline but around a 

third of trisomic (T21) cells did not. (B), Representative traces of membrane bursts of D21 and 

T21 cells in Mg2+-free saline. Introduction of Mg2+ saline abolishes bursts but not EPSCs (insets). 

(C-F), Lower bursting rate (C), burst amplitude (D), burst charge transfer (E) and altered burst 

kinetics (F) of T21 neurons compared to D21 cells. n = 17-43 cells have been depicted in brackets 

along with p values on graphs; two-tailed unpaired t-test or Mann-Whitney test. Box plots in C, D 

depict median, 25-75% interquartile range and 2-95% whiskers. Bar chart E depicts means +/- 

SEM. 
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Figure 4. Spike firing anomalies due to trisomy 21.  

(A), Resting membrane potential of disomic (D21) and trisomic (T21) neurons. (B), Rheobase of 

D21 and T21 neurons. (C), Spike outputs elicited by injecting depolarising steps of currents as 

increments of rheobase (rheo). (D), Input-output relationships of spikes and current injection. (E), 

Threshold potential at which neurons fire action potentials at rheobase. (F), Current at which 

maximum spikes are elicited in a step protocol of fixed current increments. (G), Average latency 

of first spike for the rheobase step current injection protocol. (H), Example of spike jitter traces 

and average spike jitter at rheobase for D21 (n = 65) and T21 (n = 54) cells. (I-M), Average action 

potential waveform (I), peak potential (J), area (K), rise time (L) and T50 (M) of D21 and T21 spikes 

at rheobase. n = 54-112 cells.  *P<0.05, **P<0.01, ***P<0.001, two-tailed unpaired t-test or Mann-

Whitney test. Here, box plots show the median, 25-75% interquartile range and 2-95% whisker 

and the bar chart  depicts means +/- SEM. 
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Figure 5. Voltage-gated Na+ channel inactivation anomalies due to trisomy 21.  

(A), TTX-sensitive Na+ current density of D21 and T21 cells evoked by a single depolarising step. 

(B), TTX-sensitive Na+ currents across a range of voltages along with the voltage-step protocol 

and I-V curve of current density. (C), Step protocol for fast (100 ms) inactivation and example 

traces of Na+ channel recovery from fast inactivation immediately following test pre-pulse (blue 

arrow in step protocol). The trace with -40 mV pre-pulse is shown in red. Graph shows the voltage 

dependence of fast inactivation of D21 and T21 cells. Inset, Half-maximal fast inactivation 

potential. (D), Step protocol for slow (5 s) inactivation and example traces of Na+ channel recovery 

from slow inactivation following pre-pulse (blue arrow in step protocol). The trace with -40 mV pre-

pulse is shown in red. Graph shows voltage dependence of slow inactivation of D21 and T21 

cells. Inset, Half-maximal slow inactivation potential. n = 14-52 cells.  ***P<0.001, two-tailed 

unpaired t-test or Mann-Whitney test. The plot in A shows median, 25-75% interquartile range 

and 2-95% whiskers; bar charts and error bars in B-D depict means +/- SEM.  
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Figure 6. A-type K+ channel deficits detected in early trisomy 21 neurons.  

(A), Voltage step protocol for constructing K+ channel I-V relationships along with example K+ 

currents of disomic (D21) and trisomic (T21) cells. (B), K+ current density I-V curves of D21 and 

T21 cells. (C), Step protocol for measuring A-currents. Right, A-current was measured by 

subtracting depolarisation at -10 mV (Y) from -110 mV (X). The same protocol was used in the 

presence of tetraethylammonium (TEA) followed by TEA and 4-aminopyridine (4AP) to measure 

A-current sensitivity to these K+ channel antagonists. (D), Averaged A-current density waveforms 

and boxplot of A-current densities for D21 and T21 neurons. (E), Sensitivity of A-current density 

to TEA and 4-AP. Disomic cells are less sensitive to TEA than trisomic cells, a feature largely 

offset by co-applying 4-AP and TEA.  n = 11-56 cells; two-tailed unpaired t-test or Mann-Whitney 

test. Box plots in D, show median, 25-75% interquartile range and 2-95% whisker; bar chart and 

error bars in B, E depict means +/- SEM.  



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Figure 7. Reduced expression of A-type K+ current genes and network bursting 

(A), Metadata analysis of postmortem human RNA expression reveals expression changes (|Fold 

Change| > 1.3 and P<0.01) in potassium channel-related (purple) and glutamate-related (green) 

genes in dorsolateral prefrontal cortex of Down syndrome tissues compared to euploid controls. 

Note that the expression of a TEA-insensitive A-type K+ channel Kv4.3 gene (red box) is reduced 

in Down syndrome but the other TEA-insensitive A-type channel genes, or HCN channels do not 

change at early developmental stages. Green box, reduced expression of a TEA-sensitive A-

current channel gene KCNC4. (B-E), Expression of KCND3 (B), KCND2 (C), KCNC3 (D) and 

KCNC4 (E) across seven sliding windows corresponding to periods from mid-fetal development 

to adulthood (see Table S1). Boxplots depict median, 25-75% interquartile range and minimum 

and maximum values of gene expression. Note that A-current K+ channel gene expression is 

affected through life but the only TEA-insensitive A-current channel that is affected at stages 5-8 

which corresponds to periods from mid-fetal development (16 weeks post-conception) to infancy 

(up to 6 months after birth) is KCND3. n = 3 - 5 brain samples. Two-tailed paired t-test. (F), 

Normalised expression of KCND3 mRNA in D21 and T21 isogenic iPSC-derived neurons at 60 

days in vitro. n = 3 samples. Two additional sets of primers gave similar results (Data S1). (G), 

Western blot gel images (left) and normalised expression levels (right) of Kv4.3 in D21 and T21 

isogenic iPSC-derived neurons. n = 3 samples (uncropped gels in FigS9A). (H), Representative 

images (left) and normalised expression levels (right) of Kv4.3 in the same neurons using 

immunocytochemistry. n = 5 (D21) and n= 6 (T21) independent 3D image stacks (I), 

Computational model relating cellular effects of Kv4.3 currents to network bursts. Left, Schematic 

showing two networks undergoing Hebbian plasticity for multiple days. The networks differ by the 

intrinsic features that control the propensity of generating intrinsic bursts. Hebbian learning 

enhances small differences in bursting propensity with time, giving more connections and more 

net bursting as plasticity unfolds. T21 (red) is modeled by a reduced propensity for bursting with 

respect to D21 (black). Right, Network burst as a function of days. Inset, Network connectivity in 

D21 (1.0) and T21 (0.81). *P<0.05, **P<0.01; *P<0.05, **P<0.01, ***P<0.001. Scale bar = 10 m. 
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For F-H, data are presented as mean values +/- SEM with analyses performed using either paired 

or unpaired two-tailed t-tests.  

 

 

 

Editorial summary: Down syndrome (DS) increases gene dosage that disrupts 

neurodevelopment and cognition. Using human-derived isogenic neurons, this study reveals 

altered network activity, synaptic dysfunction, and ion channel defects underlying DS neural 

impairment. 

Peer review information: Nature Communications thanks Ying Liu, Ludovic Tricoire, and Kaspar 

Vogt for their contribution to the peer review of this work. A peer review file is available. 
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