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Advanced Modeling of Peripheral Neuro-
Effector Communication and -Plasticity

The peripheral nervous system (PNS) plays crucial roles in physiology and

disease. Neuro-effector communication and neuroplasticity of the PNS are

poorly studied, since suitable models are lacking. The emergence of human

pluripotent stem cells (hPSCs) has great promise to resolve this deficit.

hPSC-derived PNS neurons, integrated into organ-on-a-chip systems or

organoid cultures, allow co-cultures with cells of the local micro-

environment to study neuro-effector interactions and to probe mechanisms

underlying neuroplasticity.
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Introduction

The peripheral nervous system (PNS) forms a
widespread network, extending its nerve fibers to
innervate all organs of the body. The PNS inte-
grates several physiological responses in the respi-
ratory system, cardiovascular system, and digestive
and urogenital tracts. Targeted effector cells range
from muscle cells, like cardiac and smooth muscle
tissue, to various endocrine and exocrine secretory
glands. Information is transmitted between the
neurons and the effector cells in both directions.
Afferent sensory neurons transduce responses
from the periphery to the central nervous system
(CNS), whereas efferent autonomic neurons trans-
mit signals from the CNS to the periphery (78).
Furthermore, PNS neurons play a key role in the
modulation of immune responses, which contrib-
utes to neurogenic inflammation, pain, and itch
(25). Despite the importance of the PNS in human
physiology and pathophysiology, the molecular
control of neuro-effector communication and
trophic changes in the neural network in health
and disease remain poorly studied. One of the
main culprits in this respect is the lack of suitable
human in vitro PNS models to study neuroplastic-
ity in translational research. For our current
understanding of the mechanisms that regulate
neuro-effector communication and neuroplastic-
ity, researchers have relied either on biopsies of
patients with chronic inflammatory diseases or on
animal models. Patient biopsies provide much in-
formation on nerve structure. However, biopsies
do not provide information on development of the
changes in nerve structure in disease over time.
Animal models are required for mechanistic stud-

ies, since they take into account the full physiolog-
ical complexity in which the nervous system is well
integrated into the organs and connected to the
CNS. However, the problem with animal models is
that the translatability to the human situation is
often poor (44, 61). For instance, the nervous sys-
tem of rodents is by far not as complex as that of
humans. This is a major limitation, since the re-
modeling that we face in the human pathophysi-
ology might be completely different from what is
observed in rodent models. To gain understanding
in the mechanisms underlying neuroplasticity,
there is need for improved human in vitro models.
This paper will provide an overview of current
progress in the development of human in vitro
models for the investigation of neuroplasticity in
vitro.

The Peripheral Nervous System

The PNS is composed of afferent sensory fibers,
efferent motor fibers, and interneurons located in
the CNS (spinal cord, brain stem, or brain). In-
terneurons form neuro-effector interactions by
modulating the information before efferent fiber
activation in response to afferent stimulation (14).
The cells bodies of sensory nerve fibers are located in
the dorsal root ganglia (DRG) and transduce infor-
mation from the periphery to the CNS through spe-
cialized sensory receptors, stretch receptors, or
nociceptors, which react to specific sensory indica-
tors like touch, temperature, or pH. The efferent mo-
tor neurons are further classified into the somatic
nervous system, for voluntary muscle control, and
the autonomic nervous system, for internal organ
homeostasis. Within the autonomic nervous system,
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the sympathetic and parasympathetic nervous sys-
tem can be distinguished. Autonomic neurons oper-
ate through a so-called autonomic ganglion and
consist of pre- and postganglionic neurons. The
postganglionic neurons form junctions with the ef-
fector cells. For sympathetic neurons, the ganglia are
located closer to the CNS, whereas, for parasympa-
thetic neurons, the ganglia are located closer to the
target organ. Preganglionic neurons use acetylcho-
line (ACh) as their neurotransmitter, binding to nic-
otinic receptors in the ganglion. Postganglionic
neurons of the sympathetic nervous system mainly
use norepinephrine (adrenergic response) as their
neurotransmitter, which binds to �- and �-receptors
on target tissues. The parasympathetic nervous sys-
tem relies on ACh, binding mostly to muscarinic
receptors on target tissues. Furthermore, ATP, neu-
ropeptide Y, nitric oxide (NO), and vasoactive intes-
tinal peptide (VIP) can function as co-transmitters of
the autonomic nervous system. Together, the sen-
sory and the autonomic nervous systems coordinate
visceral functions such as breathing and cardiovas-
cular, digestive, and some endocrine functions via
constant neuro-effector interactions (14). The PNS
does not only interact with various organ systems but
with the immune system as well. Afferent sensory
nerves sample the local micro-environment in these
organ systems and signal in response to tissue injury,
infections, local inflammation, and mechanosensa-
tion. This will trigger a local response through se-
creted neurokinins, such as calcitonin gene-related
peptide (CGRP), substance P, and neurokinin A, and
will trigger a central or peripheral reflex activation of
efferent neurons, contributing to smooth muscle
contraction, secretions from glands, and immuno-
modulation (21, 35). This bidirectional neuro-im-
mune interaction underlines the importance of the
PNS in physiology in health and in disease (7, 20, 33,
35). In the case of chronic inflammation, peripheral
neuroplasticity is commonly observed.

Neuroplasticity and Neurotrophins

Neuroplasticity is defined as the ability of the ner-
vous system to reorganize itself by changing its
structure and function in response to intrinsic and
extrinsic stimuli. If the stimulus is present for a
long time period and/or is severe enough, perma-
nent changes to the nervous system can occur (16,
52). In the CNS, neuroplasticity has been rela-
tively well studied in many neurodegenerative
diseases, including Alzheimer’s and Parkinson’s
disease and multiple sclerosis, and targeting
neuroplasticity has been proposed to possess a
great therapeutic potential. In contrast, in the
PNS, the mechanisms underpinning neuroplas-
ticity and its consequences have been little in-
vestigated (28, 31, 39). It is known from patient

biopsies and animal studies that modeled neuro-
plasticity that structural and functional neuronal
alterations in the PNS do occur and can be char-
acterized by 1) innervation density, 2) neurite
length, 3) lowered firing threshold, or even 4) cell
phenotype switching. (FIGURE 1) These features
may occur individually or in combination (74, 77).
Structural alternations of the nerves prompt an
increased sensitivity toward external stimuli, ex-
hibiting as pain or itch (20, 32, 57), hypercontrac-
tion of smooth muscle (3, 7, 20), hypersecretion of
mucus (3, 7, 20), or cardiac arrhythmias (6). Un-
derstanding the mechanisms that drive neuroplas-
ticity in the PNS could identify new drug targets in
many diseases, since neuroplasticity is a phenom-
enon observed in nearly all organs and tissues in
the periphery (5, 7, 20, 56, 77). Despite the recog-
nition of its importance, the underlying mecha-
nisms are largely unknown and in fact have
received scant attention. Neuroplasticity is a com-
mon feature observed in conditions of chronic in-
flammation such as psoriasis (57) and eczema (32)
in the skin, allergic rhinitis (53) and asthma (23) in
the (upper) airways, and irritable bowel syndrome
(3) and inflammatory bowel disease (18) in the gut,
and changes in the peripheral neural network oc-
cur as a chronic adaptation mechanism, character-
ized by changes in nerve density, neural sprouting,
and cell phenotype switching. Although the mech-
anisms underlying neuroplasticity in peripheral
tissues and diseases are still unknown, it is clear
that neuroplasticity of the PNS is a pathophysio-
logical event involved in many inflammatory dis-
eases (5, 7, 20, 22, 56, 77). The bidirectional
communication between the PNS and peripheral
organs contributes to the simultaneous remodel-
ing of both the nerve fibers and the effector cells in
disease. Both infiltrating immune cells and resi-
dent structural cells contribute to this process by
neurotrophin (NTF) secretion during inflamma-
tion (13, 20, 52, 62). NTFs are growth factors that
are important for neuronal development, and later
for survival and proliferation. The family consists of
four NTFs, nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3),
and neurotrophin-4 (NT-4), and their corresponding
tyrosine kinase (Trk) receptors, TrkA, TrkB, TrkC, and
NTRKp75. NGF binds to TrkA, BDNF and NT4 bind
to TrkB, NT3 binds to TrkC, and NTRKp75 acts as a
general NTF receptor for all four (29). Originally, it
was thought that NTFs solely act as messengers for
survival and proliferation of neurons. However, re-
cent evidence suggests that neurotrophic factors
continue to regulate functions of both neuronal
and nonneuronal cells. NTF signaling was found to
be altered in chronic inflammatory diseases, incor-
porating especially increased NGF and BDNF se-
cretion (5, 7, 20, 46, 52, 56, 62, 77). Next to an

REVIEW

PHYSIOLOGY • Volume 35 • September 2020 • www.physiologyonline.org 349

Downloaded from journals.physiology.org/journal/physiologyonline (213.127.040.243) on July 27, 2022.



increased NTF secretion, effector cells showed an
altered function simultaneously, such as in hyper-
contractile smooth muscle cells (35, 63), mucus
hypersecretion from epithelial cells (10, 35), and
cardiomyocyte hypertrophy (13). Furthermore, a
neuro-immune cross talk is dependent on NTF
signaling, since NTFs are involved as messengers
for the immune system as well (20, 46, 62). Mast
cells, for example, have been found to heavily ex-
press TrkA and to be one of the major sources of
NGF (52). Furthermore, a subpopulation of mac-
rophages has been identified that have been found
to be resident in close proximity to the sympathetic
nerves (19, 36, 75). This finding makes it not sur-
prising that neuroplasticity is often found in in-
flammatory diseases. Nonetheless, it is still unclear
what drives this neuroplasticity and what roles are
played by the immune system by the effector cells
and by the different NTFs and their receptors.
Many questions around the onset and progression
of neuroplasticity in humans still remain unan-
swered, since the models that have been used were
mainly animal models. This is a problem for the
development of novel drugs that target the PNS as
a therapeutic strategy. Therefore, human disease
models would strengthen the translatability of
research into the function of the PNS for drug

development. Furthermore, the current global
trend toward minimizing the use of laboratory
animals will continue to be a major goal for the
academic community and society as a whole in
the 21st century (38, 65). Both the scientific need
and the pressure from society demand the devel-
opment of novel human in vitro models that can
replace animals for the study of the PNS. In the
past two decades, several technologies have
emerged that have proven to be highly suitable
as human in vitro models, including human plu-
ripotent stem cell (hPSC) technology, organs-on-
a-chip (OoC) technology, and organoid models
(9, 17, 76).

hPSC-Derived Peripheral Neurons

To date, the greatest limitation in the development of
human in vitro PNS models for the study of neuro-
effector communication and neuroplasticity is the
availability of in vitro peripheral neurons. This limi-
tation can now be overcome by using hPSCs (67). A
handful of laboratories are focusing on the develop-
ment of protocols for both sensory and autono-
mic peripheral neuron differentiation from hPSCs
(FIGURE 2). In 2005, Pomp et al. published the first
protocol for the differentiation of sensory and sym-
pathetic neurons from human embryonic stem cells
(59). Since then, much has improved in the proce-
dure of hPSC differentiation. Stem cell growth is not
dependent on feeder cells anymore, and differentia-
tion of peripheral neurons can be performed more
specifically and with higher efficiency (41). Later,
various laboratories started to specialize their
differentiation protocols to be more specific for
either sensory or autonomic peripheral neurons.
In 2012, Chambers et al. published their protocol
for the differentiation of peripheral sensory neu-
rons (FIGURE 2) (15). Many protocols today still
use the Chambers protocol as a reference for sen-
sory neuronal differentiation. The sensory pheno-
type is defined by the expression of Brain-Specific
Homeobox/POU Domain Protein 3A (Brn3a), sub-
stance P, and/or transient receptor potential vanil-
loid 1 (TRPV1) channels (4, 27). The protocol
published by Chambers et al. covers only 14 days
in vitro cultivation, whereas the other protocols for
sensory neuronal differentiation take up over 40
days. Over the years, it has become clear that pro-
tocols need to integrate sufficient time to allow
maturation of sensory neurons for differentiation
toward a neuronal phenotype that shows sponta-
neous firing. For autonomic peripheral neurons,
protocols have been developed focusing on enteric
neuronal differentiation and sympathetic periph-
eral neurons (67). These neurons cannot be further
differentiated into a specific neuronal subtype
yet, like peripheral cholinergic neurons. The

FIGURE 1. Schematic overview of peripheral neuroplasticity
The schematic overview shows innervation of the PNS into the local microenvironment
in health and disease. The diseased innervated tissue is characterized by an increased
neuronal density, excessive neurite sprouting, neuronal phenotype changing, and a
lower firing threshold. Additionally, a hypersecretion of NTFs by macrophages and
structural cells is observed, as well as infiltration of immune cells.
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phenotype of the autonomic neurons is defined by
the expression of peripherin, in combination with
a subset of neuronal markers, including choline
O-acetyltransferase (ChAT), tyrosine hydroxylase
(TH), vasoactive intestinal peptide (VIP), and sev-
eral Trk receptors (24, 34, 66). A variety of protocols
is now available, ranging from protocols for gen-
eral sensory or autonomic neurons to specific no-
ciceptors, cardiac neurons, and enteric neurons (4,
12, 15, 24, 27, 34, 37, 41, 42, 47, 59, 60, 67, 71).
Current protocols yield varying efficiencies and do
not always adequately represent the neuronal phe-
notype, suggesting the need for more robust and
reliable methods. Nonetheless, the neurons ob-
tained via these protocols do show ability to ma-
ture: synapses can be formed, electrical activity
can be measured, and integration of the neurons
into in vivo systems was successful (4, 12, 15, 24,
27, 34, 37, 41, 42, 47, 59, 60, 67, 71).

The differentiation of peripheral neurons during
embryonic development is relying on a neural
crest cell (NCC) intermediate (11). Comparing the
PNS differentiation protocols summarized in
FIGURE 2, it is striking that all groups obtain their
peripheral neurons via a NCC intermediate. Effi-
cient protocols to obtain the NCC are already es-
tablished: the strategy for dual SMAD inhibition in
combination with temporal Wnt activation is ro-
bust and in accordance with the pathways for in
vivo embryonic development. Therefore, this strat-
egy is suitable to be implemented in the differen-
tiation protocol for NCCs (45). The differentiation
of NCCs toward the peripheral neurons is depen-
dent on NTF signaling, as is seen when comparing
the post-NCC differentiation in FIGURE 2. It is no
surprise that NTFs are necessary for the differen-
tiation into neurons, since NTFs are essential for
neuronal development and innervation during em-
bryonic development (8, 29). The majority of the
protocols listed in FIGURE 2 apply a cocktail of
several NTFs (NGF, BDNF, NT3) and/or GDNF to
the differentiation protocol to obtain a PNS net-
work involving a variety of neuronal subtypes. Fat-
tahi et al. used only GDNF for neuronal maturation

of the enteric nervous system, since GDNF is the
main neurotrophin for innervation of the gut dur-
ing development (24). During development, NTFs
are mainly secreted by cells from the target organ
that are in proximity to the migrated NCCs. As
Fattahi et al. have already shown, selective NTF
addition might enable the differentiation into a

FIGURE 2. Timelines of peripheral neuron differ-
entiation from human pluripotent stem cells
The timelines show information about the supplements
added to the media to aid differentiation and the length
of the protocols in days. A: the listed protocols repre-
sent a sensory neuronal phenotype, based on the ex-
pression of Brn3a and/or TRPV channels. B: the listed
protocols represent an autonomic neuronal phenotype,
based on the expression of peripherin and markers of
neuronal subtypes, including ChAT, TH, and VIP. Differ-
entiation of all peripheral neurons comprise an interme-
diate neural crest stage, and a part of the listed
protocols comprises an intermediate NCC spheroid step
(image below time axis, cluster of lilac cells). hPSCs are
shown in purple, neural crest cells in lilac, and peripheral
neurons in pink (shown in legend below timelines).
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specialized type of neurons: for example, by adding
GDNF to enteric neuronal differentiations (24) or
BDNF to airway neuronal differentiation (8, 64).
Another method to obtain the specific neuronal
subtypes is by co-culturing the neurons with cells
of their target organ. For instance, for autonomic
peripheral neurons, it has been found that co-
culture of obtained peripheral neurons with intes-
tinal cells or cardiac cells leads to accelerated
maturation by showing a greater action potential
at an early time point during their differentiation
(24, 54). Given that this interaction between NCC
and target organ is physiologically relevant, it is not
surprising that peripheral neurons undergo accel-
erated maturation in a co-culture with their effec-
tor cells (51). Furthermore, it might be very well
possible that co-culturing neurons with their target
organ will provide the right cues for differentiation
into specific neuronal subtypes.

The Study of Neuro-Effector
Communication and Neuroplasticity
Using Organ-on-a-Chip Technology

A good method to study cell-cell interactions in
co-culture is OoC technology. OoCs rely on the use
of microfluidic chips, which can be designed in any
desired shape to create a system mimicking the
physiological conditions and anatomy more
closely than in conventional cell culture. OoC cul-
ture systems have already proven to be an excellent
neurobiological research tool to study the CNS (48,
50). Integrating OoC technology with the above-
mentioned hPSC-derived PNS neurons creates a
combination that has great potential for the use of
studying neuronal function and peripheral neuro-
plasticity. An example of a chip design that allows
mechanistic studies for neuro-effector communi-
cation is shown in FIGURE 3A. This dual-compart-
ment chip enables the study of communication
between neurons and their effector cells by inte-
grating connecting microchannels for axonal guid-
ance (73). In this set-up, two cell types are cultured
simultaneously in separate compartments, which
are connected via microchannels that mediate ax-
onal communication while keeping the neuronal cell
bodies and the effector cells separate. This configu-
ration allows the stimulation and study of neurons
and effector cells separately, providing a tool to give
insight into the underlying mechanisms of neuro-
effector communication and neuroplasticity.

The development of such axon-guidance chips is
already ongoing, and chip designs range from rela-
tively simple with two compartments, to more ad-
vanced systems with integrated sensors (49, 55, 68,
71–73, 81). These sensors can, for example, be used
for electrical stimulation or electrophysiological
measurements. Taylor et al. published a method for
relatively simple and robust fabrication for a polydi-
methylsiloxane (PDMS) dual-compartment axon
guidance chip in 2003, as shown in FIGURE 3A (73).
Many subsequent chip designs have been inspired
by this axon guidance system. The use of the chips
has already shown its potential of studying the inter-
action of neurons and their effector cells by mimick-
ing in vivo neuronal innervation in the chips. Two
examples for in vivo mimicking are teeth and bone
structures, for which it is known that neuronal inner-
vation is only possible postnatally. The dual-com-
partment chip design was used to mimic neuronal
innervation of osteoblast and tooth germs of either
embryonic or postnatal origin. It was shown that, in
all chips, spontaneous neuronal outgrowth was pos-
sible. However, only postnatal tooth germs or osteo-
blasts were innervated by the outgrowing axons and
not by the embryonic cells. This is in accordance
with the in vivo situation, showing the potential of

FIGURE 3. Advanced models for the study of neuroplasticity, showing the
integration of hPSC-derived peripheral neurons into several cell culture
systems for co-culturing
A: a schematic overview of a dual-compartment chip for axon guidance (top view)
showing that PNS neurons (green) can extend their axons from one compartment into
the other compartment in which their effector cells are growing. Cells can be cultured
in separate media and stimulated independently of each other, allowing mechanistic
studies of the PNS neurons and their effector cells. B: a schematic overview of an axon
guidance chip with an integrated air-liquid-interface (top view and side view). PNS neu-
rons (green) are cultures in the lower compartment and can extend their axons into
the top compartment via a permeable membrane. The top membrane can be filled
with air, allowing culture of neurons with effector cells that require air exposure like
skin of airway epithelial cells. C: a schematic overview of an organoid model with inte-
grated PNS. PNS neurons (green) can be co-cultured with organoids to study neuro-
effector interactions and/or to improve maturation of both the organoid and the
neurons.
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OoCs to study mechanisms of neuronal innervation
(49, 55). Furthermore, a dual-compartment chip was
used to unravel growth factor-related mechanisms
that underly neuronal innervation. Co-cultures of
motor neurons and skeletal muscle cells showed that
addition of GDNF promoted axonal outgrowth and
innervation of the motor neurons. However, this ef-
fect was only observed if GDNF was applied in the
compartment of the effector cells, i.e., muscle cells,
indicating that GDNF signaling is important in axon
guidance of motor neurons (81). Such experiments
provide information on the mechanisms underlying
neuroplasticity. One can imagine that this device can
be used not solely to study the difference in embry-
onic and adult innervation, but also to study neuro-
plasticity in health and disease. Important readouts
from such a chip can be directly aimed at the nervous
system, i.e., staining for neurites, or activation
threshold. Also, the effector cells can prove an im-
portant readout. As mentioned above, neuronal plas-
ticity leads to changes in smooth muscle contraction,
secretion from glands, or immune modulation. Ob-
serving the alterations in effector cells serves as an
indicator for neuronal changes as well.

The next logical step is to integrate hPSC technol-
ogy within these OoC platforms. Integration of these
technologies should promote understanding of the
processes of neuronal innervation by the PNS and its
alterations that can occur during disease. One of the
first groups to do so were Takayama and Kida,
who used this dual-compartment setup (similar to
FIGURE 3A) for the co-culture of hPSC-derived PNS
neurons and hPSC-derived CNS neurons. The PNS
and CNS neurons were fully differentiated before
reseeding into separate compartments of the chip.
This separate culture aids to fully understand the
interaction between the PNS and CNS neurons (71).
For the PNS-CNS co-culture, it was shown that PNS
neurons had grown into the CNS compartment, and
not vice versa, mimicking the elongated peripheral
neurons found in vivo. Furthermore, PNS neurons
could be stimulated independently from the CNS to
trigger a response in the CNS. Being able to stimulate
either compartment independently enables the
study of neuronal function and effector response
(71). Next, the same chip design was used for the
co-culture of hPSC-derived PNS neurons and cardi-
omyocytes. PNS neurons were fully differentiated
first, and cultured in the chip for 2 weeks to extend
their axons, before differentiated and contractile car-
diomyocytes were added. After 10 days in co-culture,
functional synapses had formed (71). These data in-
dicate that OoC technology combined with hPSC-
derived PNS neurons show great potential for
implementation into in vitro studies of neuro-effec-
tor communication and neuroplasticity.

Organoid Models

The above-described multicompartment chips are
of great value in studying neuronal innervation.
However, OoC experiments using hPSC-derived
PNS neurons thus far lack the 3D architecture that
is present in the human body. Preserving this 3D
architecture can be achieved by the use of or-
ganoid models. Many research groups are estab-
lishing protocols for the development of organoids,
creating 3D multi-cell-type systems. Advantages of
organoids include the presence of multiple cell
types, the 3D environment, which is argued to be
more physiologically relevant, and its current
widespread applicability to many organ types (17,
40). Neuroplasticity is not a process of the neuro-
nal cells solely; factors secreted by surrounding
cells also play a key role in the underlying mecha-
nisms (5, 7, 20, 29, 56, 77). These findings empha-
size the fact that the integration of PNS neurons
into co-cultures is essential for a representative
study of neuronal remodeling. However, none of
the available organoid protocols shows spontane-
ous formation of peripheral neurons. These pe-
ripheral neurons must be added separately to the
organoids to study neuronal innervation and plas-
ticity. Now that protocols for both organoid forma-
tion and peripheral neuron differentiation from
hPSCs are being established, the two techniques
can be integrated. Integration of hPSCs and or-
ganoids should aid the study of innervation during
development and should also aid in understanding
the mechanisms driving innervation and neuro-
plasticity post-development. Peripheral neuroplas-
ticity can be studied in a 3D fashion in vitro by
visualizing the neuronal network and nerve sprout-
ing throughout the organoid (FIGURE 3C).

Few reports have focused thus far on the inte-
gration of the PNS into organoids. As depicted in
FIGURE 3C, early stage organoids and NCCs can be
combined, and when embedded in a matrix, the
cells will self-organize into an innervated organoid.
For human intestinal organoids (HIOs) it has been
shown that integration of NCCs is possible in vitro.
Since the NCCs are precursors of the enteric ner-
vous system, these co-cultures simultaneously led
to self-organization of the NCCs into the different
neuronal and glial types of the enteric nervous
system, without the need for supplemented growth
factors as differentiation cues (80). Furthermore,
integration of NCCs into the HIOs improved en-
graftment of organoids in vivo. Compared with
HIOs alone, engraftment of the NCCs showed pres-
ence of submucosal and myenteric ganglia, func-
tional connectivity to the nervous system of the
host, and the differentiation of secretory cells (24,
69, 80). It is of no surprise that incorporation of the
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nervous system leads to improved maturation of
both the neurons and the organoid, stating the
importance of cross talk of the neurons with their
target organ. Furthermore, for implantation of
pancreatic islets with or without NCCs, it has been
shown that engraftment in the presence of NCCs
improved the success ratio. Co-transplantation of
islets from various donors with NCCs showed that
proliferation of the islets had increased, including
that of �-cells. Additionally, the presence of NCCs
increased the neuronal and vascular innervation of
the engrafted islets, indicating an improved en-
graftment in the donor (26). It can be speculated
that co-culturing organoids with NCCs not only
improves engraftment of organoids in vivo but that
similar co-culture approaches work in vitro as well
to generate more mature organoids.

Future Outlook

Protocols for hPSC-derived PNS neurons are be-
coming more robust, and pioneers have shown
that these hPSC-derived neurons can be integrated
into other novel in vitro models such as OoCs and
organoids (71, 80). The next step will be to further
implement the integration of hPSC-derived PNS
neurons into human in vitro models and to use
these integrated models for the study of neuro-
effector communication and neuroplasticity in pe-
ripheral organs. There is need for a model that can
capture the altered physiology observed in vivo,
since such human in vitro models should not only
aid in understanding the underlying mechanisms
of neuro-effector communication and neuroplas-
ticity but also demonstrate the potential of these
physiological interactions as a therapeutic target.
The aforementioned axon-guidance chip provides
a useful tool for both options, since neurons can be
treated or stimulated independently from their ef-
fector cells (FIGURE 3A). Furthermore, these chips
enable the study of neuronal density, neurite
length, and response threshold to stimuli, and also
allows readouts on the effector compartment, like
muscle contraction. To induce neuronal plasticity,
several strategies can be implemented. For exam-
ple, hypersecretion of NTFs like NGF can be mim-
icked by increased NGF concentration to simulate
in vivo situations of peripheral neuroplasticity.
Still, alterations of the ECM and immune infiltra-
tion linked to peripheral neuroplasticity remain
absent in such a setup.

With the first OoC-systems for axon guidance
being validated, more complex chips can be de-
signed. The axon-guidance chips described above
are fully submerged in cell-culture medium. How-
ever, air exposure is essential for some tissues for
proper epithelial cell maturation to create a more
physiological environment. For example, tissues

like the skin or the respiratory tract require air
exposure. The design of such chips may be sup-
ported by the integration of porous membranes
to separate two compartments, as shown in
FIGURE 3B. Several groups have established chips
with integrated air exposure for maturation of air-
way epithelial cells (30, 43). Such designs allow the
upper compartment to be air exposed, while em-
bedding the neurons in the lower compartment.
However, an integrated nervous system is lacking
in this design. Chicken DRG have been successfully
co-cultured with hPSC-derived corneal cells in an
ALI culture, in which DRG neurons were guided
toward corneal epithelial cells using NGF (79). De-
spite eminent axon guidance through a porous
membrane, allowing epithelial innervation, this
system is lacking the integration into an OoC sys-
tem. Interestingly, this design of a dual-compart-
ment chip with an integrated porous membrane
has already been implemented for the study of the
neuro-vascular unit of the blood-brain barrier
(BBB), since it enables the design of having one
compartment with a laminar flow, while the other
compartment can house the somatic bodies of the
neurons (1). Replacement of the laminar flow in
the upper compartment with airflow would allow
the implementation of an air-exposed tissue in the
top compartment and neuronal system in the
lower compartment. Similar to the chip design
shown in FIGURE 3A, in this chip, the compart-
ments can be stimulated independently from each
other, enabling the study of either the effector cells
or the PNS neurons and their specific role in the
process of neuroplasticity.

In addition to the interaction between the PNS
neurons and the effector cells, there is another point
to consider. Functional and structural changes in the
PNS neural network affect both the autonomic and
the sensory nervous system. To date, it is still not
clear how either neuronal cell type responds to neu-
roplasticity and how the autonomic and the sensory
nervous system interact with their effector cells. The
design of a three-compartment axon-guidance chip
would allow study of the roles of the distinct types of
peripheral neurons in the process of neuroplasticity.
For instance, the interactions of different types of
neurons with their effector cells can be studied in a
design where multiple neuronal compartments can
be connected to one organ compartment via axon-
guiding microchannels. Similarly, neuronal density
and neuronal firing can be studied independently for
either neuronal cell type and separately from its ef-
fector cells.

Next to the OoCs, organoid models appear to be
a promising tool in the study of neuroplasticity. As
mentioned above, implementation of the PNS into
organoids is still in its infancy. Never-
theless, PNS neurons integrated into organoids
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showed astonishing results both for the self-orga-
nization of the organoid and for the PNS function
(24, 26, 69, 80). Since protocols for the co-culture of
PNS and organoids are still scarce, one option is to
learn from co-culture protocols of organoids with
other cell types that are important for innervation.
Other cell types that have been co-cultured with
organoids are endothelial cells (ECs) or motor neu-
rons. For integration of ECs with organoids, either
ECs were mixed with primary cells to form or-
ganoids or pre-derived organoids were coated with
ECs and left for spontaneous maturation and in-
nervation (58, 70). Similar mixing or coating
techniques might be applicable in any type of or-
ganoids with PNS neurons or NCCs as well
(FIGURE 3C). The mixing technique has already
been proven to work using NCCs and intestinal
organoids, and skeletal muscle organoids have
been coated with motor neuron precursors (2, 24,
69, 80). No protocols have been published yet
where organoids are coated with NCCs, but since
innervation with motor neurons is possible, the
coating technique may be a promising tool to use
for innervation of organoids with a neuronal net-
work of PNS neurons as well. It seems to be most
crucial that both the organoids and the neuronal
precursors are integrated in an early stage to stim-
ulate self-organization, leading to neuronal inner-
vation and maturation.

Finally, since changes in neuro-effector commu-
nication and neuroplasticity are often linked to
chronic inflammation, another layer of complexity
would be to add immune cells to the system as well
(7, 20, 56, 77). Mast cells are known to be a major
source of NGF, making them a relevant cell type to
link to studies of neuroplasticity (56). To investi-
gate the role of NGF, a culture system in which
mast cells are added to the co-cultures would be
interesting, making a three-cell-type system using
peripheral neurons, their effector cells, and their
mast cells.

The future outlook toward in vitro studies of
human PNS modeling seems promising. However,
when in vitro studies are designed, some inherent
limitations have to be kept in mind. An in vitro
model can never fully recapitulate the complex in
vivo situation, and not all changes in the internal
environment and complex cell-cell interactions ac-
companying physiology in health and disease can
be modeled. Moreover, the presence of the extra-
cellular matrix (ECM) and its changing mechanical
properties can have considerable effects on neuro-
nal behavior. Nevertheless, integrating hPSC tech-
nology with OoCs and organoid models allows for
the first time the study of peripheral neuroplastic-
ity in human in vitro models and should contribute
significantly to the field.

Conclusions

The development of protocols for the differentia-
tion of peripheral neurons lays the groundwork for
future research into neuro-effector communica-
tion and neuroplasticity. It has become clear that
not much is known about functional and structural
changes in the PNS in health and disease. This
might be due to the fact that previously no suitable
model was available to allow study of the underly-
ing mechanisms of neuronal innervation and neu-
roplasticity. Animal models have been the main
approach and have shown that NTFs and the im-
mune system are of importance in neuroplasticity.
However, these studies have not provided a clear
overview on neuroplasticity, lacking information
on the onset of the remodeling process and its
clear link with the immune system. Having access
now to peripheral neurons of human origin, such
mechanistic studies can move forward. As technol-
ogies emerge and mature, gaps between different
research fields can be bridged to aid development
of in vitro models that are relevant to human dis-
ease. In the case of the PNS, the above-described
technologies can provide fantastic new research
tools. Combining the technologies should lead to
new advances in our understanding of neuro-ef-
fector communication and neuroplasticity. The
combination of hPSC-derived neurons in axon
guidance chips provides a platform for the study of
the neurons independently from the organs. Incor-
poration of PNS neurons into organoids enhances
the maturity of the organoids and the neurons,
proving a more relevant human in vitro system.
The time has now come to shift toward human in
vitro models to gain a better understanding of what
is happening in human disease. Not only should
such models aid in unraveling the mechanisms of
neuro-effector communication and neuroplastic-
ity, but they also should allow assessment of ther-
apeutic targets with superior predictive power.
Finally, these models should allow identification of
therapeutic targets, leading to a completely novel
class of therapeutics aimed at neuroplasticity. �
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