
REVIEW

Cellular and Molecular Life Sciences          (2025) 82:227 
https://doi.org/10.1007/s00018-025-05767-w

Apart from congenital and degenerative neurological 
impairments, acquired brain injury often results from inter-
nal or external incidents [1]. With an estimated prevalence 
of 0.7% [2], the leading causes for acquired brain dam-
age and its associated neurological disabilities are stroke 
[3] and traumatic brain injury (TBI) [4]; although less 
common, similar neurological outcomes can occur post-
operatively following glioblastoma resection surgery [5], 
during which tumour excision may lesion the surround-
ing cortical tissue. Depending on the severity of cortical 
damage, neurological deficits persist over long-term peri-
ods. Furthermore, the extent of impairment is also affected 
by pathophysiological mechanisms that are secondary to 
the primary lesioning of the brain, such as excitotoxicity, 
free radical damage, blood brain barrier interruptions, and 
inflammatory reactions [6]. These ancillary responses may 
lead to further cortical injury and cell death. The bodily 
reactions to brain injury include evoked angiogenesis, 
neurogenesis, and synaptogenesis. However, natural brain 
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Abstract
The lack of effective therapeutic options for patients suffering from neurological impairments related to acquired brain 
damage requires novel translational strategies, among which transplantation of neural tissue is receiving strong atten-
tion. One of the most recent developments involves the implantation of brain organoid models, derived from embryonic 
or induced pluripotent stem cells, into damaged rodent cortices. While this approach is gaining popularity, the extent of 
graft integration within the host tissue remains poorly understood. This review aims to examine whether xenotransplant-
ing organoids into cortical tissue induces functional recovery and plastic adaptation to the damaged implantation sites. 
Physiological indications of grafted organoid plasticity and integration into the host included viability, corticogenesis, 
vascularisation, growth, and the development of area-specific morphological identities. The functional integration into host 
neural circuitry has been probed by tracing of axonal projection growth according to implantation sites, but also through 
observations of spontaneous, stimulus evoked, and selectively tuned activity of grafted neurons. Finally, some studies 
also investigated whether the engraftment procedure facilitated behavioural recovery in tasks requiring motor, memory, or 
reward-seeking functions. Overall, organoid grafts show signs of progressive anatomical, functional, and behaviourally-
relevant integration within the damaged host cortices. Yet, further investigation is necessary before this transplantation 
approach can be actually translated into a robust method to achieve functional restoration in patients suffering from brain 
damage.
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repair mechanisms only function to a certain extent, hence 
clinical therapies attempt to enhance these inherent pro-
cesses to aid the regeneration of neural tissue [7]. Nev-
ertheless, currently available drug-based neurorestorative 
approaches offer at best a limited recovery. Given the lack 
of generally efficient therapies, a focus of research has 
been studying the regenerative potential of transplanted 
stem cell tissue. Initial studies in which rodent hosts with 
cortical damage were implanted with embryonic murine 
cells highlighted the potential of this class of approaches, 
observing that the grafts physiologically adapted to the 

novel environment and were functionally integrated to an 
extent that enabled some restoration of motor and cog-
nitive functions [8, 9]. The scope of this approach was 
expanded with the use of human embryonic stem cells 
(ESCs) and induced pluripotent stem cells (iPSCs), which 
have the capacity to be differentiated and patterned into 
cortical cell classes that are resemblant of those present 
during embryonic developmental stages [10, 11]. In order 
to study patient-matched and individualized models of 
cortical repair, research then shifted to xenotransplanting 
such tissue and investigate cross-species integration in host 

Fig. 1  Depiction of transplantation model methodologies and 
approaches to assessing graft integration. Sample tissue selected for 
engraftment is commonly derived from pluripotent stem cells (PSCs), 
such as iPSCs or ESCs, through culturing. This enables the genera-
tion of cellular grafts like proliferative cells (NPCs, NSCs, NESCs) or 
various types of neurons and differentiated cortical cells. On the other 
hand, iPSCs and ESCs may also be cultured into organoids and more 
advanced assembloids. Furthermore, organoids and assembloids can 
be dissociated into cells. This is usually conducted to investigate graft 
integration outcomes of structured organoids/assembloids in compari-
son to its disassembled and unorganised cellular contents. The cellu-
lar or organoid tissue is then selected for engraftment via injection or 
manual placement into a specific region of the host cortex, depending 
on the employed transplantation model. The hosts, typically rodents, 
are usually subject to cortical damage prior to the transplantation. 

The models of neural damage previously utilized are induced strokes 
(middle cerebral artery occlusion (MCAO), focal injury stroke), 
lesioning by aspiration or direct tissue removal, and procedures mim-
icking TBI. Specifically for organoids, these damage models are used 
to create cortical cavities to fit the size of grafts for implantation. In 
general, transplanting grafts into lesioned cortices is conducted for 
the investigation of cortical regeneration following the engraftment. 
This regeneration is probed by several validation paradigms, including 
examining the extents of anatomical integration (survival, growth, vas-
cularisation, structural integrity and cellular composition of the grafts), 
functional recovery (functional reconstruction via synaptic integration 
and electrophysiological activity of grafted neurons), or behavioural 
outcomes of the grafting procedure. Created in BioRender. Ondriš, J. 
(2025) https://BioRender.com/s34g864
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cortices [12, 13]. These chimeric models showed similar 
results in terms of neural adaptation to the rodent hosts, 
displaying functional integration within the damaged 
host circuitry and regenerative outcomes in various corti-
cal areas [14]. The prospects of this translational strategy 
aimed at cortical regeneration was further advanced with 
novel methods to culture iPSC-derived, self-organised, 
and multicellular organoid and assembloid brain models 
[15]. These models attempt to regenerate lesioned brain 
areas with specifically differentiated and organised cells 
that mimic regions of the foetal neocortex [16]. The first 
successful transplantation and functional integration of 
organoids implanted into the damaged retrosplenial cortex 
of mice has since attracted attention for further explora-
tion of this cortical repair model [17]. Compared to the in 
vitro culture environment, transplanted in vivo organoids 
have shown to be more recapitulative of the brain archi-
tecture, with missing cell types supplemented by the host, 
improved corticogenesis, and synaptic integration with the 
impaired host neural circuits [18]. This new type of graft 
may have the potential of outweighing former limitations 
of cellular implants, mainly due to its structural organisa-
tion of cortical cells. More specifically, while injected cells 
have similar identities to the populations making up an 
organoid, organoids themselves are characterised by dis-
playing systematised early-development ventricular zone 
(VZ), subventricular zone (SVZ), and emerging cortical 
plate-like structures of layers, progenitor cells, and migrat-
ing neurons [19]. This fundamental hallmark of regionally 
patterned organoids highlights their potential advantages 
as graft candidates, as their increased functional and 
anatomical complexity may aid in resiliency and restor-
ative capabilities when implanted into a damaged cortical 
region. Given the novelty and importance of this grafting 
approach in advancing the realm of regenerative medi-
cine, our objective is to review whether grafting organ-
oids into cortical tissue induces functional recovery and 
plastic adaptation to the damaged implantation sites. The 
variation in graft types, hosts subject to implantation, and 
utilised cortical damage models are summarised in Box 1, 
which showcases the main methodologies behind the vari-
ous xenotransplantation procedures. Grafting methods are 
additionally illustrated in Fig.  1, which also provides an 
overview of the current report, where we will review the 
extent of implant-host integration in terms of physiologi-
cal, functional, and behavioural perspectives. We begin by 
reviewing physiological aspects regarding the implanta-
tion of organoids. The plasticity of grafts within the host 

environment is discussed with regards to various processes 
that portray normal tissue function, such as graft viability, 
cellular composition, structural characteristics, volumetric 
growth, or vasculature integration post implantation. We 
then outline whether transplanted organoids show evidence 
of functional integration within implantation sites. The 
findings are subdivided between different cortical regions, 
and functional adaptation is examined in terms of neural 
connectivity, arrangement of axonal projections and elec-
trophysiological measures of neural activity in engrafted 
organoids. Finally, we highlight the behavioural out-
comes of organoid transplantation. These are summarised 
across cognitive, motor and sensory related categories of 
behaviour. By collectively reviewing the physiological, 
functional, and behavioural features together, we aim to 
critically evaluate the therapeutic prospects of implanting 
organoids as a regeneration approach cortical damage.
Box 1 Methods of xenotransplanting cortical tissue: Organ-
oids, cells, and hosts
Implanting organoid grafts
Generally, organoids selected for grafting are derived from ESCs or 
iPSCs. In some cases, assembloids are chosen for implantation by 
coculturing organoids with precursors for microglia [20] or vascula-
ture [21, 22]. Transplanting organoids is done by direct implantation 
into a cortical cavity. This term refers to an ablated region of the cor-
tex, usually the size of the organoid that is thereby implanted. There 
are several methods of how this cavity is created, each resemblant of 
some form of cortical damage. One way to ablate the cortex and form 
a grafting site is by aspirating the cortical area directly prior to the 
implantation [17, 20, 22–28]. This method may be akin to the type of 
cortical damage resulting from glioblastoma resection surgery, where 
the tumour and its proximal area is excised with aspiration [29–31]. A 
second model of cortical damage, resemblant of TBI, involves direct 
removal or lesioning of the cortex to form a cavity [21, 32]. A similar 
way to imitate TBI as a method of creating a graft site is by utilising 
a biopsy punch [33, 34]. Additionally, TBI is also mimicked by using 
a controlled cortical impact model (CCI), which is a device that 
generates lesions with a motorised impactor tip [35]. Other meth-
ods, analogous to producing stroke-related cortical damage, are the 
focal injury stroke model [36] and middle cerebral artery occlusion 
(MCAO) model [33]. Although utilising different methods, both mod-
els aim to mimic neural damage resulting from brain infarctions. The 
application of CCI, focal injury stroke, and MCAO models is usually 
conducted a few days prior to the grafting. Conversely, when induc-
ing damage through aspiration or direct tissue removal, implantation 
sites are usually ablated shortly before the transfer of organoid grafts. 
A different approach to organoid grafting is via stereotactic sample 
injection into an early postnatal [37], juvenile [38], or adolescent 
[39] rodent cortex. Yet, a drawback of the sample injection approach 
through a syringe is that the precise end-location of the graft may 
vary in the cortex, given that the implant is not placed within a cavity. 
Nonetheless, an advantage of this insertion method concerns early 
postnatal subjects, where creating a precise grafting site via ablation 
is difficult, and the early-age cortex still experiences ongoing axonal 
development and innervation
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Transplanted organoids display favourable signs of 
viability in the novel host environment

Prior to any assessment of the anatomical fusion between the 
graft and host site, it is important that the animal and organoid 
survive the implantation procedure. In terms of transplanted 
graft viability, implantation of forebrain organoids led to higher 
graft survival rates (> 80%) compared to transplanted cells 
that were dissociated from organoids [17, 23]. Regarding the 
host survival rates, subjects grafted with forebrain organoids 
showed equivalent survival rates (80–90%) in comparison to 
ones implanted with dissociated cells. Likewise, studies that 
transplanted cerebral organoids reported a graft survival rate 
> 87.5% [24], with the host survival rate being approximately 
80% at 60 days post implantation [35], and 85% at 180 days 
post implantation [28]. Interestingly, long-term monitoring of 
cerebral organoid vs. dissociated cell transplants into stroke-
damaged cortices revealed that although organoid grafts 
survived and repaired the infarcted tissue, there was only a 
small number of the implanted dissociated cells alive at 180 
days post transplantation [36]. It was also observed that the 
organoid viability was affected by post-surgery complications 
of the hosts and differences in cell-lines that were employed 
to generate the organoid implants [23]. As there appears to 
be a consistency of high graft and host survival rates among 
studies that involve transplanting organoids, it appears that 
organoids are more robust to survival in the novel environ-
ment compared to transplanted cellular grafts. Considering 
the survival rates of assembloid implants, transplanting a 
vascularised vs. non-vascularised cerebral organoid led to 
observations showing that, compared to the well-integrated 
vascularised organoid, the non-vascularised implant did not 
survive beyond two weeks post transplantation [21]. This 
presents the beneficial impact of integrated vascularisation on 
graft viability, which will be discussed in a separate section. 
However, this study only conducted a single sample replicate 
per condition. Concerning graft viability, one study investi-
gated the influence of transplanting organoids either directly 
or 7 days following cortical lesioning from aspiration [24]. 
Findings revealed that, at three months post implantation, all 
organoids implanted a week after cortical damage survived, 
compared to only around 68% of the ones grafted directly 
after cortical damage. To summarise, organoid and assemb-
loid grafts appear to have high survival rates, which may be 
influenced by specific time delays between cortical lesioning 
and sample implantation.

Besides survival, a cellular mechanism that can be con-
sidered reflective of the graft robustness to surviving in vivo 
is the rate of apoptotic cell death. One study demonstrated 
that the implantation of either younger (55-day) or older 

Injecting cell grafts
In line with research on transplanting organoids, studies employ-
ing cellular grafts usually involve the induction of cortical damage 
prior to implantations. Yet, a fraction of such studies do not include 
the generation of neurological impairment prior to the cellular 
transplantation [12, 38, 40–43]. Nonetheless, previous research 
utilizing cortical damage models before implanting cellular grafts 
are resemblant to the ones mentioned in the organoid grafting stud-
ies. Hence, details regarding the specific transplantation models are 
mentioned in Table 2. Interestingly, one previously unmentioned 
model of TBI entailed injecting ibotenic acid to generate corti-
cal cavities [44]. Furthermore, another study involving cellular 
grafts aimed to mimic neurodegeneration of dopaminergic neurons 
resulting from Parkinson’s by injecting 6-hydroxydopamine into the 
cortex [45]. Following this methodological step, cellular grafts are 
typically stereotactically injected into the region of interest. Con-
cerning cellular grafts, there is a multitude of available samples to 
choose from. Although there is an abundance of previous research 
on implanting cells of murine origin, we mainly focus on trans-
planted cells derived mainly from human iPSCs or ESCs. Some 
of the human cells previously grafted include: cortical cells such 
as neural progenitors/neurons [12, 42, 44, 46], excitatory neurons 
[43], dopaminergic neurons [41, 45], neural stem cells (NSCs) [47], 
neuroepithelial stem-cells (NESCs) [13, 48, 49], neural progenitor 
cells (NPCs) [32], and cells dissociated from organoids [23, 36, 38, 
40, 50]
Transplantation hosts
The most common species of subjects in transplantation studies are 
rodents. Irrespectively of the tissue implant type, when transplant-
ing across species the foreign tissue is naturally fought with host 
immune responses. Generally, previous studies using mice have 
used breeds that are genetically immunodeficient. The most com-
mon types identified in the current review were severe combined 
immunodeficient (SCID) [24, 35, 38, 39, 50], non-obese diabetic 
(NOD) -SCID [12, 17, 20, 22, 25, 26, 28, 36, 41, 44, 45], and NOD-
SCID gamma (NSG) mice [21, 27, 40, 42, 43]. However, grafting 
cerebral organoids into the frontoparietal cortex of immunocompe-
tent mice has also been achieved [32]. Conversely, research where 
tissue was grafted into rats more prevalently employed immuno-
suppressive drug treatments such as Cyclosporin A [13, 23, 33, 34, 
47, 49]. Yet, genetically bred immunodeficiency in rats was also 
mentioned, with the use of athymic rats [37, 48]

Plastic anatomical integration of grafts 
within host cortices

When transplanting an in vitro human iPSC or ESC derived 
organoid model into a host cortex, it remains paramount that 
the grafted tissue can anatomically integrate into the novel 
in vivo environment. This not only concerns the survival of 
the organoid implant post-transplantation, but also its plastic 
integration into the damaged cortex to enable a regenerative 
recovery. The extent of this physiological plasticity may be 
approached from different angles, such as through assess-
ments of the graft viability, neural cell compositions, struc-
tural integrity, volumetric growth, vasculature integration, 
or other processes related to normal neural tissue function.
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One way to probe development is through examination of 
neural progenitor cells (NPCs), which naturally undergo 
neurogenesis and differentiate into mature neurons over 
time. Investigating NPCs present within organoids has 
revealed that, compared to in vitro conditions, transplanted 
organoids showed an improved neural maturation and cel-
lular differentiation around 50–65 days post-surgery [17, 
35]. Specifically, as indicated by a decrease of NPCs and 
an increase of mature neurons and astrocytes over time, 
grafted organoids showed signs of progressive cortical 
development [26, 33–35]. Conversely, one study found that 
grafted organoids had increased expressions of progenitor 
markers relative to organoids in culture, suggesting that the 
in vivo environment could have boosted proliferation and 
slowed down maturation [36]. Yet, this study employed the 
focal stroke injury model, hence the increased proliferation 
could have been influenced by this factor. Furthermore, the 
number of proliferative cells is also influenced by the in 
vitro maturity of the implants prior to the transplantation. 
Implanting 6-week vs. 10-week cultured organoids demon-
strated that the younger grafts had enhanced proliferative 
cell percentages compared to older organoids when in vivo 
[24]. In support of this, another study showed that organoids 
implanted at day 55 in culture displayed elevated signs of 
neurogenesis, proliferation, and differentiation compared to 
organoids transplanted at day 85 [34]. In short, transplant-
ing younger organoids results in enhanced neurogenesis and 
cortical cell differentiation within the host cortex as opposed 
to prolonged incubation.

This brings to question how the increased implantation-
related development might influence the morphological 
identity and the type of differentiated cells present within 
grafted organoids. Transcriptomic comparisons have indi-
cated that the developmental state of organoid implants was 
resemblant of the late fetal period [37]. In addition, area-
specific identity, differentiation and cortical development 
was observed via transcriptomic factors in relation to various 
cortical regions. These regional identities were attributed 
to organoids transplanted into motor [33, 34], visual [23], 
frontal [39], and striatal [38] brain regions. Moreover, the 
human grafts displayed evidence of synaptogenesis [17, 33, 
35], establishing connections to the host neural circuitry. As 
the specifics of synaptic connectivity depend on the grafting 
site, this aspect is discussed in more detail in a later section. 
Remarkably, area-specific identity and plastic integration of 
organoids grafted into the corpus striatum was evidenced by 
the presence of epithelium-like cellular structures surround-
ing the organoid ventricles [38]. These cells also expressed 
markers related to cerebrospinal fluid secretion, as expected 
in accordance with their protective function of supporting 
the blood brain barrier. Together, these findings suggest 
that the cellular development within an organoid graft is 

(85-day) organoids did not trigger any significant apoptotic 
reactions, thus irrespectively of the in vitro age of the graft 
[34]. Furthermore, organoids that survived the transplanta-
tion procedure showed a decreasing degree of apoptosis over 
time, supporting their viability in the new environment [23]. 
In one case, engrafting MCAO-damaged (Box 1) cortices 
with organoids was reported to lower the host apoptotic cell 
death compared to cell death rates in stroke-injured controls 
[33]. This suggests that the grafts have beneficial effects 
on improving cortical injury outcomes, like lessening host 
apoptotic responses to stroke-damage. Interestingly, stud-
ies that compared apoptotic cell rates between in vitro and 
implanted in vivo vascularised organoids demonstrated that 
the transplanted organoids had a considerably lower num-
ber of apoptotic cells compared to the ones in culture [22, 
32]. Furthermore, assessing genetic signatures of apoptosis 
between transplanted organoids and ones in culture also 
revealed decreased activations of apoptotic pathway genes 
in the grafted implants [38]. Altogether, while the in vitro 
organoid age appears not to influence the in vivo viability, 
transplanted organoids display lower signs of apoptosis 
compared to ones that remain in culture. This indicates that, 
in contrast to incubation in vitro, the host cortex is a more 
viable environment for engrafted organoids.

Another aspect related to graft cell survival is the activ-
ity of metabolic pathways. It was previously showed that 
organoids in culture were prone to display signs of activated 
metabolic pathways due to the nature of the in vitro envi-
ronment [40]. This, in turn, caused increased amounts of 
cellular stress in the organoids, which impaired cell speci-
fication types in the process of maturation and differen-
tiation. A recent study compared metabolic stress markers 
between transplanted organoids and ones cultured in vitro 
[38]. Results showed that metabolic pathways related to cel-
lular stress were distinctively less activated in transplanted 
organoids compared to the organoids in vitro. To sum up, 
grafting organoids appears to result in lower rates of apop-
tosis and metabolic stress compared to incubating organoids 
in vitro. These observations support the favourable survival 
rates of the hosts as well as the organoids implanted into the 
new environment. Nonetheless, other factors like matura-
tion and cellular differentiation need to be evaluated when 
considering anatomical integration of grafted tissue.

Grafted organoids mature, establish morphological 
identities and develop various differentiated 
cortical cell populations

To determine the extent of anatomical integration between 
implanted organoids and the host cortex, it is important to 
assess ways in which the procedure and the new environment 
affected the development of the grafts post transplantation. 
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Shifting the focus to other types of cortical cells, grafted 
organoids also appeared to be populated by astrocytes and 
oligodendrocytes [17, 32, 33, 36, 39]. Yet, one study argued 
that these glial cells developed at lower counts compared 
to the human brain [23]. Another study reported the pres-
ence of oligodendrocytes at 7% within the graft, compared 
to 20% in the surrounding host cortex [25]. Additionally, 
separate research indicated a specific lack of oligodendro-
cytes, but normal levels of astrocytes [22, 37]. Furthermore, 
transplanting organoids into cortical cavities obtained with 
the CCI, MCAO and focal injury stroke models induced 
considerably higher glial scaring, which resulted with pro-
fuse numbers of astrocytes at the implant-host junction [33, 
35] and the infarction core [36]. In addition, implanting 
glia-enriched cortical organoids resulted in an abundance of 
human astrocytes within the grafts [27]. Interestingly, this 
led to further maturation and morphological diversification 
of the human astrocytes into four specialised subclasses: 
protoplasmic, interlaminar, fibrous, and varicose projection 
astrocytes. Comparing the results to findings on implanted 
organoids, pre-enriching organoids before implantation has 
led to increased human graft glial and astrocyte matura-
tion. In contrast with transplanted organoids, trans-injected 
human NPCs appeared to have a less pronounced astrocyte 
differentiation at 4-weeks post implantation [32]. Overall, 
these findings indicate significant variability in the differ-
entiated cell types, which might be attributed to differences 
in the employed implantation and cortical damage models 
(Tables 1, and 2), but also to the type of graft tissue that is 
transplanted.

Apart from the cellular compositions, the integration of 
grafted organoids can also be marked by the maturation of 
organoid graft processes, and the extent of their myelina-
tion. Myelin is key in the development of a functioning 
neural network and its presence within grafted organoids 
could further support plasticity and adapted maturation. 
While one study showed that myelination was absent [17], 
another highlighted its presence [33], and Jgamadze et al. 
[23] further indicated that myelination was less pronounced 
in grafts compared to the adult human brain. Other studies 
reported the presence of myelinated fibers originating from 
the host, but only faintly localized at the graft-host border 
[22]. Although these observations are less convergent, they 
suggest that some implanted organoids may develop basic 
forms of early myelination, demonstrating their progres-
sion and plastic integration within the host cortex. Overall, 
grafted organoids portray signs of maturation, proliferation 
and establishment of morphological identities, as well as 
diverse profiles of differentiated cortical cell populations. 
These aspects support the notion that grafts continue to 
develop and anatomically integrate following implantation 
into host sites.

plastic and regionally adapted to the cortical site of implan-
tation through the differentiation of NPCs into area-specific 
mature cell types. We will next consider the specific identi-
ties and compositions of cells in transplanted organoids, as 
they might reveal more insight into the anatomical integra-
tion that occurs post-engraftment.

Single-cell RNA sequencing previously emphasized 
that grafted organoids were populated by various cell types 
including neurons, radial glia cells, astrocytes, neural pre-
cursor cells and pericyte-like cells necessary for the devel-
opment of neurovasculature [38]. Focusing specifically on 
neurons, one study detected glutamatergic neurons with 
both superficial and deep-layer identity, while there was an 
absence of GABAergic neurons [37]. Glutamatergic neural 
identity was also reported within grafted organoids by addi-
tional research, without noting the presence of GABAergic 
neurons [35, 39]. More specifically, one study reported that 
implanting glia-enriched cortical organoids led to profound 
maturation of upper-layer excitatory neurons in vivo, with 
a fraction of about 30% at 5 months post-implantation 
increasing to nearly 95% upper-layer excitatory neurons at 
8 months post-implantation, something which was not seen 
in pseudo-comparisons with organoids cultured in vitro. 
Jgamadze et al. [23] further observed that transplanted 
organoid grafts displayed similar ratios of excitatory and 
inhibitory neurons compared to the adult human cortex. In 
contrast, Cao et al. [36] showed that the grafted organoids 
consisted mainly of mature and immature glutamatergic 
neurons, with a disproportionately small number of GAB-
Aergic neurons. There have been remarks as to why some 
previous studies may have observed different profiles of 
excitatory and inhibitory neuron expressions. One explana-
tion is that excitatory neurons emerge from the dorsal pallial 
cortex, while inhibitory neurons originate and migrate from 
the subpallial ventral cortex [51]. Given that the organoids 
selected for grafting are usually of a dorsal cortical identity, 
this could point to why there is a lack of GABAergic neu-
rons in the grafts post transplantation. As noted in Table 1, 
there are currently no studies transplanting organoids with 
ventral identity. Yet, another reason to why there is a vary-
ing repertoire of inhibitory neurons could be differences in 
the employed methods for organoid generation. For exam-
ple, one study cultured cerebral organoids that developed 
regional structures with identities of the forebrain, mid-
brain, and hindbrain [52]. This cerebral organoid model 
captured the presence and migration of inhibitory neurons 
from the ventral to the dorsal regions of the model. Hence, 
while most reports of grafted organoids observe a lack of 
GABAergic neurons, this could be accounted to the varia-
tions in organoid generation methods. In sum, transplanted 
organoids portray heterogeneous profiles of neuron identi-
ties after engraftment.
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Reference Transplantation Model Organoid Graft Type Graft Host Brain 
Region

Outcome Parameters

Jgamadze et 
al. [23]

Xenotransplantation into 
aspirated cortical cavity

Human dorsal fore-
brain organoids

Male young adult rats 
(8–12 weeks), immu-
nosuppression with cyclo-
sporine A

Border 
between V1 
and V2

Immunostaining, axonal tracing, 
extracellular laminar probe elec-
trophysiology, visual stimulation

Mansour et 
al. [17]

Xenotransplantation into 
aspirated cortical cavity

Human cerebral 
organoids with fore-
brain identity

Female NOD-SCID mice 
(6–10 weeks)

Retrosple-
nial cortex

Immunostaining, extracellular 
electrode array electrophysiology, 
two-photon imaging of calcium 
and blood flow, optogenetics, 
behavioural test

Wilson et al. 
[25]

Xenotransplantation into 
aspirated cortical cavity

Human cortical 
organoids

Female NOD-SCID mice 
(8–12 weeks)

Retrosple-
nial cortex

Immunostaining, extracellular 
electrode array electrophysiology, 
two-photon calcium imaging, 
visual stimulation

Schafer et al. 
[20]

Xenotransplantation into 
aspirated cortical cavity

Human cortical 
organoids with 
forebrain identity 
assembled with 
EMPs

Female NOD-SCID mice 
(6–10 weeks)

Retrosple-
nial cortex

Immunostaining, transcriptomics

Wang et al. 
[27]

Xenotransplantation into 
aspirated cortical cavity

Human glia-enriched 
cortical organoids

Male and female NSG 
mice (6–12 weeks)

Retrosple-
nial cortex

Immunostaining, transcriptomics

Wang et al. 
[33]

Xenotransplantation into 
cortical cavity resulting 
from MCAO model com-
bined with biopsy punch

Human cerebral 
organoids

Male rats (no age indi-
cated), immunosuppres-
sion with cyclosporine A

Left Motor 
Cortex

Immunostaining, behavioural 
tests

Wang et al. 
[34]

Xenotransplantation into 
cortical cavity resulting 
from biopsy punch TBI 
model

Human cerebral 
organoids

Male rats (no age indi-
cated), immunosuppres-
sion with cyclosporine A

Right Motor 
Cortex

Immunostaining, behavioural 
tests

Cao et al. 
[36]

Stereotactic injection into 
cortex damaged by focal 
injury stroke model

Human cerebral 
organoids

Male NOD-SCID mice 
(7–8 weeks)

Somatosen-
sory and 
motor cortex 
region

Immunostaining, axonal trac-
ing, whole-cell patch-clamp 
electrophysiology, optogenetics, 
behavioural tests

Revah et al. 
[37]

Stereotactic injection into 
early postnatal cortex

Human cortical 
organoids

Male and female (3–7 
days) athymic (FOXN1–/–

) rat pups

S1 Immunostaining, transcriptomics, 
MRI, whole-cell patch-clamp/
extracellular laminar probe/EEG 
electrophysiology, fibre photome-
try, two-photon calcium imaging, 
optogenetics, behavioural tests

Shi et al. [22] Xenotransplantation into 
aspirated cortical cavity

Human vascularised 
(cocultured with 
HUVECs) or non-
vascularised cerebral 
organoids

NOD-SCID mice (8 
weeks), gender not 
indicated

S1 Immunostaining, transcriptomics, 
whole-cell patch-clamp electro-
physiology, calcium imaging, 
two-photon imaging of blood 
flow

Li et al. [26] Xenotransplantation into 
aspirated cortical cavity

Human cortical 
organoids

Male NOD-SCID mice 
(4–6 weeks)

S1 Immunostaining, CRISPR/
Cas9 gene editing, ultrasound 
stimulation, transcriptomics, 
extracellular laminar probe elec-
trophysiology, electrode stimula-
tion, behavioural tests

Hu et al. [28] Xenotransplantation into 
aspirated cortical cavity

Human brain 
organoids

Male NOD-SCID mice 
(4–6 weeks)

S1 Immunostaining, extracellular 
laminar probe electrophysiology, 
behavioural tests

Bao et al. 
[35]

Xenotransplantation into 
cortical cavity resulting 
from CCI model lesioning

Human cerebral 
organoids

Male SCID mice (8 
weeks)

Left parietal 
cortex

Immunostaining, MRI, multi-
electrode array electrophysiology, 
behavioural tests

Table 1  Overview of organoid graft types, transplantation models, host specifications, cortical regions of implantation, and outcome parameters 
analysed by previous literature discussed in this review
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organoids with a 7-day delay post lesioning resulted in an 
even more pronounced growth. This study also established 
that the growth of grafts within the host cortex was unaf-
fected by the site of implantation. Furthermore, human neu-
rons within grafted organoids featured more sizeable somas, 
lengthier dendritic expansions and more extensive arboriza-
tions compared to neurons from in vitro cultured organoids 
[37]. Another factor that was found to influence graft growth 
was electrical stimulation via a organoid-brain computer-
interface (OBCI) system. In a study, researchers found that 
implanted organoids under OBCI stimulation were larger in 
volume compared to controls at 60 days post implantation 
[28]. Finally, one study implanted cortical organoids that 
had received low-intensity ultrasound (LIUS) treatments 
during culture [26]. While control organoids demonstrated 
increased graft area at 2 and 5 months post transplantation, 
LIUS-treated organoids showed considerably higher growth 
and proliferation, resulting in overgrowth within the host 
cortex extending far beyond the implant site. In sum, while 
reports of implant growth post-transplantation were preva-
lent, other findings contrasted with this. It therefore appears 
inconclusive whether the organoids exhibit growth in rela-
tion to being transplanted into an in vivo environment. In 

Implanted organoids exhibit limited signs of growth 
and emergence of neocortical structures

Another factor indicative of proliferation and graft plastic-
ity is growth of the implant. Transplanted organoid grafts 
exhibit gradual volumetric growth post-transplantation [17, 
21, 23]. This growth is attributed to the grafted tissue, as 
evidenced by the absence of host neurons within the grafts 
and no observations of infiltrating host neuron migration 
even after several months post-surgery [23]. The migration 
of other non-neuronal cell types, such as host microglia, was 
intermittently reported [17, 37, 38], but their contribution 
to volumetric growth is likely overshadowed by the graft. 
Thus, the volumetric growth of implanted organoids could 
also be accounted to the previously noted increased prolif-
eration post transplantation. However, Davidaud et al. [32] 
provided contrasting evidence and showed that the organoid 
graft volume remained stable. Other studies even reported 
that the cell-count began declining following implantation 
[33, 34]. Interestingly, while implanting 6-week cerebral 
organoids presented enormous growth within the host cor-
tex, implanting older 10-week organoids did not lead to such 
considerable overgrowth [24]. Moreover, implanting the 

Reference Transplantation Model Organoid Graft Type Graft Host Brain 
Region

Outcome Parameters

Kitahara et 
al. [24]

Xenotransplantation into 
aspirated cortical cavity

Human cerebral 
organoids

Male and female SCID 
mice (7 days or 6 weeks) 
or male cynomolgus 
monkeys (3 years) 
immunosuppression with 
tacrolimus hydrate

Bilateral 
frontal or 
parietal 
cortices 
(mouse), 
bilateral M1 
(precen-
tral gyrus, 
monkey)

Immunostaining

Daviaud et 
al. [32]

Xenotransplantation into 
lesioned cortical cavity 
resulting from direct 
removal of brain tissue

Human cerebral 
organoids

Male and female 
immunocompetent CD1 
mice (8–10 days), no 
immunosuppressants

Frontopari-
etal cortex

Immunostaining

Dong et al. 
[39]

Stereotactic injection into 
the cortex

Human cerebral 
organoids

SCID mice (8 weeks), 
gender not indicated

mPFC Immunostaining, axonal trac-
ing, whole-cell patch-clamp 
electrophysiology, optogenetics, 
behavioural tests

Huang et al. 
[38]

Stereotactic injection into 
the cortex

Premature human 
cerebral organoids

Female SCID mice (4–5 
weeks)

Corpus 
striatum

Immunostaining, transcriptomics

Pham et al. 
[21]

Xenotransplantation into 
lesioned cortical cavity 
resulting from direct 
removal of brain tissue

Human vascularised 
cerebral organoids 
(assembled with 
iPSC derived endo-
thelial cells)

Male NSG mice (2 
months)

Unspecified 
area of cere-
bral cortex

Immunostaining

NOD non-obese diabetic, SCID severe combined immunodeficient, NSG NON-SCID gamma, MRI magnetic resonance imaging, EEG electro-
encephalogram, V1 primary visual cortex, V2 secondary visual cortex, S1 primary somatosensory cortex, M1 primary motor cortex, (m)PFC 
(medial) prefrontal cortex, MCAO middle cerebral artery occlusion, TBI traumatic brain injury, CCI controlled cortical impact, EMPs erythro-
myeloid progenitors, HUVECs human umbilical vein endothelial cells, iPSCs induced pluripotent stem cells
To simplify, methods such as immunochemistry, immunohistochemistry, immunoelectron microscopy and immunofluorescence are collec-
tively referred to as immunostaining

Table 1  (continued) 
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Reference Transplantation Model Cellular Graft Type Graft Host Brain Region Outcome Parameters
Jgamadze et 
al. [23]

Stereotactic injection into 
aspirated cortical cavity

Cells dissociated 
from human dorsal 
forebrain organoids

Male young adult rats 
(8–12 weeks), immu-
nosuppression with 
cyclosporine A

Border 
between V1 
and V2

Immunostaining, axonal 
tracing, extracellular laminar 
probe electrophysiology, visual 
stimulation

Cao et al. 
[36]

Stereotactic injection of grafts 
into cortex damaged by focal 
injury stroke model

Cells dissociated 
from human cere-
bral organoids

Male NOD-SCID mice 
(7–8 weeks)

Somatosen-
sory and 
motor cortex 
region

Immunostaining, axonal trac-
ing, whole-cell patch-clamp 
electrophysiology, optogenetics, 
behavioural tests

Huang et al. 
[38]

Stereotactic injection of organ-
oids or cells into the cortex

Cells dissociated 
from premature 
human cerebral 
organoids

Female SCID mice 
(4–5 weeks)

Corpus 
striatum

Immunostaining, 
transcriptomics

Bhaduri et 
al. [40]

Stereotactic injections of cells 
into cortex

Cells dissociated 
from human cortical 
organoids

Male and female NSG 
mice (postnatal, 4 days)

PFC or V1 Immunostaining, 
transcriptomics

Yamagami et 
al. [50]

Stereotactic injection into 
aspirated cortical cavity

Cells dissociated 
from human cere-
bral organoids

Male and female SCID 
mice (10 weeks)

Frontal motor 
cortex

Immunostaining, 
transcriptomics

Daviaud et 
al. [32]

Xenotransplantation into 
lesioned cortical cavity result-
ing from direct removal of 
brain tissue

NPCs Male and female 
immunocompe-
tent CD1 mice 
(8–10 days), no 
immunosuppressants

Frontopari-
etal cortex

Immunostaining

Grønning 
Hansen et al. 
[46]

Injection of cells into 
various sites of resected cortex 
(human) or stereotactic injec-
tion into ischemic-lesioned 
cortical area resulting from the 
MCAO model (rats)

Human cortical neu-
rons derived from 
NESCs

Surgically resected 
human neocortical tis-
sue slices or adult male 
rats (immunocompe-
tence and precise age 
not indicated)

Resected 
middle tem-
poral gyrus 
(human) or 
somatosen-
sory cortex 
(rats)

Immunostaining, axonal trac-
ing, whole-cell patch-clamp 
electrophysiology, calcium 
imaging

Linaro et al. 
[42]

Bilateral injections of cells 
into lateral ventricles of neo-
natal brain

Cortical cells 
derived from human 
ESCs

Male and female 
immune-deficient 
(Rag2–/–) or NOD-
SCID mice (postnatal, 
0–1 days)

Lateral 
ventricles

Immunostaining, axonal trac-
ing, transcriptomics, whole-cell 
patch-clamp electrophysiology, 
widefield/two-photon calcium 
imaging, behavioural test

Espuny-
Camacho et 
al. [44]

Injection of cells into cortical 
lesions resulting from focal 
stereotactic injections of 
ibotenic acid

Cortical progenitors 
and neurons derived 
from human ESCs

Male and female 
NOD-SCID mice (6–8 
weeks)

Visual or 
Motor Cortex

Immunostaining, axonal trac-
ing, whole-cell patch-clamp 
electrophysiology

Steinbeck et 
al. [45]

Injection of cells into lesioned 
cortex, Parkinsonian motor-
deficit model lesioning with 
6-hydroxydopamine

Human mesence-
phalic dopaminergic 
neurons derived 
from ESCs

NOD-SCID mice (2–3 
months), gender not 
indicated

Right 
striatum

Immunostaining, calcium imag-
ing, whole-cell patch-clamp and 
extracellular probe electrophys-
iology, electrode stimulation, 
behavioural tests

Real et al. 
[43]

Injection of cells into intact 
cortex

Human cortical 
excitatory neurons 
derived from iPSCs

NSG mice (3–4 
months), gender not 
indicated

Somatosen-
sory Cortex

Immunostaining, axonal trac-
ing, transcriptomics, two-pho-
ton calcium imaging, whole-cell 
patch-clamp electrophysiology

Espuny-
Camacho et 
al. [12]

Injection of cells into intact 
cortex

Cortical progenitors 
and neurons derived 
from human ESCs

NOD-SCID mice (pre-
cise age not indicated), 
gender not indicated

Motor Cortex Axonal tracing, transcriptomics, 
calcium imaging, whole-cell 
patch-clamp electrophysiology

Daadi et al. 
[47]

Injection of cells into 
ischemic-lesioned cortical 
area resulting from the MCAO 
model

NSCs derived from 
human ESCs

Male adult rats (precise 
age not indicated), 
immunosuppression 
with cyclosporine A

Striatum Immunostaining, transcrip-
tomics, whole-cell patch-
clamp and extracellular probe 
electrophysiology, optogenetics, 
behavioural tests

Table 2  Overview of cellular graft types, transplantation models, host specifications, cortical regions of implantation, and outcome parameters 
analysed by previous literature discussed in this review. NPCs: neural progenitor cells, ESCs: embryonic stem cells, NESCs: neuroepithelial-like 
stem cells, NSCs: neural stem cells. All other abbreviations are defined in the legend of Table 1
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organisation. This was reported in other studies of grafted 
organoids, where cellular organisation appeared to form 
no obvious anatomical lamination [37], or arrangement of 
specific neurons within expected layers [32]. Another study 
xenotransplanted more mature organoids with a rudimen-
tary form of layer organisation in vitro. Despite that, lami-
nar organisation disappeared following the transplantation 
[23]. Briefly put, grafted organoids mostly display signs of 
premature rudimentary layer organisation. Yet, given their 
proliferative and developmental state, these structures still 
lack the specific organization of connections and mature 
cortical layers that are seen in fully developed cortices. 
Altogether, findings concerning the implantation of organ-
oids present limited evidence regarding the graft growth and 
emergence of neocortical structures. While some organoids 
appear to proliferate and form rudimentary structures, oth-
ers show signs of stagnation or less integral cellular organ-
isation. Although this highlights some inconclusiveness, 
other aspects of anatomical graft integration remain to be 
discussed.

Transplanted organoids are sustained by the host 
vasculature

The integration of neurovasculature within the grafts is nec-
essary for long-term physiological integration and survival 
of the foreign tissue. Most studies showed that, after implan-
tation, host vasculature grew and integrated within the 
grafted organoids [20, 23–25, 27, 28, 32–35, 37]. One study 
also found that integrated vascularisation greatly influenced 
the growth and viability of the grafted tissue [17]. Interest-
ingly, pre-engraftment as well as in vivo LIUS treatments 

some cases, transplantation of organoids may have led to 
overgrowth at the host site; however, this phenomenon was 
not consistent across the majority of the reviewed stud-
ies, which showed variable results. Therefore, overgrowth 
remains, at the very least, a risk factor in organoid xeno-
transplantation studies. Nonetheless, implant growth may 
be influenced by factors like organoid age pre-implantation, 
time delays between cortical lesioning and grafting, or spe-
cific variations in methods between experimental designs.

Other than tissue growth, anatomical plasticity could also 
be examined by reviewing alterations in the structural organ-
isation and integrity of organoid grafts post implantation. In 
line with the mid-gestational stage of cortical maturation, 
in vitro organoids typically exhibit early signs of cortical 
layers [51]. As previously remarked, this is characterised 
by early-development VZ, SVZ and cortical plate-like 
structures of layers [19]. After being transplanted into host 
cortices, grafted organoids continued to resemble an early-
development cortical layer with a sustained morphological 
identify [17]. It was also repeatedly observed that some 
grafted organoids exhibited VZ-like structures/rosettes in 
vivo [17, 22, 32]. One study observed the occurrence of 
VZ rosette structures 45 days post organoid implantation 
[36]. This layer organisation is often resemblant of a devel-
oping embryonic or foetal neocortical laminar structure, 
where proliferative cells begin differentiating and migrat-
ing to form mature neural circuits [19, 53]. Additionally, 
the emergence of VZ-like structures was specifically found 
in grafted organoids, compared to trans-injected dissoci-
ated cells where such structures were absent [38]. None-
theless, in comparison to the fully developed human brain, 
there is still a lack of classical laminar structure and cellular 

Reference Transplantation Model Cellular Graft Type Graft Host Brain Region Outcome Parameters
Carlson et 
al. [41]

Stereotactic injection of cells 
into intact cortex or transplan-
tation of cells onto brain slice 
surface

Cortical and dopa-
minergic neurons 
derived from human 
iPSCs

Male NOD-SCID mice 
(5 weeks) or mouse 
brain slices

Bilateral 
striatum 
or resected 
cortico-
striatal brain 
slices

Immunostaining, transcrip-
tomics, whole-cell patch-clamp 
electrophysiology, calcium 
imaging

Palma-
Tortosa et al. 
[48]

Injection of cells into 
ischemic-lesioned cortical 
area resulting from the MCAO 
model

NESCs derived 
from human iPSCs

Male adult athymic rats 
(age not indicated)

Corti-
cal region 
overlapping 
somatosen-
sory cortex 
and M1

Immunostaining, axonal trac-
ing, whole-cell patch-clamp 
electrophysiology, optogenetics, 
behavioural test

Tornero et 
al. [49]

Injection of cells into isch-
emic-injured cortex resulting 
from the MCAO model

NESCs derived 
from human iPSCs

Male adult rats (precise 
age not indicated), 
immunosuppression 
with cyclosporine A

Somatosen-
sory cortex

Immunostaining, axonal trac-
ing, extracellular electrophysi-
ology, optogenetics

Tornero et 
al. [13]

Stereotactic injection into 
ischemic-lesioned cortical area 
resulting from permanent liga-
tion of middle cerebral artery 
by suture

NESCs derived 
from human iPSCs

Rats (gender and age 
not indicated), immu-
nosuppression with 
cyclosporine A

Cingulate 
cortex region 
(adjacent to 
the motor 
cortex)

Immunostaining, transcrip-
tomics, whole-cell patch-clamp 
electrophysiology, electrode 
stimulation, behavioural tests

Table 2  (continued) 

1 3

  227   Page 10 of 25
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It was observed that glia scar formation was present and 
human astrocytes originating from the graft participated in 
the regenerative process caused by the occlusion damage. 
This was also reported in the case of organoids transplanted 
into focal injury stroke damaged cortices, where approxi-
mately half of the astrocytes in the infarction core were 
human [36]. Finally, to investigate human astrocyte reactiv-
ity in vivo, researchers injected either saline or a pro-inflam-
matory cytokine into grafts to induce reactive astrogliosis 
[27]. They found that the treatment induced heterogeneous 
reactive responses across astrocyte subpopulations, par-
ticularly associated with pro-inflammatory and neurotoxic 
pathways, alongside reduced metabolic and oxidative stress. 
Together, it was observed that the host astrocytes conduct 
their natural function of healing the damaged cortex, and 
the implantation of an exogenous graft does not appear to 
foster the formation of a glial barrier of scarring to reject the 
implant. Rather, it seems that an organoid graft participates 
in restoring the damage with the involvement of human 
astrocytes at the site of stroke damage.

In relation to this, neuroinflammatory responses are 
another host immune process that could hamper the physi-
ological integration of organoids. Organoids grafted into 
damaged cortices of rats immunosuppressed with cyclospo-
rin A were not observed to elicit neuroinflammatory reac-
tions [34]. A different study, with similarly medicated rats, 
indicated that markers of activated microglia tended to be 
higher at the grafting site compared to the contralateral hemi-
sphere, and decreased over time [23]. Hence, the slightly 
increased microglial response might indicate a mild inflam-
matory reaction, which was silenced by the immunosup-
pressive treatments. Conversely, researchers from one study 
where organoids were transplanted into athymic (generically 
immunocompromised) rats conducted staining for IBA1 and 
revealed the occurrence of host microglia within the grafts 
[37]. Similarly, organoids grafted into genetically immune-
deficient mice showed profound migration of host microg-
lia into the grafted tissue [17, 26–28, 38]. Although these 
findings do not report occurrence of human microglia within 
the grafts, this can be achieved by transplanting microglia 
assembloid models [20]. At 8 weeks post implantation, these 
grafts consistently showed profound expressions of IBA1. 
With complex branching patterns and mature morphologi-
cal identities of human microglia, this method of assemb-
loid grafting projects a successful way at integrating human 
immune cells into foreign cortices. Altogether, observations 
indicate that host microglia migrate into the organoid grafts 
mainly in cases where the hosts are transgenically immune-
deficient. In contrast, the reported presence of host microglia 
in rodents immunosuppressed with drug treatments appears 
to be less pronounced. Trans-injection of NPCs into immuno-
competent mice has instead resulted in considerably higher 

of organoids promoted an expansion of vascular areas 
compared to vascular networks in untreated controls post-
transplantation [26]. Similarly, organoid implants receiving 
electric OBCI stimulation portrayed increased infiltration of 
host vasculature relative to controls [28]. Moreover, implan-
tation of organoids assembled with rudimentary forms of 
human vasculature greatly sped up the growth of host vas-
culature within the grafts [22]. Furthermore, transplantation 
of organoids assembled with human-iPSC derived endothe-
lial cells also resulted in successful vascularisation of the 
graft. In this instance, tubular blood vessel capillaries of 
human origin developed and integrated within the implant, 
supporting its survival instead of being infiltrated by host 
vasculature [21]. Gathered, these finding consistently sup-
port that grafted organoids are successfully integrated in the 
vasculature networks of the hosts, supplying the implanted 
tissue with nutrients and oxygenation, and ultimately fur-
ther enabling their anatomical adaption and survival. None-
theless, other aspects leaning on the host environment may 
influence successful graft integration.

The immunosuppressed host environment responds 
mildly to exogenous grafts

The integration of tissue in a foreign environment, espe-
cially in the case of xenotransplants, is naturally fought with 
immune responses. Therefore, rodent hosts selected for the 
organoid implantation procedure (Box 1; Table 1) are either 
bred from transgenic lines that cause genetic immunodefi-
ciency [17, 20–22, 24–28, 35–39], or are medicated daily 
with immune suppressants [23, 33, 34]. Nonetheless, as any 
residual immune responses will be mediated by glial cells, 
their monitoring remains important when judging how well 
a given graft has integrated within the host cortical site. 
Jgamadze et al. [23] compared the density of astrocytes in 
the implantation site to an intact contralateral hemisphere 
and to an injury-only control. Observations highlighted 
that, although the density of astrocytes was higher in the 
implantation site relative to the baseline of the contralateral 
hemisphere, astrocytes appeared dispersed, as opposed to 
forming scar tissue surrounding the graft through astro-
gliosis. The injury-only control showed higher astrocyte 
densities compared to the implantation site, suggesting that 
grafting was less stressful to the host in contrast to regener-
ating damaged cortices. In another study, LIUS treatments 
were applied to organoids in vivo following engraftment 
[26]. Unlike controls, LIUS-treated organoids had reduced 
graft-to-host borders and a more scattered distribution of 
glial cells throughout the graft as opposed to developing 
astroglial scar-like tissue structures. Conversely, another 
study implanted organoids into cortical cavities created by 
combining the MCAO-model with a biopsy punch [33]. 
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Functional integration of grafts to host 
cortices

Beside considering the physiological plasticity and adap-
tation of grafts to host cortices, it is also essential that the 
implanted tissue functionally integrates within the host neu-
ronal network to enable a functional recovery of the damaged 
cortical areas. The level of functional restoration of impaired 
neural circuitry can be approached by examining the extent 
of synaptic connectivity between the grafted organoid and 
host cortex or by analysing the patterns of neuronal activity 
of the grafted organoids. These functional aspects are region-
ally-specific to the areas that the organoids are transplanted 
into (Table 1). Hence, findings will be reviewed across four 
main categories of cortical systems that have been previ-
ously selected as sites for engraftment, namely the higher-
order association, motor, somatosensory, and visual systems.

Grafts within higher-order association cortices 
extend projections throughout host cortices 
and generate evoked and spontaneous 
electrophysiological activity

One group of areas that participate in higher-order cognitive 
functions are association cortices. These regions may be dis-
tinguished from primary sensory areas in that they engage in 
more complex functional aspects of cognition, associating 
information from other lower-order areas [54]. The extent 
of functional recovery obtained via organoid implantation 
into damaged association regions like the frontal or parietal 
cortices will be assessed by focusing on established synap-
tic connectivity and electrophysiological activity following 
engraftment.

Dong et al. [39] implanted multiple cerebral organoids 
into the mPFC and found that after one month the grafts 
extended synaptic projections to distal regions such as the 
lateral hypothalamus and parietal cortex. Optogenetic stim-
ulation of tissue slices during ex vivo whole-cell record-
ings further established that the implanted organoids not 
only developed graft-graft neural connectivity, but were 
also functionally integrated with bidirectional synaptic con-
nections to the host neurons. Electrophysiological activity 
highlighted that, compared to neurons recorded at 3 months 
after grafting, those recorded at 5 months post transplan-
tation displayed improved electrophysiological maturity 
and increased synaptic activity. These findings portray that 
grafted organoid neurons in the mPFC integrate within 
the host circuity and generate both spontaneous as well as 
evoked electrophysiological activity.

Shifting the focus to other association areas, Kitahara et 
al. [24] implanted cerebral organoids into bilateral aspirated 
cavities in frontal and parietal cortices. Researchers then 

signs of activated host microglia and macrophages with 
enhanced phagocytic activity [32]. This elevated immune 
reaction to foreign tissue in immunocompetent mice may 
serve to further convey the necessity of employing trans-
plantation hosts with compromised immune systems when 
grafting across species. In summary, responses of recipients 
to foreign organoid implants are mostly resolved by induc-
ing genetic or drug-maintained host immunodeficiency. The 
extent of active astrogliosis surrounding the grafts is argu-
ably related to experimental designs or employed cortical 
damage models. In addition, graft-originating human astro-
cytes seem to be aiding in cortical repair following stroke 
damage. With regards to microglia, hosts receiving immuno-
suppressive treatments appear to result with lower degrees of 
microglial responses in comparison to employing genetically 
immunodeficient rodents.

In conclusion, organoid models transplanted into host 
cortices have demonstrated various signs of anatomical and 
plastic integration to the novel cortical in vivo environment. 
Primarily, the adaptation of implanted organoids was evi-
denced by high graft viability and host survival rates. The via-
bility of implants was influenced by age of the organoids in 
culture prior to the implantation, suggesting a preference for 
younger organoids for future transplantations. Grafting also 
lowered metabolic stress and apoptotic processes compared 
to in vitro conditions. The physiological extent of plasticity 
was further demonstrated by signs of graft maturation, prolif-
eration, development of regional morphological identities and 
differentiation of diverse neural cell compositions post trans-
plantation. Moreover, early signs of VZ-like structural layer 
organisation conveyed that the implants can sustain a form 
of rudimentary layer structure that mimics neonatal human 
cortices, with– however– limited signs of a classical lami-
nar structure. However, in some cases, the grafts had no dis-
tinguishable structure or even exhibited signs of stagnation. 
Nevertheless, most grafted organoids displayed volumetric 
growth and integration of host vasculature that was able to 
maintain their survival. Use of genetically immunocompro-
mised hosts gave indications of low immune disturbances 
within the new host cortex. Yet, future research could fur-
ther inspect how the host microglia is specifically influenced 
by different methods of induced host immuno-deficiency. 
Finally, observations of astrogliosis at sites of implantation 
were indicative of ongoing restoration of the induced corti-
cal damage, with human graft astrocytes participating in the 
repair of neural damage. These findings lay the groundwork 
for positive prospects of organoid grafting as a future appli-
cation for anatomical regeneration in the recovery of cortical 
damage. As this is not the sole aspect of a full recovery, the 
subsequent section delves into investigating whether similar 
prospects could be reached in terms of functional integration 
and recovery of damaged neural circuitry.
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of organoid grafting as a possible cortical repair strategy to 
restore motor actions, functional integration of implants in 
motor areas has a major clinical potential.

Studies in which cerebral organoids were xenotrans-
planted into the rat motor cortex showed that human neu-
rons originating from the graft migrated within the host 
brain [33, 34]. The resettled neurons, largely located in 
ipsilateral areas, also traversed through the CC into con-
tralateral brain regions, with extensive synaptic integration 
into the host brain [33]. Another study further localised 
the bilateral migration of neurons to distal areas from the 
grafting site such as the thalamus and hippocampus [34]. 
Although extensive axonal projections are relevant for a 
functional integration into host circuitry, these studies have 
not reported the electrophysiological profiles of the grafts.

A more recent study, in which organoids were transplanted 
into damaged cortical regions including the motor and somato-
sensory cortices, showed that grafted neurons generated action 
potentials in response to current stimulation during whole-cell 
recordings, indicating their electrophysiological maturity [36]. 
After 180 days post implantation, the grafts not only developed 
extensive projections to proximate regions such as the second-
ary somatosensory cortex, but also to more distal ipsilateral 
and contralateral areas traversing via the CC to the thalamus, 
striatum, hippocampus and brain stem. These findings sug-
gested of the graft may have participated in restoring motor 
capabilities, given that the organoids established connections 
to the host brain circuitry in a similar fashion as is seen in neo-
cortices of mammals. Optogenetic stimulation during whole 
cell recordings of host and graft neurons additionally revealed 
that graft neurons were bidirectionally connected with active 
afferent and efferent projections to host neurons. Moreover, 
optogenetic stimulation of the graft in vivo elicited LFPs in 
the ipsilateral striatum and the contralateral cortex. Together, 
these findings provide evidence that organoids grafted into the 
damaged motor system are capable of functional integration 
into the host circuitry, with specific patterns of connectivity 
that are analogous of supporting their new motor function.

In sum, motor grafts adapt to their sites of implantation 
and display electrophysiological activity as well as organ-
ised projections that are key in the therapeutic context of 
cortical repair. In contrast to implants in higher-order asso-
ciation cortices, motor grafts develop different configura-
tions of axonal projections, as is expected given the distinct 
function of this cortical region.

Implants functionally adapt and connect to the 
somatosensory system and develop the capability 
of responding to relevant tactile stimuli

As one of the primary sensory areas, the primary somatosen-
sory cortex (S1) is the main cortical domain for processing 

investigated how time delays between cortical lesioning 
and transplantations, age of organoids in culture and loca-
tion of transplants influenced the growth of axonal projec-
tions. While parietal grafts projected axons to neighbouring 
cortical areas, the cortico-spinal tract and traversed along 
the corpus callosum (CC), frontal grafts extended addi-
tional connections to the striatum. In vitro sample age prior 
to engraftment also had an impact on axonal growth, with 
6-week organoids showing more dense fiber projections to 
the cortico-spinal tract compared to 10-week organoid grafts. 
Finally, transplanting 10-week organoids one week after the 
induced cortical damage resulted in enhanced axonal projec-
tions, in contrast to 10-week organoids transplanted directly 
after lesioning. Although electrophysiological recordings 
were not conducted, this study showcased valuable effects of 
organoid age and timing of implantation on the axonal con-
nectivity map of frontal and parietal organoid grafts.

In another study related to higher-order areas, research-
ers xenotransplanted cerebral organoids or NPCs into the 
lesioned frontoparietal cortex [32]. Axonal staining revealed 
that, while NPC grafts appeared to not yet develop any con-
nections at two- or four-weeks post transplantation, trans-
planted organoids developed axons with distal projections at 
both experimental timepoints, although without any sort of 
organised connectivity pattern. The extent of axonal growth 
within the transplanted organoids was also higher compared 
to temporally matched organoids in vitro. Even though elec-
trophysiological activity was not reported, this study again 
presents the benefits of implanting organoid samples, which 
extend projections that are anatomically required for func-
tional graft-host integration. Finally, one study recorded 
local field potentials (LFP) 70-days post transplantation via 
multi-electrode arrays [35]. The cerebral organoid grafts, 
implanted into damaged left parietal cortices, contained 
electrophysiologically mature neurons that displayed spon-
taneous activity patterns and evoked action potentials with 
stimulation. Furthermore, the grafts extended axonal projec-
tions across the CC, but also to proximal areas surrounding 
the implantation site already at 55 days post implantation.

In summary, organoids grafted into higher-order asso-
ciation areas show extensive axonal growth within the host 
brains in addition to evoked and spontaneous electrophysio-
logical activity, which appears to mature in later timepoints 
following engraftment.

Grafts within damaged motor systems form 
organised networks of connections aligned with 
their new function

Motor impairments resulting from cortical damage may 
be one of the most discernible of neurological deficits that 
affect lives of stoke and TBI patients. Given the relevance 

1 3

Page 13 of 25    227 



J. Ondriš et al.

regions such as the hippocampus, hypothalamus, amygdala, 
and bed nucleus of the stria terminalis. Notably, LIUS-
pretreated organoids exhibited denser long-range projec-
tions to target areas, particularly within S1, compared to 
controls, suggesting that LIUS boosts extents of functional 
integration into the host brain. Furthermore, additional in 
vivo LIUS treatments enhanced graft synaptic connectivity 
and led to denser axonal projections to the host cortex. The 
authors next conducted extracellular probe recordings from 
3 to 5 months post-transplantation, revealing that both the 
in vivo LIUS-treated and in vitro LIUS-pretreated organoid 
grafts exhibited increased spiking activity, informational 
entropy, and oscillatory signal energy across multiple fre-
quency bands compared to controls. Delivering high-fre-
quency electrical stimulation further enhanced information 
transfer from grafts to the host brain, indicating the forma-
tion of functional graft-host connections. Altogether, these 
results support that the functional integration of organoids 
is significantly enhanced when combined with LIUS graft 
treatments, leading to boosted electrophysiological activity 
and synaptic connectivity to host circuity.

Building on strategies to enhance functional graft inte-
gration, Hu et al. [28] investigated the effects of early- and 
late-stage electrical stimulations applied via an OBCI sys-
tem to cortical organoids transplanted into S1. Early electri-
cal stimulation significantly improved electrophysiological 
activity of the grafts in terms of firing rates, burst dynam-
ics, gamma-band energy, and phase-amplitude coupling 
compared to unstimulated controls, indicating accelerated 
functional network maturation. Analysis of axonal projec-
tions further confirmed enhanced intra-graft and graft-to-
host connectivity of grafts when stimulated via OBCI in 
later stages of integration. Stimulated organoids exhibited 
denser axonal projections into the cortex, CC, and subcor-
tical structures, with increased excitatory and inhibitory 
synapse formation. In sum, these findings demonstrate that 
while transplanted organoids are able to regionally integrate 
within host circuitry, OBCI-based stimulation substantially 
promotes their functional maturity and connectivity within 
the host networks.

Lastly, one study conducted comparisons between vas-
cularised vs. non-vascularised cerebral organoids implanted 
into cavities in S1 [22]. Although the authors did not map 
synaptic connectivity, they established that the grafts were 
functionally integrated within the host brain with pre- and 
post-synaptic connections. Whole-cell recordings showed 
that, compared to non-vascularised organoids, vascularized 
ones presented higher outward currents as well as enhanced 
cell capacitance and lower membrane resting potentials. 
This reflected more extensive growth of processes and 
increased electrophysiological capabilities, which were 
indicative of enhanced neural maturity in the assembloid 

tactile information. Revah et al. [37] xenotransplanted cere-
bral organoids into the adult mouse S1. Tracing of effer-
ent projections from the graft exposed dense extensions of 
axons to the neighbouring ipsilateral S1 and to the ventro-
basal nucleus. Mapping of afferent connections revealed that 
thalamic terminals were present within the implants. When 
activated optogenetically, these terminals evoked excitatory 
postsynaptic currents in whole-cell recordings of the human 
neurons. With similar electrophysiological outcomes, elec-
trical stimulation of regions neighbouring the S1, the inter-
nal capsule, and white matter uncovered that these regions 
also had functional projections to the implant neurons. It 
was therefore confirmed the graft was functionally inte-
grated within the host circuitry. To further investigate this 
in vivo, researchers conducted optogenetic stimulation of 
transplanted organoids at 150 days post implantation. This 
stimulation elicited rhythmic activity during calcium imag-
ing, as well as synchronous bursts of action potentials in 
a similar frequency during extracellular recordings. These 
elicited bursts of activity were observed collectively among 
~ 73% of the recorded neurons. Furthermore, bursting neu-
rons portrayed highly correlated activity, which exceeded 
the degree of correlations among host neurons recorded in 
non-damaged controls. To test whether neurons were also 
responsive to tactile stimulation, optotagging was used to 
record activity of individual graft neurons in response to 
repeated whisker deflections on the contralateral side to 
the implanted hemisphere. A prominent increase of firing 
rates was observed among ~ 54% of the recorded neurons, 
reaching peak activity at around 650 ms after the whisker 
stimulation. This response is considerably late compared to 
expected temporal dynamics in the naïve rodent S1, where 
whisker stimulation evokes an entire activation of S1 after 
around 50 ms [55]. Nonetheless, it can be reasoned that the 
sensory grafts adapted to their respective regional function 
by receiving suitable functional inputs and displaying activ-
ity evoked by tactile stimuli. In sum, these findings point to 
a functional integration of organoid grafts in the S1, being 
bidirectionally connected to the host circuity and showing 
signs of restoring previously impaired sensations as evi-
denced by elicited activity patterns after tactile stimulation.

Another study compared the outcomes of engrafting cor-
tical organoids that received LIUS treatments during cul-
ture prior to transplantation compared to untreated control 
grafts [26]. While researchers reported increasing graft-
to-host synaptic connectivity over time in both groups, 
LIUS-treated organoids exhibited higher synaptic densi-
ties, suggesting enhanced synaptic integration within the 
host cortex. Axonal tracing of the implants– located in S1– 
further showed that the highest density of projections was 
located in the cortex adjacent to the graft, with additional 
axonal growth observed across the CC and into subcortical 
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and motor areas. Yet, a portion of the projections terminated 
in the thalamic lateral geniculate (LG) and lateral posterior 
(LP) nuclei. Conversely, tracing afferent connections high-
lighted that the grafts received ipsilateral inputs primarily 
from the neighbouring visual areas, while other afferents 
originated from the hippocampus and thalamus, namely the 
LG, LP, and ventral lateral nuclei. Additionally, between 2 to 
3 months post transplantation, the grafts had approximately 
2–4 times the number of connected cells to the contralateral 
retina compared to the naïve rat visual cortex. This indicates 
that the grafts were well integrated into the visual network 
(with the strong connection density being considered a sign 
of immaturity). Focusing again on ipsilateral distal projec-
tions, in addition to observing connections to the hippocam-
pus and thalamus, Mansour et al. [17] also traced efferent 
axons to the striatum, amigdalar nucleus, and hypothalamus. 
Human vs. mouse synaptic identity was also tested, reveal-
ing bidirectional synaptic connectedness between the grafts 
and host cortices, predominantly at the tissue junctions [25]. 
Although the grafts only partly and unexplainably projected 
to distal cortices such as the motor area, hypothalamus and 
hippocampus, the connectedness to the retina together with 
the reciprocal connections with the near visual areas and the 
thalamus (predominantly visual nuclei) pointed to the con-
clusion that the grafts were synaptically integrated within 
the visual network.

To fully restore neurological function following infarc-
tions or brain trauma, organoid grafts should also show 
signs of undertaking its specialised function. Organoids 
grafted in the damaged retrosplenial cortex were shown 
to house glutamatergic neurons that generated spontane-
ous and synchronised patterns of activity repeatedly over 
several live calcium imaging sessions [17]. Through extra-
cellular recordings, researchers compared neural activity 
between early (50-days) and later (115-days) timepoints 
from the implantation. It was observed that, compared to 
early recordings, more neurons were active and portrayed 
a higher synchrony of spontaneous action potentials at 
later timepoints. In addition, reintroduction or suspension 
of anaesthesia induced the expected fluctuations in firing 
rates of neurons in the more mature grafted neural net-
works. To summarize, the implanted organoids exhibited 
functional integration and maturation over time, as neurons 
became more active and showed higher degrees of coor-
dinated spontaneous activity in later timepoints. Finally, 
to see whether the grafted neurons influenced the LFP in 
neighbouring host cortices, the implant was optogenetically 
stimulated. Recordings done in different locations revealed 
that, in response to optogenetic stimulation, human neurons 
could evoke LFP oscillations in the 10–20 Hz range. It can 
therefore be argued that the grafted organoids were not only 
connected to, but could also exert functional effects within 

(i.e., vascularized) grafts at 80 days post implantation. 
Increased functional maturity was further evidenced by 
more active neurons in the assembloids compared to the 
non-vascularised grafts. Additionally, this study showcased 
that the graft neurons received excitatory and inhibitory 
synaptic potentials, while some also portrayed evidence 
of bidirectional electrical gap-junction synapses. Finally, 
calcium imaging revealed spontaneous activity of mature 
glutamatergic neurons within the implants. In sum, findings 
indicated the extents of neural development and integrated 
functional capabilities by the formation of active electrical 
and chemical receptor connectivity, and the occurrence of 
spontaneous electrophysiological activity.

Altogether, organoids grafted into a primary sensory 
area show functional electrophysiological maturity, adapt 
to damaged host networks, and develop restorative respon-
siveness to region-specific tactile stimulation. Further, the 
application of LIUS treatments and OBCI stimulation has 
facilitated further enhancements of functional graft integra-
tion within host cortices. In contrast to the previous corti-
cal areas, where neuronal activity was less investigated, 
somatosensory grafts displayed evoked activity that is 
functionally appropriate to the tactile input. In addition, 
the sensory grafts also developed a different arrangement 
of neural connections compared to implants in motor and 
higher-order association cortices.

Visual system grafts integrate into neural networks, 
respond to visual stimuli, and display evidence of 
feature-selective neurons

Another sensory ability is housed by the visual system, 
enabling one of our most necessary of senses. Studies 
focusing on the visual regions utilised cortical and forebrain 
organoids for xenotransplantation into the retrosplenial cor-
tex [17, 25] and the border between V1 and V2 [23]. Axonal 
tracing established that implanted organoids showed clear 
signs of synaptic integration. Across all transplantations, 
efferent graft projections mostly terminated at the proximal 
visual areas surrounding the implant site. More distal pro-
jections were also observed, but their density was gradu-
ally declining with distance from the implant [17, 23]. Even 
though most fibers were located in the ipsilateral hemisphere, 
Mansour et al. [17] also identified projections to contralat-
eral regions and bundles of axons in the CC. Human neurons 
from the grafts were also observed more distally, migrating 
through the CC into the contralateral cortex [25]. In one 
instance, some projections were identified through the mid-
line of the CC, but axons were not found in the contralateral 
cortex [23]. This points to the graft having developed more 
ipsilateral efferent connections in this study, as evidenced 
by observations of distal projections to the hippocampus 
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stimuli orientations, signifying that the graft was also inte-
grated within the system level of the visual network.

In conclusion, organoids grafted across higher-order 
association, motor, somatosensory, and visual cortices 
developed distinct connectivity patterns with the host. These 
region-specific arrangements of connections suggest that 
the organoids have functionally linked to the host networks 
according to the cortical site of engraftment. In addition, 
while implants in the motor and association areas showed 
spontaneous activity that supported their electrophysiologi-
cal maturity, grafts in the damaged sensory systems were 
also responsive to environmental stimulation. Furthermore, 
neurons from organoids grafted in the visual network also 
adopted region-specific properties such as selective tun-
ing to features of visual stimuli. These factors demonstrate 
the functional integration of organoids within the host cir-
cuitry post-engraftment, regardless of the implantation site, 
though with differences in the layouts of connections to the 
host brain. Given that the grafts possibly lead to functional 
repair across damaged cortical regions, it is expected that 
this transplantation therapy affects host behaviour. This will 
be investigated in the next section.

Outcomes of grafting on behaviour

So far, we discussed to what extent grafted organoids ana-
tomically and functionally integrated into the host tissue, 
and examined which factors influence the degree of integra-
tion. We will now turn to examine whether this capability 
to integrate into the host underlies the potential to restore 
behavioural functions lost as a consequence of brain dam-
age. We will review this regionally, from behaviour linked 
to higher-order cognition to motor and sensory-related 
behaviour, as was done in the previous section.

Grafting organoids recovers and enhances spatial 
learning and memory

Cognitive functions such as learning and memory are essen-
tial in supporting animal behaviour. To address whether 
organoid implants enable the recovery of these functions, 
Bao et al. [35] lesioned the left parietal cortices of mice 
via the CCI model and implanted cerebral organoids to see 
whether memory and spatial learning would be influenced 
by the grafting. Mouse behaviour was first assessed using the 
Morris water maze test, to examine spatial memory capacity 
of mice in relation to the novel hidden platform. Behaviour 
was measured by recording the swimming duration, dis-
tance, and speed before reaching the platform. Observations 
indicated that, during training, the visual and motor abili-
ties were equal across mice with grafted organoids and mice 

the host circuitry. It remains to be seen, however, whether 
these functionally connected implants are also capable of 
processing sensory stimuli, as was the case in somatosen-
sory grafts.

This was actually shown by another study, where organ-
oids were similarly transplanted into the retrosplenial cor-
tex [25]. Already 3-weeks post implantation, the grafted 
organoid displayed spontaneous multi-unit activity (MUA). 
In addition, light stimulation in the contralateral eye con-
sistently evoked LFPs and MUA in the nearby host visual 
cortices, which propagated almost seamlessly to the grafted 
organoids after stimulus onset. Alike to the former study, 
evoked LFP activity got stronger as the implant matured. 
These findings suggest that the visual system implant was 
sufficiently connected to the host neural network and was 
excitable by visual stimuli in relation to its grafting site. Fur-
ther analysis of the LFP showed that the latency of the signal 
propagation from host visual areas to the retrosplenial graft 
was resemblant of the one observed in the intact cortex. In 
terms of oscillatory frequencies, visual stimulation also led 
to the expected increases of gamma power in the implanted 
organoid. Finally, induction of anaesthesia was found to 
cause a more pronounced decrease of MUA in channels 
located at the graft compared to smaller MUA reductions 
in channels recording the neighbouring host cortex. This 
heightened inhibitory effect of anaesthesia in the grafts was 
reasoned to be due to the early developmental state of the 
organoids, in which they still lack distal projections and 
cholinergic terminal inputs. Together, this study showed 
how an organoid implant is not only functionally integrated, 
but also actively responds to sensory inputs that are spe-
cifically related to the cortical location of its engraftment. 
In an additional study, in which organoids were implanted 
between V1 and V2 in rats, extracellular probe recordings 
showed not only that the graft neurons exhibited sponta-
neous activity patterns, but also that presentation of visual 
stimuli during anaesthesia elicited visually-evoked activity 
within the graft neurons [23]. Additionally, visual stimuli 
evoked neural activity patterns that resembled those of the 
naïve rat visual cortex, with similar firing rates, spike ampli-
tudes, and spike widths. Some differences were also noted, 
namely that the host neurons elicited higher amplitudes of 
event-related potentials and were more active in response to 
the stimuli compared to the graft neurons, which in turn fea-
tured longer periods of evoked activity following the stimu-
lation. Lastly, graft neurons displayed orientation selectivity 
upon the presentation of drifting gratings. In comparisons to 
orientation tuning in the naïve rat neurons, it was observed 
that the specific distribution of selectively active graft neu-
rons was largely equivalent. Altogether, grafts functionally 
integrated within the local circuits, showing spontaneous 
and evoked activity as well as feature selectivity to visual 
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the more established approach of implanting cell grafts 
(Box 1).

Within the realm of motor disorders, one study investi-
gated cell grafting as a regenerative therapy approach for 
Parkinson’s disease by implanting human ESC-derived 
mesencephalic dopaminergic neurons into the lesioned right 
striatum in mice [45]. Unilateral lesions were done with 
6-hydroxydopamine, to mimic hemi-parkinsonian motor 
deficits. Over the course of recovery, mice were subject to 
the amphetamine rotation test, where ipsilateral behavioural 
circular-rotation movements were considered as indica-
tive of motor damage. Three weeks post-grafting, grafted 
mice showed no behavioural asymmetry of rotations, while 
lesioned mice without implanted cells persisted in displaying 
behavioural ipsilateral rotations during the test. Researchers 
thereby established that grafting cells enabled a recovery 
of the induced motor damage. To provide further evidence, 
mice then participated in a corridor test combined with 
optogenetics. While control mice without lesions showed no 
lateralised preference when searching for rewards, lesioned 
mice preferred searching the corridors on the ipsilateral side 
to their lesions. Conversely, lesioned mice with grafted mes-
encephalic dopaminergic neurons behaved similarly to the 
controls. Furthermore, optogenetic silencing of the grafted 
cells re-introduced the ipsilateral side preference. Alto-
gether, these findings evidenced that the grafted cells were 
causally involved in the recovery of sensorimotor deficits 
resulting from the unilateral Parkinson’s disease model.

Another study explored sensorimotor behaviour in rats 
following MCAO-related cortical damage [47]. The rats 
were grafted by injection of NSCs into the lesioned stria-
tum. Motor behaviour was first examined through the cyl-
inder test. Findings indicated that contralateral forelimb use 
and sensorimotor functions were similar across rats grafted 
with NSCs compared to lesioned-only vehicle controls. 
However, when optogenetic stimulation of the implanted 
NSCs was performed, the grafted rats exhibited improved 
sensorimotor function and increased movements of fore-
limbs contralateral to the stroke-induced lesion. Similarly, 
optogenetic stimulation of the graft increased motor actions 
and explorative behaviour in an open field test compared 
to the vehicle-lesioned controls at 2 months post-grafting. 
In summary, implanted NSCs were functionally integrated 
within the host cortex, and optogenetically stimulating the 
grafted cells elicited beneficial effects on the motor-related 
explorative behaviour. Sensorimotor behaviour in rela-
tion to MCAO-induced damage was also investigated by 
Palma-Tortosa et al. [48], where NESCs were injected into a 
stroke-injured region encompassing M1 and somatosensory 
cortices. Behaviour was assessed between control, damage-
only and cell transplanted groups with a cylinder test. Find-
ings revealed that while the damage-only group showed less 

subject to CCI lesions with no implants. Yet, during the test-
ing phase, mice engrafted with organoids displayed signifi-
cantly shorter swimming distances and durations. Overall, 
compared to the lesioned CCI mice, ones with implanted 
organoids had enhanced spatial learning capabilities. A sec-
ond passive avoidance task tested short-term memory to 
danger situations, previously conditioned through electric 
shocks in a dark section of a behaviour box. Results showed 
that organoid-grafted mice avoided the dark section more 
compared to the CCI lesioned mice. This demonstrated 
that implanting organoids aided the recovery of short-term 
memory of mice.

Another category of studies on behavioural outcomes 
following organoid grafting focused on emotional epi-
sodic memory. Dong et al. [39] explored the effects of 
grafting human cerebral organoids or dissociated cells into 
the mPFC on mouse behaviour after 6 and 8 weeks post-
implantation. Behaviour was evaluated with an open field 
test and fear conditioning paradigm. Behaviour was com-
pared to a control group where mice received cerebrospinal 
fluid injections into the same cortical region. To confirm that 
the transplantation procedure had not interfered with nor-
mal behaviour, the open field test was administered to mea-
sure explorative motor behaviour between groups. Results 
highlighted that there was no difference in the quantified 
parameters of explorative behaviour among control and 
grafted mice. Mice were then fear-conditioned via audi-
tory tones coupled with electrical shocks, a paradigm that is 
well known to induce freezing upon learning the association 
between auditory stimuli and the shock. Mice in the control 
group had no difference in the percentage of freezing com-
pared to mice injected with dissociated cells. Conversely, 
mice with organoid grafts showed an elevated percentage 
of freezing in comparison to controls. These findings sug-
gest that the behavioural manifestation of fear appeared to 
be intensified by the human organoid grafts.

Altogether, transplanting organoids into the parietal and 
mPFC cortices of mice presented evidence of enhanced 
behavioural recovery. This was supported by findings of 
heightened spatial learning capabilities, increased fear-
related short-term memory [35], and elevated freezing 
responses to fear-inducing conditioned stimuli [39].

Implants in damaged motor-related areas display 
signs of restoring motor deficits

Neurological damage leading to behavioural motor deficits 
is a great limit to the potential of one’s survival and quality 
of life. Organoid grafting in the motor system has thus the 
potential to aid the recovery of motor behaviour. However, 
given the current lack of organoid grafting studies address-
ing this question, this section will also report findings from 
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walking test for rats with organoid implants compared to 
TBI-only rats. These findings supported the relevance of 
grafting organoids as a potential clinical option for TBI.

Overall, grafting cells and organoids into rodents with 
motor deficits resulting from brain damage has generally 
been shown to improve motor performance and even enable 
complete recovery of normal motor behaviour. This show-
cases the therapeutic potential of neural tissue grafting for 
the functional recovery of motor-deficits that may result 
from conditions such as Parkinson’s [45], stroke-damage 
[36, 47, 48], or TBI [34].

Organoids grafted in the somatosensory system 
drive reward-seeking behaviour

Motor behaviour is often guided by perceptual information 
that is sensed from the surroundings, such as tactile and 
visual information. In spite of the debilitating consequences 
of damage to sensory cortices (such as blindness), however, 
organoid grafting in sensory cortices has so far received 
limited attention, with only one study– to our knowledge– 
investigating the effects of grafting organoids in the somato-
sensory system.

Specifically, Revah et al. [37] implanted human cortical 
organoids via stereotactic injection to the early-postnatal rat 
S1. Grafted rats showed no behavioural differences across 
novel-object recognition, fear conditioning and open field 
tests in comparison to non-transplanted rats. Rats were then 
trained to lick a spout for rewards while receiving two types 
of optogenetic stimulations to the grafted organoids, which 
were infected with a virus during culture to express a chan-
nelrhodopsin-2 opsin. Initially, behavioural performance 
was at chance level. At day 15 in training, rats learned 
that one of the two optogenetic stimulation wavelengths to 
the graft was indicative of a reward. This reward-seeking 
behaviour was evidenced by increased licking behaviour 
during the rewarded optogenetic trials. The performance 
was compared to that of rats with grafts not expressing the 
necessary opsin required for stimulation. This latter con-
trol group showed no signs of learning in this operant task. 
Altogether, this study showed that organoids implanted 
into early postnatal rat pups not only displayed anatomical 
signs of functional integration into sensory and motivation-
related circuits, but were also capable of modifying behav-
iour in an optogenetic operant conditioning task. Overall, 
organoids grafted into a lesioned brain have been shown 
to integrate into the host to a degree that enables them to 
influence behaviour and even promote functional recovery. 
Thus, organoid transplantation has clear potential as a novel 
therapy for brain damage.

movements in the arm contralateral to the stroke-injured 
hemisphere, the grafted rats had no imbalance in the num-
ber of forelimb movements. However, it was then tested 
whether this motor recovery resulted from neural activity 
of the grafts. Optogenetic silencing of the graft cells had no 
reversing effect on the imbalance of forelimb use in the cyl-
inder test. It was therefore concluded that even though the 
grafting led to restored motor-deficits, this was not directly 
caused by the neural activity of the grafted cells. Together, 
even though it remains inconsistent whether the grafted 
cells participate in motor recovery through their functional 
activity, the behavioural outcomes support that the graft can 
restore motor-deficits in stoke-injured hosts.

In contrast to grafting cells, Cao et al. [36] implanted 
cerebral organoids into a region spanning the motor and 
somatosensory cortices which was injured by stroke. Sen-
sorimotor capabilities were examined at multiple timepoints 
with the cylinder, grid-walking, and adhesive-removal tests 
across stroke-damaged, grafted and control mice. The cyl-
inder test revealed that grafted mice exhibited less asym-
metric forelimb use in comparison to the stroke-damaged 
mice. Similarly, the grid-walking test highlighted that the 
implanted mice had a lower occurrence of contralateral 
motor deficits compared to damage-only mice. Finally, the 
adhesive-removal task also showed that the grafted mice had 
touched and removed the adhesive sticker on the paw ipsi-
lateral to their stroke-injury faster than the stroke-damaged 
mice. Meanwhile, the damage-only group performed poorly 
on all tests with respect to controls. Furthermore, with the 
passing of time post implantation, the grafted mice showed 
progressive improvement in performance that was similar to 
the controls at later timepoints. Importantly, chemogenetic 
silencing of the grafts reintroduced motor-deficit indica-
tive performances during all behavioural tests. In sum, this 
study found that more mature organoid implants in stroke-
injured mice can improve and restore sensorimotor deficits 
in behaviour.

Lastly, evidence of behavioural motor recovery with 
cerebral organoid grafts was outlined in a study where 
organoids were transplanted into a cavity in the right rat 
motor cortex [34]. The cavity was created using a biopsy 
punch resembling acute TBI. Motor behaviour was quanti-
fied through a modified neurological severity score (mNSS) 
and beam walking test. Already five days post-implanta-
tion, rats grafted with cerebral organoids had an elevated 
mNSS compared to rats with TBI lesions. Moreover, the 
motor function of the grafted rats recovered to baseline 
21 days post-implantation, thereafter being equivalent to 
control mice. Improvements in behavioural motor function 
were also observed at a temporally similar rate in the beam 
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methods of generating organoids that fully mature with 
laminar organisation resemblant of a developed adult cortex. 
Novel research designs could foster further host microglia 
concentration and migration to the implant site, and study 
how this is influenced by different methods of induced host 
immuno-deficiency. This could benefit the current field, by 
highlighting more evidence on the suitable recipient con-
ditions for lesser immune responses in transplantations of 
organoids cross-species. Furthermore, the low presence of 
inhibitory neurons within grafted organoids is another factor 
that limits the maturation of the grafts. This could be resolved 
in future studies via utilising organoids [52] or assembloids 
[56] with both ventral and cerebral identities. Such organoid 
models might support the ventral to dorsal inhibitory neuron 
migration, which is less observed in cerebral organoids due 
to a lack of ventral progenitors [19]. In addition, the available 
literature provides limited insight into how organoid trans-
plantation impacts host cell proliferation and function, or the 
extents of such effects. We therefore highlight this as a topic 
that could be addressed by future research. Finally, the plas-
ticity and physiological integration of grafted organoids has 
heterogenous outcomes. This variance is likely due to differ-
ences in organoid generation protocols across the reviewed 
studies and remains an open issue. Further efforts to share 
protocols, as demonstrated by Kelley et al. [57], could pro-
mote the standardization of organoid culture, experimental 
design and transplantation approaches among researchers.

Aside from current limitations and technical challenges 
that still need to be further addressed, a promising direction 
for future applications in this field could be related to disease 
modelling and therapy with the combined use of gene editing 
technologies and xenotransplantation. This approach could 
enable the transplantation of genetically edited organoids 
into host cortices. For example, CRISPR-Cas9 technology 
was employed in a recent study to generate human autosomal 
recessive primary microcephaly mutant organoids, which 
were then used to model the primary microcephaly in vivo 
within the host mouse cortex [26]. This study demonstrated 
how such an integrated approach can not only model disease 
mechanisms but also potentially offer therapeutic solutions, 
as seen in the rescue of neurodevelopmental defects through 
targeted LIUS treatments of the mutant grafts.

Is there a lesion method that can be regarded as most suit-
able for physiological recovery of grafts? Previous findings 
hinted at the viability of implants in relation to the trans-
plantation damage models. In terms of maturation of cellu-
lar organisation, implanting organoids into cortical cavities 
damaged by aspiration [17, 22], direct removal [32], or 
stroke-injury [36] led to observing rosette VZ-like structures 
within the grafts. In contrast, other transplantations into 
aspirated [23] or undamaged cortices [37] resulted in the 
absence of clear structural organisation. Therefore, specific 

Discussion

Here we analysed the current literature to understand 
whether grafting organoids into cortical tissue induces plas-
tic adaptation to the damaged implantation sites and, ulti-
mately, functional recovery.

First, we reviewed whether transplanted organoids ana-
tomically and physiologically integrate and adapt to the 
hosts. The gathered evidence indicated that grafted organ-
oids display normal rates of apoptotic cell death in addi-
tion to low cellular metabolic stress. In line with this, most 
reported transplantations resulted in favourable host and 
graft survival rates. In terms of anatomical development 
after transplantation, organoids presented signs of increased 
maturation, proliferation, and establishment of morpho-
logical identities in the respective regions they were trans-
planted into. Analyses of cellular compositions showcased 
diverse profiles of differentiated cortical cell populations 
within the grafts post transplantation, mainly including glu-
tamatergic neurons, astrocytes and NPCs. It was also repeat-
edly observed that there was a lack of GABAergic neurons 
and oligodendrocytes. The reason for lower counts of inhib-
itory neurons across grafted cerebral organoids appeared to 
be a lack of ventral brain progenitors that usually migrate to 
dorsal cerebral regions later in development. Furthermore, 
structural layer organisation was conveyed by early signs of 
rudimentary layer structures in the form of VZ-like rosettes 
in some of the implants, mimicking neonatal organization 
of human cortices. However, in several cases grafted organ-
oids had no obvious distinguishable structure or even exhib-
ited signs of stagnation. Most of the organoids grew larger 
in volume following engraftment. Moreover, and with high 
consistency among studies, grafted organoids successfully 
integrated within the host vasculature networks, enabling 
anatomical adaption and survival. In terms of recipient 
immune responses, weak migration of host microglia into 
the grafted organoids was indicative of low immune distur-
bances within the new host cortex. This mild immune reac-
tion was most evident in genetically immunocompromised 
hosts compared to hosts immunosuppressed with drug treat-
ments. Additionally, the host reaction of astrogliosis at sites 
of damage and implantation appeared to be happening more 
in relation to restoring the inflicted cortical damage than to 
surrounding the foreign implant with scar tissue. Regard-
ing astroglial involvement, human astrocytes from implants 
also elicited signs of aiding the host in the repair of neural 
damage resulting from strokes. In sum, this accumulated 
evidence shows that grafted organoids adapt and integrate 
into the damaged cortical in vivo environments.

Nevertheless, some aspects still need to be improved. The 
limited development of a classical laminar structure should 
be of primary concern, yet there are currently no available 
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culture led to increased cell proliferation and neurogenesis 
[24, 34], and to the development of more dense fiber pro-
jections in the host cortex [24], in contrast to older organoid 
transplants. In one case, implanting younger organoids also 
led to graft overgrowth following transplantation, possibly 
due to the major increase in NPCs compared to older grafts 
[24]. Yet, the in vitro age of the graft did not seem to affect 
apoptotic rates [34]. Compared to dissociated cells, organoids 
demonstrate clear benefits such as increased graft and host 
survival rates, as well as signs of developing premature struc-
tural organisation. Furthermore, vascularised assembloids 
portray signs of higher viability compared to organoids. The 
viability of implants is also influenced by the age of the organ-
oids in culture prior to engraftment, suggesting a preference 
for younger organoids for future transplantations. However, 
transplanting younger organoids with increased proliferation 
may not necessarily indicate rapid maturation, which is seen 
in more older organoids in culture. Overall, whether potential 
therapeutic effects differ between implanting brain organoids 
or specific cell types can be mainly linked to the key differ-
ences of the two graft types. Organoids display early rudi-
mentary organized structures composed of heterogeneous 
cell populations, while cellular grafts are more homogenous. 
The choice between these transplantation methods largely 
depends on the therapeutic goals and the nature of the injury 
or disease being treated. Organoids display clear advantages 
for the repair of complex damage, such as in stroke or TBI, 

types of transplantation models do influence structural 
organisation of organoids in the host cortex. Furthermore, 
compared to aspirated cavities [23], TBI and stroke-injury 
transplantation models induced more pronounced glial 
scaring, resulting in higher numbers of astrocytes at the 
implant-host junction [33, 35] and the infarction core [36]. 
Specifically in stroke-injury models, development of human 
astrocytes was also noted [36], as well as signs of graft par-
ticipation in the repair of cortical damage [33]. Host astro-
cytes were also present within the graft following cortical 
aspiration, but in a more dispersed manner [23] compared 
to the examples of TBI and stroke-injury. However, stud-
ies typically have idiosyncratic differences in experimental 
design. To determine the relative benefits of one transplan-
tation model over another in specific physiological aspects 
of integration, future studies will need to better control for 
the contribution of different lesion models. Yet, some other 
aspects seem to be consistently found independently from 
the employed lesion model. For example, when implant-
ing organoids into aspirated lesions, a 7-day delay before 
organoid implantation results in higher survival rates and 
more pronounced growth in volume compared to engraft-
ing directly after lesioning [24]. Additionally, stroke-injury 
models have been consistently shown to aggravate astrogli-
osis [33, 35, 36]. In summary, the damage model of cortical 
aspiration appears to incite less astroglial scaring, whereas 
direct tissue removal and stroke-injury models seem to yield 
improved structural integration. However, it is still unclear 
which lesion model is ultimately more suited to be treated 
with organoid transplantation. To highlight the current evi-
dence in the field, Table 3 summarizes key advantages and 
limitations associated with each cortical damage model.

A related question is whether transplantation of organoids 
as opposed to cells yields benefits. In the reviewed studies, 
this was indeed observed. To facilitate a comparison, Table 4 
outlines the key benefits and drawbacks of the two major cate-
gories of graft types considered. While organoid implants por-
trayed signs of early neocortical organisation by developing 
VZ-like rosettes, such structures were absent in trans-injected 
dissociated cells [38]. Moreover, implanting organoids also 
led to considerably higher host and graft survival rates com-
pared to transplanted cells [23, 36]. There are also indications 
of differences in anatomical integration between organoid 
implant types. Transplanted vascularised assembloids dis-
played lower rates of apoptotic cell death, while having faster 
growth and development compared to organoid grafts [22]. 
In one case, implanting vascularised assembloids resulted in 
improved graft survival and even the development of human 
capillaries post implantation, which was not the case in other 
organoid grafts [21]. Another aspect that induced differences 
between organoid implants was their in vitro age prior to the 
transplantation. Implanting organoids that spent less time in 

Table 3  Comparison of cortical damage models. This table presents 
an overview of commonly used cortical damage models: TBI, MCAO, 
and aspiration lesion models. Each model is evaluated for its advan-
tages, disadvantages, translational relevance, and reproducibility
Damage 
Model

Advantages Disadvantages

Traumatic 
Brain 
Injury 
(TBI)

Reliable and reproducible model 
of cortical damage
High translational relevance due 
to realistic damage
Improved structural integration 
of grafts
Mimics a broad range of injury 
types and severities

Formation of 
glial scaring at 
the damage site 
post-implantation
Inflammatory 
response may hinder 
graft-host integration

Middle 
Cerebral 
Artery 
Occlusion 
(MCAO)

High translational relevance due 
to realistic damage
Improved structural integration 
of grafts
Availability of well-established 
protocols for inducing MCAO 
model damage

Elevated astroglio-
sis response at the 
stroke site
Variable and unpre-
dictable cortical 
damage extent
Inflammatory 
response may hinder 
graft-host integration

Aspiration 
Lesion

Less pronounced glial scaring 
post-implantation
Allows for precise control of 
lesion location and size
Surgically less complex 
approach

Limited translational 
relevance
May not fully rep-
licate the complex 
pathology of human 
cortical injuries
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activity which matured over time [35, 39]. Similar results 
were found for motor grafts, which developed organised 
axonal projections that were characteristic of their sites of 
implantation [33, 34, 36]. Organoids in the motor system 
also showed evoked neural activity [36]. Similarly, grafts in 
the S1 demonstrated functional electrophysiological matu-
rity and were integrated within the host neural networks [22, 
26, 28, 37]. Additionally, grafts subjected to LIUS [26] or 
OBCI [28] stimulation demonstrated increased electrophysi-
ological maturity and functional integration within the host 
circuits. Sensory grafts also developed responsiveness to 
tactile stimulation which was region-specific to the engraft-
ment area [37]. Finally, organoids implanted into the visual 
system, in addition to connecting within the local circuits 
and exhibiting spontaneous, synchronous as well as evoked 
patterns of activity [17, 25], displayed tuning to the orien-
tation of visual gratings [23]. However, there is still a lack 
of electrophysiological or functional in vivo examination 
in organoids grafted into most cortical regions. To firmly 
confirm whether functional integration of organoids varies 
between and is influenced by implantation sites, more com-
plex experimental and electrophysiological investigations 
are needed. Specifically, we advocate the combination of 
causal methodologies such as optogenetics with large-scale 
recording techniques such as two-photon calcium imaging or 
high-density electrophysiology. In sum, organoids implanted 
among higher-order association, motor, somatosensory, and 
visual cortices developed widespread connectivity maps of 
projections that were arranged in alignment to their cortical 
sites of implantation. Furthermore, the grafts displayed func-
tional maturity by exhibiting spontaneous neural activity 
regardless of the engrafted area. In addition, sensory-evoked 
responses were observed in organoids implanted in sensory 
cortices, highlighting the potential for functional restoration.

Building upon the observed extent of anatomical plas-
ticity and functional adaptation of the grafted organoids, 
we wondered whether grafting also promoted behavioural 
recovery. Transplantation of organoids into higher-order 
cortices presented evidence of behavioural recovery, 
namely improved spatial learning capabilities, increased 
fear-related short-term memory [35], and elevated star-
tle responses to conditioned danger [39]. With regards to 
motor-deficits, transplanting organoids and cells improved 
motor and sensorimotor performance and, in some cases, 
even led to recovery of normal motor behaviour. This sup-
ports the therapeutic potential of neural tissue grafting for 
the restoration of motor-deficits that may result from con-
ditions like Parkinson’s [45], stroke-damage [36, 47, 48], 
or TBI [34]. Furthermore, organoids that were integrated 
within the somatosensory and motivation-related circuits 
showed evidence of modifying behaviour in an optogenetic 
operant task [37]. Additionally, other promising studies are 

where the restoration of diverse cell types and cortical areas 
is essential. In contrast, cellular grafts could be more useful 
for targeted therapies, such as the replacement of specific 
cell types that are degenerating, like dopaminergic neurons 
in Parkinson’s disease, a method currently being explored in 
preclinical studies [58].

To assess therapeutic relevance, we next reviewed 
whether grafted organoids contributed to functional recov-
ery. The organoids implanted into higher-order association 
areas were marked by extensive axonal growth within the 
host cortex [24, 32, 35, 39]. Moreover, neurons from these 
grafts showed evoked and spontaneous electrophysiological 

Table 4  Comparison of graft types utilised for implantation and corti-
cal repair. This table summarises key advantages and disadvantages of 
the two major categories of grafts: organoids/assembloids and cells. 
The cellular graft category encompasses specific populations from pri-
mary cell cultures, such as NPCs, NSCs, NESCs and differentiated 
neural cells, as well as cellular compositions (i.e., cells dissociated 
from organoids)
Graft Type Advantages Disadvantages
Organoids/Assembloids High survival rate 

post-implantation
Development of 
regional morpholog-
ical cell identities
Heterogeneous pro-
files of differentiated 
cell types
Signs of premature 
rudimentary layer 
organisation
Evidence of par-
ticipation in cortical 
damage restoration
Potential for model-
ling complex neural 
circuitry in vivo

Limited control 
over cell identity 
and proportion 
post-implantation
Transplantation 
may lead to graft 
overgrowth
Limited form 
of classical 
cortical layer 
organisation
High variability 
between organ-
oid generation 
protocols
Emerging area of 
research, requir-
ing further stud-
ies to establish 
a more robust 
foundation

Cells (from multiple 
sources)

Lower risk of graft 
overgrowth
Predominantly 
explored in previous 
literature, establish-
ing a strong founda-
tion for further 
research
Enables selection 
of specific graft cell 
types (not applicable 
to organoid dissoci-
ated cells)
Simplified sample 
culture and scal-
ability for clinical 
applications (not 
applicable to organ-
oid dissociated cells)

Low sur-
vival rate 
post-implantation
Homogenous 
cell identity (not 
applicable to 
organoid dissoci-
ated cells)
Lack of laminar 
cortical organ-
isation and 
limited capacity 
to recapitulate 
complex brain 
architecture
Reduced func-
tional integration 
post-implantation
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Long-term studies are also required to assess the stability, 
integration, and potential immune response of grafts over 
longer time periods. Lastly, a significant technical chal-
lenge in the clinical application of organoid transplantation 
is the disparity between the extent of lesions, such as those 
resulting from stroke, TBI, or glioblastoma resection and 
the limited size of current in vitro brain organoids. The cavi-
ties created by these lesions are often much larger than the 
organoids can fully fill, raising concerns about their trans-
lational potential as an effective recovery method for brain 
injuries. Moreover, the use of multiple organoids to address 
this issue remains uncertain, as it is unclear whether this 
approach would be sufficient to promote complete recov-
ery or lead to effective functional restoration. Addressing 
these challenges is essential to move from proof-of-concept 
experiments towards safe and ethically sound clinical appli-
cations that are feasible and accepted in practice.

Conclusion

In conclusion, the challenges behind grafting organoids 
remain rooted in the youth of this tissue grafting therapy 
approach. With the development of more complex organoids 
and assembloids that more closely recapitulate the complex-
ity of an adult brain, there is the potential to improve the extent 
of anatomical integration within damaged cortical sites. By 
applying state-of-the-art methods for systems neuroscience, 
coupled with ecologically-relevant behavioural tasks, more 
evidence will have to be collected on whether the grafted 
hosts enable functional, behavioural and cognitive recovery 
following brain damage. Nevertheless, it remains to be seen 
whether the rodent brain is more permissive to grafting than 
the human brain, and thus whether the same results will hold 
when attempting transplantation into the human brain. Fur-
thermore, the perspective of grafting organoids into patients 
faces significant ethical issues, that are outside the scope of 
this review. Nevertheless, efforts to make this possible have 
already started. One preclinical study reported the quality, 
efficacy and safety of using human iPSC-derived dopami-
nergic neurons as a cell replacement therapy method for Par-
kinson’s disease, which enabled clinical trials to commence 
[58]. Similar clinical trials for Parkinson’s patients were 
announced with iPSCs in Japan, and human ESCs in the US 
and Canada [65, 66]. All in all, from the current standpoint 
and accumulated evidence, we can conclude that transplant-
ing organoids into cortical tissue offers a promising prospect 
for anatomical, functional, and behavioural recovery follow-
ing brain damage. Hopefully, with further successes, this 
organoid grafting method may one day become part of per-
sonalized clinical treatments, offering patients with non-fatal 

exploiting pain perception as a behavioural marker to assess 
the integration of organoids grafted into the somatosensory 
cortex [26, 28]. In summary, the outcome of grafting organ-
oids across damaged cortical regions appears to have poten-
tial for restoring behaviour at the cognitive, motor-action, 
and sensational levels. However, a large part of the litera-
ture only investigated the effects of grafting cells and not 
organoids. Furthermore, only few cognitive, motor and sen-
sory aspects have so far been studied. Thus, future research 
should add more evidence to support the prospect of clini-
cally using organoid grafting in relation to promoting the 
recovery of a wider range of behavioural functions.

While the anatomical, functional and behavioural out-
comes of organoid grafting is promising, several ethical and 
technical considerations must be addressed before clinical 
translation to human patients is possible. From an ethical 
standpoint, the use of human-derived brain organoids con-
tinues to raise societal, moral, and legal implications that 
are the subject of active debate in the scientific commu-
nity [59, 60]. Currently, ethicists are discussing the issues 
related to the generation of chimeric animals with implanted 
human tissue, and how morality can be defined in such cases 
where animals are “biologically humanized” [61]. In addi-
tion, another challenge of this field is outlining the way we 
define the possibility of sentience and consciousness arising 
in cultured human brain organoids, and whether such net-
works of active neurons are able to realise or sustain such 
states of sentience and cognition. Although the field remains 
cautious, the emergence of complex higher-order cognitive 
functions in these chimeric models is widely regarded as 
unlikely within the scientific community [62]. Nonethe-
less, new regulatory frameworks need to be developed and 
refined to keep pace with advances in this rapidly expanding 
field, particularly in addressing the ethical, conceptual and 
translational boundaries of chimeric rodent models, large-
animal experimental studies, or clinical human trials. Such 
efforts to adapt these frameworks are already underway 
[63], and continued cross-disciplinary discussion could fos-
ter consensus and alignment of ethical guidelines.

Apart from ethical concerns, there are also technical issues 
in relation to future translational prospects. Standardizing 
organoid culture protocols [64], ensuring reproducibility of 
transplantation models across studies and minimizing the 
risk of uncontrolled growth post-transplantation are some of 
the challenges that remain with regards to organoid implan-
tation. Efforts to share detailed protocols for experimental 
design, organoid generation and transplantation methods are 
underway, and the field should further promote transparency 
and standardization through wider protocol dissemination 
[57]. Furthermore, precise control over cell type composi-
tion and spatial organisation of brain organoids remains lim-
ited, which could influence translational efficacy and safety. 
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