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Neuromuscular diseases usually manifest as abnormalities involving motor neurons, neuromuscular 
junctions, and skeletal muscle (SkM) in postnatal stage. Present in vitro models of neuromuscular 
interactions require a long time and lack neuroglia involvement. Our study aimed to construct rodent 
bioengineered spinal cord neural network-skeletal muscle (NN-SkM) assembloids to elucidate the 
interactions between spinal cord neural stem cells (SC-NSCs) and SkM cells and their biological effects 
on the development and maturation of postnatal spinal cord motor neural circuits. After coculture 
with SkM cells, SC-NSCs developed into neural networks (NNs) and exhibited a high proportion 
of glutamatergic and cholinergic neurons, low proportion of neuroglia and gamma-aminobutyric 
acidergic neurons, and increased expression of synaptic markers. In NN-SkM assembloids, the 
acetylcholine receptors of SkM cells were upregulated, generating neuromuscular junction-like 
structures with NNs. The amplitude and frequency of SkM cell contraction in NN-SkM assembloids 
were increased by optogenetic and glutamate stimulation and blocked by tetrodotoxin and dizocilpine, 
respectively, confirming the existence of multisynaptic motor NNs. The coculture process involves the 
secretion of neurotrophin-3 and insulin growth factor-1 by SkM cells, which activate the related ERK-
MAPK and PI3K-AKT signaling pathways in NNs. Inhibition of the ERK-MAPK and PI3K-AKT pathways 
significantly reduces neuronal differentiation and synaptic maturation of neural cells in NN-SkM 
assembloids, while also decreasing acetylcholine receptor formation on SkM cells. In brief, NN-SkM 
assembloids simulate the composition of spinal cord motor NNs and respond to motor regulatory 
signals, providing an in vitro model for studying postnatal development and maturation of spinal cord 
motor NNs.
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Elucidation of the interaction mechanisms between spinal cord-derived neural stem cells (SC-NSCs) and skeletal 
muscle (SkM) cells is important for understanding the functional formation and maturation of motor neural 
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networks (NNs) during development in mammals1,2. This knowledge will also help clarify the mechanisms 
underlying the occurrence and progression of neuromuscular diseases3–5.

The development of organoid technology, particularly the generation of self-organizing neuromuscular 
organoids derived from human induced pluripotent stem cells (iPSCs), provides an interactions system of 
spinal cord neurons and SkM cells for modeling neuromuscular diseases successfully based on individual 
human genetic backgrounds and capable of forming mature, and functional NMJs6–9, . However, iPSCs-
derived neuromuscular organoids replicate the neuromuscular interactions and provide opportunities to study 
functional neuromuscular networks emerge during development, while most neuromuscular diseases occur in 
postnatal stage10–12. Currently, there is a lack of in vitro models that accurately represent the postnatal regulation 
effect of SkM cells on the differentiation, development and function maturation of SC-NSCs13,14. Also, the self-
organizing neuromuscular organoids typically require 30 days or longer for the development of physiologically 
functional neuromuscular junctions (NMJs)15–17. This extended time period not only increases cost but also 
introduces additional uncertainties such as contamination into the process18,19. Thus, developing a spinal cord 
neural network-skeletal muscle (NN-SkM) interaction system that responds to motor regulatory signals in a 
short period would promote the experimental analysis of neuromuscular diseases and result in more effective 
elucidation of the mechanisms underlying the formation and regulation of spinal cord motor NNs20.

Our study aimed to construct a dynamic coculture system by seeding rodent SC-NSCs into 3-dimensional 
(3D) sponge scaffolds and subsequently coculturing them with 2-dimensional (2D) SkM cells, thereby generating 
NN-SkM assembloids21. Our objective was to investigate the postnatal biological effects and underlying 
mechanisms of SkM cells on the differentiation of SC-NSCs and the formation of spinal cord motor NNs.

Results
The generation of NN-SkM assembloids
To generate NN-SkM assembloids, SC-NSCs and SkM cells were obtained as seed cells. Prior to seeding 
neurospheres into the collagen sponge, we confirmed the immunoreactivity of Nestin, Sox2 and HoxD922–24 in 
the SC-NSCs (Fig. 1a-c) and HoxD9 in the NSCs from hippocampus (Fig. 1d). Similarly, the immunoreactivity 
of myogenic determination protein 1 (MyoD) and myogenin (MyoG) confirmed the differentiation of the SkM 
cells (Fig. 1e and f). Subsequently, we cocultured SC-NSC-derived NNs with SkM cells for 7 days to form NN-
SkM assembloids (Fig. 1g).

The formation of an excitatory NN
To investigate the biological effects of SkM cells on the differentiation of SC-NSCs, NN-SkM assembloids were 
utilized as the experimental group and separately cultured NNs as the control group. Immunofluorescence 
staining revealed that the SC-NSCs in both the NN-SkM group and the NN group exhibited neuronal, 
astrocytic, and oligodendrocytic differentiation potential (Fig. 2a-f). Statistical analysis revealed that the NN-
SkM group had a greater percentage of microtubule-associated protein 2 (Map2)-positive neurons than did 
the NN group (P < 0.01, Fig. 2a, b and g). Furthermore, in the NN-SkM group, 17.1% of the cells expressed 
oligodendrocyte transcription factor 2 (Olig2), while 2.1% expressed the astrocyte marker glial fibrillary acidic 
protein (GFAP); these values were notably lower than those in the NN group (Fig. 2g). Additionally, we compared 
the transcriptomic profiles of the SCNSCs, NN, and NN-SkM groups and explored the expression of genes 
related to neural differentiation. Clustering heatmap analysis of mRNAs related to trilineage differentiation 
(Fig.  2h) and quantitative RNA expression analysis revealed significant upregulation of mRNAs related to 
neuron differentiation (Sod2, Vefc, and Cdnf; Fig. 2i) in the NN-SkM group. Conversely, mRNAs associated with 
oligodendrocyte differentiation (Cntnp, Gjc3, and Ak4, Fig. 2j) and astrocyte differentiation (Gpr3711, Csf1r, 
and Agt, Fig. 2k) were downregulated in the NN-SkM assembloids compared to those in the NN groups. These 
findings collectively demonstrate that cocultivation with SkM cells facilitates the differentiation into neurons.

The expression of neurotransmitters in the NN-SkM and NN groups was compared. Immunofluorescence 
analysis revealed choline acetyltransferase (ChAT)-positive, vesicular glutamate transporter 1 (Vglut1)-positive, 
and glutamate decarboxylase 67 (GAD67)-positive neurons in both the NN-SkM and NN groups (Fig. 3a-f). 
The NN-SkM group had an increase in the proportion of the cholinergic neuron marker ChAT, which accounts 
for 36.2% of the cell population, and the glutamatergic neuron marker Vglut1, which constitutes 33.7% of the 
cells, compared to than that in the NN group (Fig. 3h). Moreover, a decrease in the proportion of the gamma-
aminobutyric acidergic (GABAergic) neuron marker GAD67 were reported in the NN-SkM group, accounting 
for 12.5% of the population, which was significantly lower than that in the NN group (Fig.  3h). Clustering 
heatmap analysis of neurotransmitter-related mRNA expression (Fig. 3g) and quantitative mRNA expression 
analysis demonstrated significant upregulation of cholinergic neuron-related mRNAs (e.g., Prkca, Cacna1c, and 
Rbp1, Fig. 3i) and glutamatergic neuron-related mRNAs (e.g., Jak2, Sparc, and Vgf, Fig. 3j) in the NN-SkM group 
compared to the NN and SC-NSCs groups. Moreover, mRNAs associated with GABAergic neuron differentiation 
(e.g., Gabrr1, Efna5, and Cacna1s; Fig. 3k) were significantly downregulated in the NN-SkM group compared 
with NN group. These findings suggest that cocultivation with SkM cells promotes the differentiation of SC-
NSCs into excitatory neurons, contributing to the formation of an excitatory NN.

Gene expression related to neuronal function in the NN-SkM assembloids
We conducted RNA-seq analysis of the NN-SkM, NN, and SC-NSC groups. Among 15,479 genes common to all 
three groups, the highly expressed unique genes associated with neuronal function were examined. Hierarchical 
clustering heatmap analysis (Fig. 4a) revealed that compared to those in the NN and SC-NSC groups, the neural 
cells in the NN-SkM group exhibited significantly increased expression of genes related to axon function, 
neuron projection, and synapse formation. Quantitative mRNA analysis revealed notable upregulation of genes 
associated with axon function (Timp2, Hspb1, and Tubb3, Fig. 4b), neuron projection (Epha3, Ephb4, and Wfs1, 
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Fig. 1.  Construction of NN-SkM assembloids. (a–c) SC-NSCs expressing Nestin, Sox2 and HoxD9. (d) HoxD9 
expression in NSCs from the hippocampus. (e) and (f) SkM cells exhibited MyoD-positive and MyoG-positive 
immunoreactivity. (g) A schematic diagram summarizing the assembly process of the NN-SkM assembloids. 
The cell nuclei were counterstained with Hoechst 33,342 (Hoe). Scale bars: 10 μm in (a), (c), and (d); 20 μm in 
(b), (e) and (f).
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Fig. 4c), and synapse formation (JAK2, P2rx5, and Epha3, Fig. 4d) in the NN-SkM group compared with the NN 
and SC-NSC groups. Gene Ontology (GO) enrichment analysis revealed significant differences in the expression 
of genes related to nerve cell components between the NN-SkM and NN groups (Fig. 4e). The scatter plot shows 
increased expression of genes related to neuronal function, including neuronal activation and neurotrophic 
factor-related signaling, in both the NN-SkM and NN groups (Fig. 4f).

Fig. 2.  The differentiation of SC-NSCs in the NN and NN-SkM assembloids. After 7 days of cultivation, the 
SC-NSCs differentiated into Map2-positive neurons (arrows in a and b), Olig2-positive oligodendrocytes 
(arrows in c and d) and GFAP-positive astrocytes (arrows in e and f) in the NN and NN-SkM assembloids. 
(g) Bar chart showing that the NN-SkM group had more Map2-positive cells and fewer GFAP-positive and 
Olig2-positive cells than the NN group (n = 6; **P < 0.01). (h) Heatmap representation of genes related to 
neural differentiation that were significantly differentially expressed (P < 0.05) between the NN-SkM, NN and 
SC-NSCs groups. Z-scoring label-free quantification (LFQ) intensities are depicted; red and blue represent 
increased and decreased values, respectively. Expression of genes associated with neuron differentiation (i), 
oligodendrocyte differentiation (j) and astrocyte differentiation (k). The results were significant across every 
group, with data input as values to the base 10 to allow log adjustment (n = 3, ***P < 0.001, **P < 0.01, *P < 0.05). 
The data are presented as means ± standard deviations (SD) in (g,i–k). Scale bars = 20 μm in (a–f).
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Fig. 3.  Neurotransmitter expression in NN and NN-SkM assembloids after 7 days of culture. (a–c) The 
expression of ChAT, Vglut1 and GAD67 in the NN. (d–f) The expression of ChAT, Vglut1 and GAD67 in 
the NN-SkM assembloids. (h) Bar chart showing that the NN-SkM group had more ChAT-positive and 
Vglut1-positive neurons and fewer GAD67-positive cells than the NN group (n = 6, ***P < 0.001, **P < 0.01). 
(g) Heatmap representation of genes related to neurotransmitter expression that were significantly different 
(P < 0.05) between the NN-SkM, NN and SC-NSCs groups. Z-scored LFQ intensities are depicted; red and 
blue represent increased and decreased values, respectively. Expression of genes associated with cholinergic (i), 
glutamatergic (j), and GABAergic synapses (k). The results were significant across every group, with data with 
data log-transformed to base 10 (n = 3, **P < 0.01). The data are presented as the means ± SDs in (h–k). Scale 
bars: 20 μm in (a–f).
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Fig. 4.  The expression of neuronal function-related genes in the NN-SkM assembloids. (a) Heatmap 
constructed from 109 upregulated (red) and downregulated (blue) genes with significant differences related to 
axon function, neuron projection and synapse formation by clustering analysis. Genes associated with axon 
function (b), neuron projection (c) and synapse formation (d). The results were significant across every group, 
with data input as values to the base 10 to allow log adjustment (n = 3, ***P < 0.001, **P < 0.01, *P < 0.05). (e) 
GO term enrichment analysis of the most highly expressed genes in the NN-SkM assembloids. (f) The scatter 
plot illustrates the expression levels of genes associated with neuronal activation and growth factor-related 
signaling across the NN and NN-SkM groups. Each point in the scatter plot corresponds to a gene, with the 
x-axis denoting the gene expression levels in the NN group and the y-axis representing the gene expression 
levels in the NN-SkM group. Genes exhibiting significant differences are depicted by red and orange dots, 
respectively, while genes with no significant differences are depicted in gray. The data are presented as the 
means ± SDs (n = 3) in (b–d). BP = biological process; CC = cellular component; MF = molecular function.
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Formation of synapses and NMJs of the NN-SkM assembloid
To investigate the impact of SkM cells on synaptic formation in NNs, we conducted immunofluorescence assays 
and Western blotting to assess the expression of synaptic markers, including postsynaptic density protein 95 
(PSD95) and synaptophysin (SYP), in both the NN-SkM and NN groups (Fig. 5a-c). A significant increase in 
SYP expression was observed in the NN-SkM group (Fig. 5c and d) compared to the NN group, indicating the 
maturity and synaptic formation of the NN in NN-SkM assembloids.

Furthermore, to explore the biological effects of NN on NMJ formation, SkM cells from NN-SkM assembloids 
were served as the experimental group and 2D SkM cells as the control group (SkM group). Acetylcholine 
receptors on SkM cells were labeled and quantified using α-bungarotoxin (BTX). Immunofluorescence assays 
demonstrated a substantial increase in the amount of BTX on SkM cells in the NN-SkM group compared to the 
SkM group (Fig. 5e-g). Immunofluorescence revealed the colocalization of neurofilament (NF) from the NN 
with BTX in SkM cells, indicating the establishment of a structure resembling NMJs (Fig. 5h).

Functional assessment of the NN-SkM assembloids
To investigate the function of NN-SkM assembloids in motor regulation, we subjected the neurons in the NN-
SkM assembloids after 7days of cultivation to optogenetic stimulation and the voltage-gated sodium channel 
blocker TTX and observed muscle contraction before stimulation, after stimulation, and following TTX 
intervention (Fig. 6a-c, Video S1).

Under resting conditions, SkM cells exhibited regular contraction with a frequency of approximately 30 
contractions per 20 s and a normalized displacement of approximately 7.5%. After optogenetic stimulation, the 
frequency and amplitude of SkM cell contraction in the NN-SkM assembloids were significantly greater than 
those before stimulation (Fig. 6d and e). The subsequent use of TTX inhibited SkM cell contraction in the NN-
SkM assembloids (Fig. 6d). These findings suggest that muscle contraction in NN-SkM assembloids is initiated 
and modulated by action potentials in the NN.

To determine whether this response was specifically mediated by glutamatergic transmission, glutamate and 
the NMDA receptor antagonist MK-801 were added to the culture medium of NN-SkM assembloids (Fig. 6f, 
Video S2). After glutamate stimulation, the amplitude and frequency of SkM cell contraction in the NN-SkM 
assembloids were notably greater than those before stimulation (Fig. 6g and h). However, upon treatment with 
MK-801, SkM cell contraction in the NN-SkM assembloids was inhibited (Fig. 6g). The immunofluorescence 
results in the NN-SkM and NN groups demonstrated mutual contact between Vglut1-positive neurons and 
ChAT-positive neurons, suggesting the presence of synaptic connections between glutamatergic and cholinergic 
neurons in the NN-SkM assembloids (Fig. 6i and j). This finding suggested that SkM contraction in NN-SkM 
assembloids is regulated by glutamatergic neurons in the NN, which transmit excitatory neural impulses and 
thereby modulate the motor output of cholinergic neurons (Fig. 6k).

Furthermore, after coculture for 21 days, the contraction of the skeletal muscle mediated by glutamate in the 
NN-SkM assembloids were observed (see Video S3, showing SkM cell contraction before glutamate stimulation, 
after glutamate stimulation, and after the application of MK-801), indicating that the excitatory NN-SkM 
assembloids allow a long time window for functional observation.

The interaction mechanism between NN and SkM cells
To explore the interaction mechanism between NN and SkM cells, we first investigated differential gene expression 
between the NN-SkM group and the NN group. NN-SkM assembloids showed upregulation of genes that 
positively regulated neuron differentiation, axon regeneration, neurotransmitter release, growth factor-related 
signaling and signaling pathway transduction through a gene interaction regulatory network (Fig. 7a). Based 
on the genes related to the neural functional sets, a network diagram was generated showing the association of 
genes enriched in the following categories: neuron differentiation, axongenesis, growth factor-related signaling, 
the PI3K-AKT and MAPK signaling pathways, regulation of the insulin growth factor 1 receptor (IGF1-R) 
signaling pathway, and regulation of the ERK1 and ERK2 pathways (Fig. 7b).

The expression of neurotrophin-3 (NT-3) and insulin growth factor 1 (IGF-1) in SkM cells in NN-SkM 
assembloids was quantitatively evaluated via Western blotting, with single cultured SkM cells serving as the 
control group. Both the SkMs in the NN-SkM group and the individually cultured SkM cells expressed NT-3 
and IGF-1 (Fig. 7c). Notably, the NN-SkM group exhibited significant increases in the expression of NT-3 and 
IGF-1 (Fig. 7i). This finding suggested that the cocultivation of NN and SkM cells facilitates the secretion of 
neurotrophic factors, including IGF-1 and NT-3, from SkM cells.

Subsequently, the expression of neurotrophic factor receptors in NNs in NN-SkM assembloids were 
quantitatively evaluated, with single-cultured NNs serving as the control group. Increased expression of 
IGF1-R and the receptor tyrosine protein kinase C (TrkC) was observed in the NN-SkM group (Fig. 7d and j). 
Immunofluorescence staining revealed a greater population of cells positive for IGF1-R and TrkC in the NN-
SkM group than in the NN group (Fig. 7e-h). Furthermore, compared to those in the NN group, the expression 
levels of p-PI3K, p-ERK, and p-AKT were notably increased in the NN of the NN-SkM assembloids (Fig. 7d and 
j). This finding suggested that after the cocultivation of NN with SkM cells, the expression of the NT-3 receptors 
TrkC and IGF1-R increased in NNs, subsequently activating downstream signaling pathways such as the PI3K-
AKT and MAPK-ERK pathways (Fig. 7k).

To investigate the role of the PI3K/AKT and MAPK/ERK signaling pathways in NN-SkM assembloids, we 
examined neural differentiation potential, synaptic maturation of the NNs, and acetylcholine receptor formation 
after treatment with Linsitinib (IGF1-R inhibitor), LY294002 (PI3K inhibitor), MK-2206 (AKT inhibitor), TrkC-
Fc (TrkC blocker), SB203580 (MAPK inhibitor), and FR180204 (ERK inhibitor). The NN-SkM group served as 
control. Immunofluorescence staining and statistical analysis revealed that, in the Linsitinib, LY294002, MK-
2206, TrkC-Fc, SB203580, and FR180204 groups, the percentage of Map2-positive neurons decreased, while 
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Fig. 5.  Synapse and NMJ formation in the NN-SkM assembloids. After 7 days of cultivation, neuronal cells 
in the NN (a) and NN-SkM assembloids (b) expressed postsynaptic density protein 95 (PSD95, green), a 
postsynaptic marker, and synaptophysin (SYP, white), a presynaptic marker, after 7 days of culture. (c) and 
(d) Western blot showing differential expression between the NN and NN-SkM groups (*P < 0.05). After 2D 
cultivation (e) and coculture with NN (f), SkM cells exhibited clusters with BTX. (g) Quantification of BTX 
clusters per SkM cell in the SkM and NN-SkM groups (**P < 0.01). (h) NF-positive neurons juxtaposed with 
BTX-positive SkM cells in the NN-SkM assembloids. Scale bars: 20 μm in (a–b, e–f); 5 μm in (h). Blots shown 
in Supplementary Fig. 2. The data are presented as the means ± SDs in (d) and (g). Arrows in Fig. 5e and f 
indicate the BTX clusters.
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Olig2-positive oligodendrocytes increased in the NN-SkM assembloids compared to the NN-SkM group (Figure 
S4a-4 h). The expression of PSD95 and SYP in the NN-SkM assembloids was reduced (Figure S4i and Figure 
S5a-5n) compared to the NN-SkM group. The expression of acetylcholine receptors in SkM cells within NN-
SkM assembloids was also reduced compared to the SkM cells in the NN-SkM group (Figure S4j and Figure 
S5o-5u). Under resting conditions, SkM cells in the NN-SkM group exhibited regular contraction. In contrast, 
in the Linsitinib, LY294002, MK-2206, TrkC-Fc, SB203580, and FR180204 groups, the frequency of SkM cell 
contraction in the NN-SkM assembloids was significantly lower than in the NN-SkM group (Figure S3j and 
Video S4).

Discussion
The interaction between SC-NSCs and SkM cells plays a crucial role during the development of spinal cord 
motor NNs and neuromuscular diseases25,26. Utilizing tissue engineering technology, we construct NN-SkM 
assembloids in a short assembly time which simulate the composition of spinal cord motor NNs including 
neurons and neuroglia, and are capable of responding to signals transmitted by glutamate. This approach 
revealed the biological effects of SkM cells on the postnatal differentiation of SC-NSCs and the maturation of 
spinal cord motor NNs, elucidating the multisynaptic motor regulation of spinal cord excitatory NNs (Fig. S1).

Construction of excitatory NN-SkM assembloids responsive to motor regulatory signals
Establishing NMJs between motor neurons and SkM cells is a crucial prerequisite for in vitro modeling of 
neuromuscular diseases27–31. In NN-SkM assembloids, motor neurons extend their axons to SkM cells, promoting 
the expression of acetylcholine receptors in SkM cells and the formation of NMJ-like structures4,5,32. In contrast 
to previous in vitro culture methods that merely establish functional connections between motor neurons and 
SkM cells7,33,34, NN-SkM assembloids contain not only predominantly cholinergic and glutamatergic excitatory 
neurons but also a lower proportion of GABAergic inhibitory neurons, oligodendrocytes, and astrocytes within 
the NN. Therefore, we speculate that in this interaction system, the regulation of SkM cells by motor neurons 
involves various types of neurons and glial cells, resembling the motor regulation of the spinal cord in vivo35,36. 
Moreover, a significant increase in both the frequency and amplitude of SkM cell contractions was observed 
following stimulation with blue light or glutamate upon NN treatment. Conversely, the administration of TTX 
or the glutamate receptor blocker MK-801 significantly reduced SkM cell activity. TTX was used to investigate 
the regulation of muscle function by the NNs as a whole, rather than focusing solely on cholinergic neurons 
and the neuromuscular junction. Additionally, the application of MK801 suggests that the control of muscle 
contraction by cholinergic neurons may be influenced by NMDA-mediated Ca2+ influx, which is regulated by 
glutamatergic neurons within the spinal cord network. These results indicate that in NN-SkM assembloids, 
motor neuron-innervated SkM cells can respond to excitatory regulation by glutamatergic neurons, similar to 
spinal motor neurons in vivo19,37,38.

Compared to self-organized neuromuscular organoid systems, which lack involvement of neuroglia, and 
require a longer time (more than 30 days) to achieve neuronal control of muscles32,39,40, the NN control of 
SkM cells occurred as early as the 7th day after 3D NNs cocultured with 2D SkM cells. Furthermore, this 
neuronal control persisted for up to 21 days. In other words, excitatory NN-SkM assembloids excitatory NN-
SkM assembloids robustly reproduce the postnatal interaction between spinal cord NNs and SkM cells, and 
offer a long functional observation window for studying the development of neuromuscular diseases and drug 
screening in vitro. Additionally, self-organized organoids exhibit volume enlargement, increased cell apoptosis, 
and phenotypic differences after prolonged culture10,39, while engineered excitatory NN-SkM assembloids can 
be standardized in construction, with a controllable size and the ability to achieve neuronal-muscle control in a 
short time frame. Moreover, this model can be adapted to meet the demands of high-throughput testing.

The functional maturation mechanism of NN-SkM assembloids
Current studies on neuromuscular organoids have focused on the neuronal innervation of SkM cells17,26,41,42, 
with less attention given to the biological effects of SkM cells on the differentiation of SC-NSCs and the functional 
maturation of motor NNs. However, the immunofluorescence and RNA-seq results in our study demonstrated 
that SkM cells can induce a greater proportion of SC-NSCs in NN-SkM assembloids to differentiate into 
neurons than can SC-NSCs in 3D cultivation alone. Moreover, a larger proportion of neurons in the NN-SkM 
assembloids exhibited excitatory neurotransmitter activity, differentiated into glutamatergic and cholinergic 
neurons, and expressed more synaptic-related proteins, such as PSD95 and SYP, while neurons in NN group 
showed relatively lower expression of mRNA and proteins related to synaptic formation, axon growth and 
neuron projection (Fig. 4a-d). These results confirm that the interaction with SkM cells plays a crucial role in 
promoting the functional maturation of the motor nervous system during postnatal development and suggest 
that the established excitatory NN-SkM assembloids can be further utilized for studies focusing on spinal cord 
motor NN development or drug screening for neuromuscular diseases.

We speculate that SkM cells primarily promote SC-NSC differentiation and neuronal functional maturation 
by activating the membrane receptors of NSCs or neurons through secreted bioactive factors. Western blot 
analysis demonstrated the upregulation of NT-3 and IGF-1 expression in SkM cells, while the expression 
of membrane receptors for neurotrophic factors, such as IGF1-R and TrkC, was significantly upregulated 
in the NNs, suggesting that NT-3 and IGF-1 secreted by SkM cells may be important bioactive factors43–47. 
Furthermore, RNA-seq revealed upregulated genes related to the IGF-1 signaling pathway, PI3K-AKT pathway, 
and MAPK-ERK pathway (Fig.  7b). Additionally, inhibition of the downstream PI3K-AKT or MAPK-ERK 
signaling pathways led to a decrease in neuronal differentiation, impaired synaptic maturation in the NNs, and 
reduced acetylcholine receptor formation in SkM cells (Figure S4 and S5). Thus, after NT-3 and IGF-1 secreted by 
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SkM cells activate membrane receptors in NNs, the downstream PI3K-AKT pathway and MAPK-ERK pathway 
collectively promote the establishment of NMJs and regulate the functional maturation of NNs (Fig. 7k)40,48–50.

The advantages and limitations of the NN-SkM assembloids
Coculturing SkM cells may be an important factor accelerating the functional maturation process of NNs47,51,52, 
and the selection of seed cells for NNs could be another factor. In this study, we chose rodent SC-NSCs obtained 
from neonatal rats for use as seed cells rather than iPSC-derived NSCs. Theoretically, SC-NSCs exhibit directional 
caudal development during central nervous system development, reducing the induction time and the use of 
a series of specific induction factors53–55. Additionally, although the excitatory NN in NN-SkM assembloids 
mainly consists of excitatory neurons, it contains a low proportion of inhibitory neurons, oligodendrocytes, and 
astrocytes, the composition of which more closely resembles the NN within gray matter, showing spinal network 
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complexity compared with those human in vitro model56,57. Compared with reported 3D neuromuscular 
organoids or 2D neuromuscular coculture systems5,37, the NN-SkM assembloids constructed in our study may 
better simulate the postnatal regulation of SkM by the spinal cord under physiological conditions and reflect the 
authentic response of the spinal cord during disease modeling or drug screening58,59. However, neuromuscular 
organoids derived from iPSC-derived NSCs can mimic the development of human organs19,39,60, showing 
notable advantages in studying possible developmental origins of neuromuscular diseases37. Moreover, the 
application of rodent-based in vitro model allows for faster, standardized, and multi-channel drug screening 
and gene manipulation to simulate postnatal neuromuscular diseases, with the potential to significantly reduce 
the number of animals sacrificed in in vivo animal experiments.

Because the cocultivation of SkM cells can promote the formation of excitatory NNs, we speculate that a 
coculture system of NN-SkM assembloids can be designed to construct excitatory NNs for transplantation 
to repair the injured spinal cord, serving as a substitute for damaged spinal cord tissue. Compared with NNs 
derived from forebrain NSCs, NNs derived from SC-NSCs exhibit a greater propensity for establishing synaptic 
connections with descending nerve fibers such as those in the corticospinal tract61–63. Thus, the transplantation 
of SC-NSC-derived NNs induced by SkM cells to injury sites would facilitate synaptic connections with brain-
derived nerve fibers to relay excitatory neural information from the brain and integrate with motor neurons 
below the injured spinal cord segment, thereby relaying neural information from the motor cortex to control 
SkM contraction64–66. However, our study did not conduct extensive in vitro genetic manipulation, drug 
screening, or in vivo transplantation validation, which could serve as focal points for future research9.

Conclusion
In this study, we constructed excitatory NN-SkM assembloids that respond to motor regulation signals 
using tissue engineering techniques. This approach not only mimics the control of SkM by spinal cord NNs 
but also elucidates the biological mechanism of SkM cells in the postnatal differentiation of SC-NSCs and 
the maturation of spinal cord motor NNs. The development of NN-SkM assembloids achieved rapid and 
standardized construction, making them suitable for further applications in studying postnatal spinal cord 
neural development and neuromuscular disease while also meeting the demands of high-throughput testing 
and motor NN transplantation to repair spinal cord injuries.

Methods
Ethics statement
All animal experiments were approved by the Institutional Animal Care and Use Committee of Sun Yat-sen 
University (Approval Number: No. 2021PS704K). All methods were carried out in accordance with relevant 
regulations and ARRIVE guidelines.

Cultivation of SC-NSCs and SkM cells
SC-NSCs were obtained from three-day-old wild-type or green fluorescent protein (GFP)-expressing Sprague‒
Dawley (SD) rats or three-day-old transgenic mice [B6. Cg-Tg (Thy1-ChR2/EYFP) 18Gfng/J; Jackson 
Laboratories, Bar Harbor, ME, USA] using established methods (Wang et al., 2007). Briefly, the rats and mice 
were anesthetized by CO2 inhalation in a controlled chamber until respiration ceased for 2 min. Then the entire 
spinal cord was carefully dissected in D-Hank’s solution. After removal of the epineurium, the spinal cord tissue 
was sectioned into small pieces in a Petri dish (Corning, USA) and digested at 37 °C with 4 mL of collagenase 
II to obtain a single-cell suspension. Subsequently, the cells were resuspended in SC-NSC medium consisting 
of Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1, Life Technologies, USA) supplemented with 1% B27 
and 20 ng/mL bFGF. The cells grew as neurospheres in suspension and were subjected to mechanical dissociation 
every day. The neurosphere progenitor content was assessed via nestin immunostaining.

SkM cells were derived from seven-day-old wild-type or GFP-expressing SD rats or seven-day-old transgenic 
mice [B6. Cg-Tg (Thy1-ChR2/EYFP) 18Gfng/J]. SkM bundles were carefully isolated from the thigh, and the 
nerves, fascia, and blood vessels were removed in D-Hank’s solution. After being minced into 2 × 2 mm pieces, 
the SkM bundles were digested for 15 min at 37 °C with 4 mL of collagenase II. The isolated cells were centrifuged 
to remove residual enzyme, resuspended in D-Hank’s solution, and then preplated for 30 min to reduce the 

Fig. 6.  NN control of muscle activity. (a) Schematics showing the NN-SkM assembloid setup. (b) 
Representative image showing an NN-SkM assembloid. In the NN, the expression of Thy1-ChR2/EYFP 
resulted in green fluorescence. (c) Representative traces of SkM cell contraction after normalization to the 
prestimulation baseline, after optogenetic stimulation and after TTX application in the NN-SkM assembloids. 
(d) Quantification of SkM cell contraction before and after optogenetic stimulation and after TTX application 
showing the median number of events per subfield within a field over a 20-second interval (**P < 0.01; 
***P < 0.001). (e) Quantification of displacement normalized to the baseline levels before and after optogenetic 
stimulation. (f) Representative traces of SkM cell contraction normalized to the prestimulation baseline, after 
glutamate stimulation, and after the application of MK-801 to the NN-SkM assembloids. (g) Quantification of 
SkM cell contraction before glutamate stimulation, after glutamate stimulation and after MK-801 application 
showing the median number of events in subfields per field in 20 s (**P < 0.01; ***P < 0.001). (h) Quantification 
of displacement normalized to the baseline before and after glutamate stimulation. (i) and (j) Neurons in the 
NN and NN-SkM groups were triple-stained for ChAT, Vglut1, and SYP, revealing the synaptic connections 
between glutamatergic and cholinergic neurons. (k) Schematic diagram of the multisynaptic motor regulation 
system in the NN-SkM assembloids. Scale bars: 10 μm in (i–j).
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fibroblast fraction. Subsequently, the cells were plated onto Matrigel-coated (1:50; Corning, 356230) 6-well 
plates. The cells were cultured in 40% DMEM (high glucose, Gibco) and 40% Ham’s F12 medium supplemented 
with 20% fetal bovine serum (FBS, Gemini), 100 U/mL penicillin (Gibco), and 100 U/mL streptomycin (Gibco) 
at 37  °C in 5% CO2. Once they reached 90% confluence, the cells were passaged at a 1:4 ratio using 0.25% 
trypsin (Gibco) and then cultured in differentiation medium (high glucose [DMEM] supplemented with 2% 
horse serum).

Generation of NNs from SC-NSCs
The collagen sponge (BIOT Biology, Wuxi, China) scaffold was initially tailored into a square column (5 × 5 × 1 
mm3). A total of 5 × 105 SC-NSCs per 10 µL of culture medium were seeded in each collagen sponge scaffold to 
generate 3D NNs. To promote cell adhesion, the scaffolds seeded with SC-NSCs were incubated in a 12-well plate 
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containing 50 µL of medium at 37 °C for 30 min. Then, the scaffolds were further incubated for 1 day in 500 µL 
of culture medium (DMEM/F12 supplemented with 1% B27 and 1% FBS) to form the SC-NSC-derived NNs.

Construction of NN-SkM assembloids
For the generation of NN-SkM assembloids, P2-P3 SkM cells were cultured in Matrigel-coated 6-well plates 
with differentiation medium (DMEM/F12 supplemented with 1% FBS) to generate 2D SkM cells. Next, the 
SC-NSC-derived NNs were placed above the 2D SkM cells so that they were in contact with one another and 
were allowed to interact. The coculture system was maintained in 1000 µL of culture medium for 7 days, with 
medium changing every day. SC-NSC-derived NNs that were not cocultured with SkM cells served as controls 
to assess neuronal differentiation and neurotransmitter expression. To determine the role of the PI3K/AKT and 
MAPK/ERK signaling pathways in NN-SkM assembloids, Linsitinib (IGF1-R inhibitor, 1 µM), LY294002 (PI3K 
inhibitor, 10 µM), MK-2206 (AKT inhibitor, 10 µM), TrkC-Fc (TrkC blocker, 1  µg/mL), SB203580 (MAPK 
inhibitor, 1 µM), and FR180204 (ERK inhibitor, 1 µM) were added to the culture medium respectively and 
incubated for 7 days. NN-SkM assembloids without inhibitors served as the control group.

Immunofluorescence
NN, SkM cells and NN-SkM assembloids were fixed in 4% paraformaldehyde for 20 min at room temperature. 
After three washes with phosphate-buffered saline (PBS), the samples were permeabilized with PBS containing 
0.2% Triton X-100 and 10% goat serum for 30 min. The samples were incubated with primary antibodies (Table 
S1) overnight at 4 °C. After three rinses with PBS, the samples were incubated with secondary antibodies for 
1 h at 37 °C. Nuclear counterstaining was conducted with Hoechst 33,342. Images were taken with a confocal 
microscope (Dragonfly, CR-DFLY-202 2540; Andor Technology, Belfast, UK).

Western blotting
SC-NSC-derived NNs and SkM cells were used for protein extraction. Equal amounts of protein were separated 
by electrophoresis, followed by transfer onto a polyvinylidene fluoride membrane. The membrane was incubated 
with primary antibodies at 4  °C overnight, followed by incubation with horseradish peroxidase-conjugated 
secondary antibodies. The bands were detected with an enhanced chemiluminescence substrate kit.

Optogenetic and glutamate stimulation and blockade
For optogenetic and glutamate stimulation of NN-SkM assembloids, we imaged NN-SkM assembloids in six-well 
plates using a 10x or 20x objective in an automated microscope (BioTek-Lionheart FX) under environmentally 
controlled conditions (37 °C, 5% CO2). For optogenetic stimulation, the contraction of SkM cells in NN-SkM 
assembloids without stimulation were recorded as control. Then, optogenetic stimulation consisting of 66 
pulses of blue light (488 nm, 911 ms in duration each) was delivered using an optical fiber-coupled LED that 
was directed toward the NN. After optogenetic stimulation, 0.5 µM tetrodotoxin (TTX) was used to block the 
voltage-gated sodium channels of the NN. Each period of contraction was recorded for 60 s at a frame rate of 
10 frames/second.

For activation of the glutamatergic neurons in the NN, the contraction of muscle fibers in NN-SkM 
assembloids without stimulation was recorded as a control, and then glutamate was added to the culture medium 
of the NN-SkM assembloids at a final concentration of 1 mM. Next, the NMDA receptors were blocked by 
dizocilpine (MK-801) at a final concentration of 50 µM. Each period of contraction was recorded for 60 s at a 
frame rate of 10 frames/second.

Muscle contraction was quantified using the automated, open-source ImageJ plugin MUSCLEMOTION 
(https://github.com/l-sala/MUSCLEMOTION)26,39. MUSCLEMOTION quantifies movement by subtracting 
the absolute changes in pixels between a reference frame and the frame of interest. One to two fields were 
imaged per assembloid. 2–3 regions of interest (ROIs) were selected in each imaging field, and the analysis was 
individually performed for each of the ROIs. For the analysis of contractions, events over 3 median absolute 
deviations were considered contraction events. Displacement over time was calculated by normalizing all values 
to the 50 frames preceding stimulation.

Fig. 7.  The interaction mechanism between NN and SkM cells. (a) The network diagram represents the 
expression levels of five functional gene sets in the NN-SkM group compared with those in the NN group. 
Individual nodes between functional sets represent individual genes, and the color represents the log2FC value. 
(b) Network diagram showing the associations of genes enriched in different functional sets in the NN-SkM 
group compared with those in the NN group. The node size of the functional set represents the total number of 
candidate genes according to GO. (c) The expression profiles of SkM cells in the SkM and NN-SkM groups. (d) 
The expression profiles of IGF1-R, TrkC, p-AKT, AKT, p-PI3K, PI3K, p-ERK and ERK in the NN and NN-SkM 
groups are shown. (e) and (f) show the expression of TrkC in the NN and NN-SkM groups. (g) and (h) show 
the expression of IGF1-R in the NN and NN-SkM groups. (i) Relative expression levels of NT-3 and IGF-1 
in SkM cells in the SkM and NN-SkM groups. (j) Bar chart showing the quantification of protein expression 
in the NN and NN-SkM groups based on Western blotting (*P < 0.05, ***P < 0.001). (k) Schematic diagram 
showing that neurotrophic factors secreted by SkM cells activate the PI3K-AKT and MAPK-ERK pathways 
within NNs. The data are presented as the means ± SDs (n = 3) in (i and j). Scale bars: 10 μm in (e–h). Blots 
shown in Supplementary Fig. 2.
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mRNA sequencing
After coculture for 7 days, the NNs in the NN-SkM assembloids were mechanically separated from the SkM 
cells for mRNA sequencing (RNA-seq), and the NNs cultured alone and SC-NSCs were used as controls. 
RNA was extracted via standard methods. The RNA integrity was determined by agarose gel electrophoresis 
(28  S:18  S ≥ 1.5). The RNA purity was assessed using a NanoDrop spectrophotometer (optical density [OD] 
260/280: 1.8–2.2), and the RNA concentration was accurately quantified using a Qubit fluorometer (≥ 500 ng/
mL). RNA-Seq analysis of the samples was performed by Genergy Bio-Technology Co., Ltd. (Shanghai, China). 
Data generated by a high-throughput sequencer were then converted into sequenced reads by CASAVA base 
calling. The original sequence counts of known genes for all samples were determined by StringTie, and the 
expression levels of known genes were calculated as fragments per kilobase of transcript per million fragments 
mapped. DESeq2 software (version number: 1.44.0; https://github.com/thelovelab/DESeq2) was used to identify 
differentially expressed genes between groups with |log2(fold change [FC]) | values ≥ 1 and P values < 0.05.

Statistical analysis
The data are expressed as the means ± standard deviations (SDs). The data were analyzed using GraphPad Prism 
software (version number: 9.5.0; GraphPad Software, San Diego, CA, USA; https://www.graphpad.com). ​T​w​o​-​s​a​
m​p​l​e t tests were used for comparisons of two groups, and one-way analysis of variance (ANOVA) with a Tukey 
post hoc correction was used for comparisons involving more than two groups. For all experiments, values of 
P < 0.05 were considered to indicate statistical significance.

Data availability
The datasets generated and analyzed in this study are available at the China National Center for bioinformation 
(GSA: CRA017096) repository, accessible at https://ngdc.cncb.ac.cn/gsa/browse/CRA017096.
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